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Abstract—In this paper, we study the problem of exploring a
translating plume with a team of aerial robots. The shape and
the size of the plume are unknown to the robots. The objective is
to find a tour for each robot such that they collectively explore
the plume. Specifically, the tours must be such that each point in
the plume must be visible from the field-of-view of some robot
along its tour. We propose a recursive Depth-First Search (DFS)based algorithm that yields a constant competitive ratio for the
2(S +S )(R+blog Rc)
exploration problem. The competitive ratio is (Srr−Spp)(1+blog Rc)
where R is the number of robots, and Sr and Sp are the robot
speed and the plume speed, respectively. We also consider a
more realistic scenario where the plume shape is not restricted
to grid cells but an arbitrary shape. We show our algorithm has
2(Sr +Sp )(18R+blog Rc)
competitive ratio under the fat condition.
(Sr −Sp )(1+blog Rc)
We empirically verify our algorithm using simulations as well as
a proof-of-concept experiment mapping a stationary region.

I. I NTRODUCTION
We investigate the problem of exploring and mapping flows
of an unknown hazardous agent in aquatic environments using
a team of autonomous aerial robots. Our overall vision is to
develop algorithms for enabling a team of robots to assist
emergency responders in disaster scenarios, such as dispersal
of oil aerosols and radioactive particulates in the environment.
Previous work has shown the value of using Unmanned
Surface Vehicles (USVs) for monitoring and sampling spatiotemporal plumes in aquatic environments [1], [2]. However,
USVs can only provide a narrow (local) view of the plumes.
Detecting a hazardous agent in the environment may require a
USV to cover a large portion of the aquatic system, which may
take a considerable amount of time. Furthermore, even after
detecting the threat, teams of USVs may not be able to keep up
with the rapidly spreading plume. Thus, emergency responders
may not be informed of the full extent of the hazards, limiting
their ability to respond quickly and effectively. This motivates
the use of Unmanned Aerial Vehicles (UAVs) which can
provide a wider (regional) picture and that can coordinate with
USVs for more targeted deployments.
Teams of UAVs can collectively track the plumes and
act as scouts to direct the USVs to sense for hazardous
regions of interest (Figure 1). As a first step towards enabling
coordination between UAVs and USVs, in this paper, we focus
on the problem of mapping the extent of a 2D plume.
The problem of exploring an unknown 2D environment is
a well-studied one in the robotics [3]–[6] and computational
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Fig. 1. A UAV conducting the plume exploration in an abandoned quarry
near Blacksburg, Virginia.

geometry [7]–[10] communities. The problem considered in
this paper differs from these works in two critical ways.
First, we consider the case where the plume is not static but
is instead translating with a given velocity. As a result, the
performance of the algorithm depends on the relative speeds
of the robots and the plume. Second, in our setup the robots
are not restricted to stay inside (or over) the plume all the
time. The robots can fly over locations that are not part of
the plume, thereby allowing them to “shortcut” from one part
of the plume to the other. Contrast this with conventional 2D
exploration problems, where the robots are restricted to stay
within the boundary of the environment. Because the robots
do not know the shape of the plume a priori, they may not
be able to take a “shortcut” even if one exists. As a result,
the robots may ending up taking a longer path, resulting in
a poorer performance. Nevertheless, we present an algorithm
that is competitive with respect to the optimal algorithm.
We use the notion of competitive ratio [11] to analyze the
performance of our algorithm. The competitive ratio for an
online algorithm is defined as the largest (i.e., worst-case
input) ratio of the time taken by the online algorithm to
the time taken by an optimal offline algorithm. The offline
algorithm is one which knows the shape of the 2D plume
a priori. We seek algorithms that have a low (preferably,
constant) competitive ratio. Our main result is a constant
competitive ratio for exploring a translating plume for a fixed
number of robots. The constant depends on the relative speeds
of the plume and the robots.
We require the robots to ensure that all points of the plume
are within the Field-Of-View (FOV) of at least one of the
aerial robots along their paths. The objective is to minimize
the time required for all the robots to explore the plume and

