


Furthermore, while using topological graphs for exploring
unknown environments has been studied [9], [10], common
graphs across all robots may lead to robots exploring similar
regions and result in collisions, increasing the exploration
time, as reported in [10]. In our work, we address this
challenge by introducing topological constraints that foster
coordination of robots and minimize con�icts during explo-
ration. The initial information obtained by the robots during
deployment provides insights into the topology of the rest of
the environment, such as directions in which the robots can
explore the unknown area. Using the GVG, we encode this
information into a novel GVG property that we callgate. It
identi�es a single direction in which the environment can be
explored. Thus, it is analogous to an exit of a given area.
Using thegate property, we de�ne constraints that enable
the deployment of robots into unique target regions, thereby
minimizing spatial con�icts during exploration.

Overall, the paper provides the following contributions:
1) a novel distributed multi-robot exploration strategy

called GVGExp that enables task allocation during
exploration of unknown environments, where robots
share similar topological graphs;

2) a recurrent communication strategy that exploits the
topological structure provided by the GVG to enable
communication and coordination at the appropriate
time and place;

3) an implementation in ROS1 and an experimental anal-
ysis comparing other methods that share information
continuously or at �xed intervals.

The rest of the paper is structured as follows: the
next section discusses related multi-robot exploration work.
Section III formulates the exploration problem and Sec-
tion IV describes the proposed exploration and communica-
tion strategies. Section V reports experimental results in ROS
and a realistic 2D simulator. Finally, Section VI concludes
the paper and suggests future work.

II. RELATED WORK

Exploration strategies and coordination methods have
been developed over the years to enable multi-robot explo-
ration [6], [11]–[14]. For related recent surveys, please look
at, e.g., [15], [16]. Here we discuss multi-robot exploration
work that includes communication constraints explicitly, as
well as work that exploits topology or semantic information.

Literature includes different connectivity strategies be-
tween robots and, in some cases, a base station. Some of
them enforcecontinuous connection[17]–[21], where the
methods enforce the robots to be connected at all times.
For example, Peiet al. [22] proposed an algorithm that
takes into account bandwidth constraints for determining the
relay chain, under a “disk” communication model, where
robots can communicate within a given range. We do not
require continuous connection, as robots can explore the
environment more ef�ciently that way [23].

1The code is opensource at https://github.com/
dartmouthrobotics/gvgexploration .

Other strategies involve recurrent connectivity where
robots disconnect from time to time and reconnect at speci�c
instances. Recurrent connectivity work can be classi�ed into
two major categories, based on where the connection is
established:homingandrendezvous-basedconnectivity.

The homingconnectivity method requires robots to share
data with the base station in speci�c scenarios. Spirinet al.
[8] designed a method where robots explored and shared
information with the base station when the value of the
new information compared to the base station's was over
a certain threshold. Ban�et al. [7] designed asynchronous
coordination strategies that allowed robots to form sub-
teams to explore different parts of the environment, while
enforcing recurrent connectivity with a base station when
new information was acquired. Communication models were
recently integrated explicitly in the exploration strategy [24],
so that robots can be deployed while satisfying connectivity
constraints.

A rendezvous-basedapproach establishes connections at
predetermined locations in the environment. Okumuraet al.
[25] proposed a recurrent connectivity approach: at regular
intervals during exploration, robots within a given communi-
cation range would continuously agree upon new rendezvous
locations (calledanchorpoints) where they would meet and
share data. Amigoniet al. [26] proposed a method that
switches between guaranteeing multihop connectivity to the
base station and rendezvous. Empirically, it was shown that
switching communication modalities balances exploration
time, traveled distance, and disconnected time to the base
station. Hollinger and Singh [23] proposed a method that
made robots reconnect at �xed time intervals in the context
of search.

While not enforcing a connected topology as for continu-
ous connectivity, the above works constraining to recurrent
connectivity assumed continuous sharing of data when in
range and focused on maintaining a certain network topology
and connectivity constraints. Our proposed method instead
focuses on sharing information only when “needed”.

Some exploration methods reasoned on a graph repre-
senting the environment. GVGs construction of unknown
environments was proposed for single robot exploration [9],
[27]. Map segmentation was used to identify and assign
regions to robots [28]. Exploration of unknown graphs was
also theoretically studied; algorithms, with some theoretical
bounds on the exploration time for two robots exploring
a tree [29] were provided. Semantic information – i.e.,
spatial concepts given by humans, including `corridors' and
`rooms' – was exploited in exploration strategies. A semantic
topological-oriented map was used as a spatial model [30],
where the exploration strategy exploited such a topological
map to choose the next location to visit, for example to ex-
plore corridors �rst. Semantic information was also utilized
to determine the number of robots to assign to a location
(e.g., a room labeled as big would have more robots allocated
than a room labeled as small) [14]. Our proposed method will
use topological information to provide new information for
exploration and communication decisions.
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