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Abstract: Most of the studies found in the literature for autonomous driving solutions applied
to vehicles convoying are related to highway platooning applications. However, in recent years
both the agriculture and military fields seem to have an increased interest in such solutions
for off-road applications. This work presents a corridor-based strategy for motion planning of
automated vehicles convoys in off-road environments. From the wake generated by the leading
vehicle, the follower vehicle estimates the boundaries of a navigable corridor encompassing the
leader’s path. Using these boundaries and the outputs from the on-board navigation subsystem,
the vehicle plans the most suitable trajectory to follow the leader while avoiding obstacles. In
order to keep the vehicles within safety distance thresholds, an inter-distance model is applied
to the speed profile generation. The proposed strategy has been implemented and validated with
real vehicles, showing promising results in fully operational off-road environments.
Keywords: Intelligent Transportation Systems; Path planning; Multi-Vehicle Systems;
Navigation Systems; Trajectory Tracking; Obstacle Detection and Avoidance; Platoons.
1. INTRODUCTION
The driving environment features are key when designing
an architecture for autonomous vehicles. On roads the
environment is highly structured enabling autonomous
driving functions to exploit different road features and
maps for sensing and controlling the vehicle, such as lane
marks, horizontal and vertical signs, road flatness, etc.
However, off-road driving represents a more challenging
situation, where the systems must deal with bumpy roads,
marking absence, vegetation, shadows and other elements
that require different techniques to be taken into account
when designing sensing and control methods.
This paper introduces a corridor-based strategy for operating vehicles in convoy formations off-roads. The proposed methods were developed for the project ARCO
(Robotic Application for Operational Convoys). This
project, funded by the Spanish Ministry of Defence, aimed
to combine teleoperation and autonomous driving capabilities for deploying military vehicles convoys off-road.
With no lane markings or road maps available, the
ARCO’s vehicles rely on their own navigation and guidance systems and the cooperation with other convoy units
to calculate the most suitable trajectory in real time,
avoiding obstacles and keeping the formation. To that
end, a wake-based method has been developed to generate
navigable corridors from the path driven by the leading
vehicle. As the corridor extends towards the leader, a
reference trajectory can be planned by any corridor-based
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algorithm such as the one described by Artunedo et al.
(2020). By taking this approach, the reference trajectory
is not the same for all units in the convoy, but it is adapted
in real time according to the context of each vehicle, considering the presence of dynamic obstacles, the uncertainty
levels associated with the location measurements and the
kynodynamic constraints associated with each vehicle.
Once an obstacle-free path is obtained, a speed profile is
computed and assigned to it. As vehicles are operating in
convoy formation, the speed profiles must comply not only
with the constraints associated with the path curvature
and accelerations thresholds, but also with the following
distance thresholds. To that end, a dynamic inter-distance
model is used to generate the most suitable speed profile
that keeps a safe-distance from the leader vehicle.
The remainder of the article is organized as follows.
Section 2 gives an overview of the related works on
convoying systems for off-road applications. The general
architecture of the ARCO’s on board systems is introduced
in Section 3. Section 4 describes the wake-based algorithm
for generating the navigable corridors and planning the
path to be tracked. The real-time adaptation of the speed
profiles for keeping the inter-vehicle distance is described
in section 5. In section 6 the results of real tests performed
during the project validation stages are presented. Finally,
Section 7 draws some concluding remarks.
2. CONVOYING SYSTEMS FOR OFF-ROAD
APPLICATIONS
Although most of the studies on automated truck platoons
are focused on on-road scenarios with the main goals of

energy savings and highway capacity increase (Tsugawa
et al., 2016; Godoy et al., 2015), the attention in automated vehicle convoys in contexts such as the military and
agriculture has grown in recent decades.
Interest in automated driving for military applications
emerged in the 1980s. One of the first reported applications
for automated military convoying (Gage and Pletta, 1987)
made use of a guideway, making the approach impractical.
