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ABSTRACT
In rough terrains, such as landslides or volcanic eruptions, it is extremely complex to plan safe trajectories for an Unmanned Ground
Vehicle (UGV), since both robot stability and path execution feasibility must be guaranteed. In this paper, we present a complete
solution for the autonomous navigation of ground vehicles in the mentioned scenarios. The proposed solution integrates three
different aspects. The first is the coverage path planning for the definition of UAV trajectories for aerial imagery acquisition. The
collected images are used for the photogrammetric reconstruction of the considered area. The second aspect is the adoption of a flock
of UAVs to implement the coverage in a parallel way. In fact, when non-coverable zones are present, decomposition of the whole area
to survey is performed. A solution to assign the different regions among the flying vehicles composing the team is presented. The last
aspect is the path planning of the ground vehicle by means of a traversability analysis performed on the terrain 3D model. The
computed paths are optimal in terms of the difficulty of moving across the rough terrain. The results of each step within the overall
approach are shown.
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1. INTRODUCTION
The problem with the autonomous navigation of an
Unmanned Ground Vehicle (UGV) in outdoor environments,
which are most of the times unstructured environments, cannot
be considered as having been fully solved in the current
robotics literature. In particular, path planning, one of the key
elements in the general problem of robot navigation, is still
difficult in such scenarios due to the difficulty of taking into
account many issues simultaneously e.g. robot kinematics and
stability and terrain geometry [1]. Furthermore, most robotics
research has been carried out on structured environments, such
as roads, indoor spaces, and factories, where the vehicle is
expected to move within clearly defined regions.
A rather common approach to coping with the problem of
autonomous outdoor navigation has been to employ
Unmanned Aerial Vehicles (UAVs) in order to provide an aerial
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overview of the considered environment or for drone-based
mapping [2], [3], [4]. At the same time, photogrammetric 3D
reconstruction from aerial surveys has gained more and more
relevance over the years, thanks to the enhanced quality of the
results and the increased computation power available [5], [6].
Such 3D modelling, belonging to the wider class of structurefrom-motion approaches, can provide an accurate
representation of the environment across which the ground
vehicle has to move, both from the geometrical perspective and
from the appearance perspective, thanks to texture mapping.
These features allow the performance of a reliable terrain
traversability assessment [1] on the recreated environment
model. Although such processing of the environment on 3D
models has been widely adopted in the literature [4], [7], only
recent examples exploit photogrammetry from airborne
imagery for this purpose [8], [9].
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Figure 1. Examples of vertical and horizontal decompositions.

In this article, an integrated strategy for solving the problem
of rover path planning in unstructured environments is
presented based on the previous experience of the authors in
the field. The three main aspects considered herein are:
1) the coverage path planning for aerial vehicles, discussed in
section 2;
2) the assignment of the coverage regions to each member of
a flock of UAVs, described in section 3;
3) the costmap derived from the traversability assessment on
the environment model, reported in section 4.
Finally, in section 5, a brief description of the experimental
hardware setup is given, while some considerations about the
proposed approach are reported in the concluding section.
2. COVERAGE PATH PLANNING
Coverage path planning refers to a special kind of planning
algorithm used for large regional surveys. Although such
planning has been used for a large variety of applications on
several kinds of vehicle (ranging from ground [10], [11], to
underwater vehicles [12], [13]), here, we focus on aerial vehicles
only. In particular, an offline coverage path planning method is
proposed, designed for trajectory planning with static 3D
models of the environment. Such approaches are essentially the
opposite of the so-called online methods, where the
environment model is dynamically built and can change over
time [14].
In our solution, the first step is to define the Region of
Interest (ROI) to survey as a 2D top-view area over a
georeferenced map. In particular, we consider a georeferenced
Digital Elevation Model (DEM) of the environment. A DEM is
a gridded representation of the environment, and its cells
contain the height values of the 3D structure. Although this
type of model does not allow us to include multi-layered or
overhanging structures, it offers a helpful 3D representation of
the environment, being a fair compromise between the
complexity and detail of the model. After that, non-coverable
zones within the ROI are defined, namely those zones above
which we do not want the UAV to fly. These zones can be
defined as a sequence of vertices, thus obtaining polygonal
zones.
At this point, the whole area is decomposed into free-to-fly
subregions via an exact cell decomposition algorithm i.e. the
Morse-based decomposition [15]. It is an exact decomposition
because all the available free area is included in the subregions,
without overlaps. As suggested by the name, this
decomposition algorithm is based on an analysis of the singular
points of a suitably defined Morse function. By considering
different Morse functions, a wide variety of decomposition
patterns can be obtained. In this work, two simple functions
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Figure 2. The back-and-forth pattern chosen as coverage trajectory within
each subregion.

