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Abstract—Autonomous exploration aims to navigate and map
complex, hard-to-reach environments. To achieve effective co-
ordination, robots rely heavily on reliable communication for
real-time data sharing, collaborative decision-making, and syn-
chronized movement. However, such missions are often hindered
by significant communication challenges. Factors such as signal
attenuation, fluctuating link quality, and intermittent connectivity
often arise due to occlusion, increased distances, and radio inter-
ference. These uncertainties can lead to delayed or incomplete
data transmission, ultimately reducing the exploration efficiency.

This paper presents Nexus (Networked Elastic eXploration
via Unified Swarm), a self-organizing robot swarm specifically
designed to address communication uncertainties. As a decentral-
ized and self-sufficient swarm framework, Nexus introduces two
key innovations. First, Nexus enables proactive role differenti-
ation, allowing robots to adaptively switch between “explorer”
and “messenger” based on factors such as spatial distribution,
predicted communication quality, and swarm topology. Second,
Nexus pioneers the use of signal traces and local environmental
sensing to predict communication channel conditions in a robot’s
vicinity. This forward-looking capability guides strategic role
assignments and task allocation. Integrating communication-
aware decisions into path planning, Nexus enhances exploration
efficiency by over 19.5% and significantly reduces instances of
robot disconnection compared with SOTA methods, as demon-
strated through extensive real-world and simulated experiments.

Index Terms—Autonomous Exploration, Robot Swarm, Infor-
mation Routing, Communication Prediction.

I. INTRODUCTION

Exploring unknown territories, ranging from terrestrial ex-
peditions to space missions, entails challenges such as oxy-
gen deprivation, communication disruptions, and spatial con-
straints. Recent advances in robotics and autonomous systems
replicate human-like perception and mobility, facilitating their
deployment in hazardous or inaccessible environments [1], [2].
To tackle increasing task complexity, multi-robot systems have
emerged as a promising solution for enhancing efficiency and
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Fig. 1: Communication challenges in autonomous explo-
ration. (a) Signal topology in DARPA SubT environment:
green/yellow/red dots for strong/weak/no signal. (b) and (c)
are the exploration data collected in Office and Tunnel scene.

robustness, with demonstrated effectiveness in search and res-
cue [3], geological surveys [4], and exoplanet explorations [5].

The core objective of robotic swarm autonomous explo-
ration involves mapping unknown environments using onboard
sensors while ensuring seamless coordination to avoid redun-
dant efforts. Widely used approaches include expanding known
space by graph-based methods [6] or maximizing information
gain [7]. However, exploration behavior often requires robots
to operate at the edge of signal coverage, delaying information
exchange and causing redundant exploration. Moreover, the
inherent complexity and variability of unknown environments
complicate resource allocation, leading to suboptimal strate-
gies and ultimately compromising mission success.

Fig. 1(a) illustrates the communication challenge in the
DARPA SubT Challenge [8], where robots face signal con-
straints as they explore remote and obstructed regions. In
such environments, distributed swarms with Ad Hoc networks
are often employed for scalability and robustness. However,
while relay routers extend coverage, multi-hop communication
suffers from delays and failures, leading to short-sighted