have been considered, thus obtaining two linear
decompositions: one parallel to the vertical axis and the other
parallel to the horizontal axis of the map frame. An example of
georeferenced DEM, the ROI defined over it (in green), and
the two types of decompositions are shown in Figure 1. Easting
and northing coordinates (in metres) are respectively reported
along the x and y axes, according to the UTM (Universal
Transverse of Mercator) convention.
Eventually, coverage trajectories within each region are
defined. These trajectories are used for the photogrammetric
analysis and reconstruction. In fact, by taking regularly spaced
aerial pictures, if a suitable overlap is guaranteed, it is possible
to derive the 3D structure of the environment with its realworld size. Nowadays, several mapping programs are available
that can deliver different kinds of 3D models by processing the
acquired pictures, once the details of the acquisition camera are
given. In this work, the Pix4D Mapper program has been used
[16]. It can derive textured meshes as well as digital elevation
models.
As a coverage pattern, the so-called back-and-forth motion
has been considered (Figure 2), and the trajectories along each
side of each region are computed. Among these trajectories, the
one with the minimum number of turns is chosen. In fact,
according to [5], [6], and [16], the manoeuvres involved in a
turn (decelerate, move to the following line, and accelerate
again) are the main losses of energy and time during the backand-forth motion execution. The resulting trajectories for the
vertical decomposition example, chosen according to the

Figure 3. Example of the environment decomposition and related coverage
trajectories.
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Figure 4. Three-dimensional model of the terrain and UAV-to-region paths for a flock with six vehicles.

principle described, are shown in Figure 3.
3. COVERAGE SUBREGIONS ASSIGNMENT
Once the coverage paths for all the regions have been
defined, our approach proposes the adoption of a flock of
UAVs in order to parallelise and then speed up the mission for
the imagery acquisition. A negotiation rule is then used to
assign each region to one of the members of the team. The
strategy described in [18] has been adopted. It assumes a
number of vehicles equal to the number of regions to be
surveyed. This strategy involves computing the lengths of the
paths to reach each region for all the UAVs of the flock from
their starting positions. A 3D implementation of the A*
algorithm has been used for this purpose [18]. After that, all the
possible combinations of UAVs/region are derived and,
eventually, the combination with the minimum total path length
for the whole swarm is chosen. This is obtained by simply
summing up the computed trajectory lengths of all the UAVs
for a certain combination. The enhancement in this work with
respect to [18] consists of considering both ends of the
coverage trajectories as potential target positions while
computing UAVs/region combinations. In fact, as underlined
by [5], coverage paths can be travelled indistinctly along the two
possible directions, thus providing a further variable element in
the negotiation task. In Figure 4, an example of the target
points, the first points of the coverage trajectories assigned to
each UAV, and the paths to reach them are shown. It is
important to note that the information about the terrain
geometry given by the DEM is considered in trajectory
computations. The trajectories in red are those obtained after a
line-of-sight length reduction approach, as described in [18].

than the DEM used for the flock mission planning in terms of
resolution. This level of detail allows us to perform an analysis
of the geometric properties of the environment: the slope of
the terrain and the presence of height discontinuities [8]. The
outcome of this processing is a map that includes the traversing
costs, which is used for the path planning of the rover within
the unstructured environment in order to avoid steep paths as
well as obstacles. The latter may be either physical obstacles,
such as walls; rocks or trees; or non-traversable zones, such as
cliffs or areas that are too steep.
Combining the costmap with classical grid-based path
planning algorithms, the trajectories for the UGV can be
computed. In this work, the D* algorithm has been used, thus
obtaining paths that are optimal in terms of the difficulty of
travelling through the environment, according to the traversing
costs derived. Clearly, the costmap derived by the
georeferenced DEM includes geographical data, which is
fundamental during the autonomous GNSS (Global Navigation
Satellite System) navigation of the rover. The resulting costmap
from the terrain traversability analysis of a subregion within the
considered ROI is shown in Figure 5. Darker areas are easily
traversable zones, grey areas are those zones that are difficult to

4. TRAVERSABILITY COSTMAP GENERATION
After the coverage mission is carried out by the flock and
the environment model is reconstructed by the mapping
software [16], a terrain traversability assessment is performed
on such model, as reported in [8]. The DEM of the terrain is
also considered; however, this is the model obtained by the
aerial photogrammetric reconstruction, which is much finer
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Figure 5. Map of traversing costs of a subregion within the ROI.
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