Nevertheless, later advances in perception systems allowed
the development of relevant off-road systems, such as the
Navlab vehicle by Carnegie Mellon University (Thorpe
et al., 1991).
The approach proposed in Vasseur et al. (2004) addresses
the autonomous leader-follower operation of two 4x4 military vehicles including two modes: (i) delayed-follower,
where a communication link is used to send the leader
position to the follower; and (ii) perceptive-follower, where
no communication link is available and the leader location
is estimated using the follower on-board sensors. The tests
were performed on plain asphalt roads in this case. In 2012,
although not focused on military vehicles applications, the
VisLab Intercontinental Autonomous Challenge (Broggi
et al., 2012) covered a distance of 13000 km with four
vehicles, including both leader-follower on-road and offroad navigation without maps.
More recent approaches, such as the one in Albrecht et al.
(2020), aimed at increasing the robustness of convoying
systems in more complex environments. In this case,
a modular approach is proposed in which the follower
vehicle is able to detect and avoid detected obstacles in
unstructured outdoor environments. However, the tested
scenarios are relatively small (200 m of path length) and
the maximum feasible speed is not reported. On the other
hand, recent simulation tools focus on facilitating the
development and testing of control policies for off-road
mobility of autonomous agents (Young et al., 2021), and
offer specific off-road features such as deformable terrains,
automated off-road terrain generation or automatic data
labeling for camera and LIDAR (Hudson et al., 2020).
Another field of recent interest in outdoors off-road convoys is found in agricultural applications. Although these
applications are typically devoted to low speed contexts (Mao et al., 2021), some platooning methods potentially applicable to other environments and vehicles are
proposed in the literature. In Cook et al. (2018), a leaderfollower control architecture for autonomous tractors is
proposed. The manned leader vehicle wirelessly sends its
position, speed and heading to the follower, which selects
way-points based on a defined look-ahead distance. The
approach presented in Zhu et al. (2007) deals with a
control system for two-tractor platooning. In this case the
leading tractor position is used to compute a reference
trajectory by applying least squares minimisation. Then,
the follower dynamically creates and follow a trajectory
from the reference with a given lateral offset. A similar
approach is proposed in Zhang et al. (2009), where obstacle
avoidance is also addressed.
Although these approaches could be applied to more than
two vehicles in some cases, they are limited to a leader
and one follower. In Vougioukas (2012), a distributed
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Fig. 1. Overview of the ARCO’s system.
control framework for agricultural vehicles coordination is
presented. The approach, tested in simulation, addressed
nearby vehicles by altering their velocity profiles or the
shapes of their paths, including collision avoidance.
Whilst the reviewed approaches are capable of tracking
a leader vehicle, none of them (i) explicitly consider localisation uncertainty of the proceeding vehicle and (ii)
apply a mechanism for speed profile generation that allows
a smooth leader following. In this paper we propose a
corridor-based strategy for convoying vehicles where not
only obstacle avoidance is addressed but also a dynamic
inter-distance model is used to generate a smooth speed
profile while keeping a safe-distance from the leader vehicle.
3. SYSTEM ARCHITECTURE
This section presents an overview of the core functionalities of the system architecture on-board ARCO’s vehicles.
As can be seen in Fig. 1, the system is composed of
three subsystems: (i) Navigation (ii) Guidance and (iii)
Communications.
The Navigation subsystem is responsible for both locating
the vehicle and perceiving the vehicle’s environment. To
this end, a set of sensors were added to each vehicle (see
Fig. 2). A GNSS receiver, an IMU and vehicle odometry
are combined by the localisation module to obtain an
accurate and reliable vehicle positioning in the global
reference system of the convoy. Likewise, the perception
module uses two LiDARs, one radar and one stereo camera
to generate a dynamic occupancy grid that maps the
vehicle’s environment, identifying both the navigable space
of the vehicle and the possible dynamic obstacles.
Using the Navigation outputs, the Guidance subsystem
drives the vehicle along the convoy trajectory. This subsystem is divided into three modules: (i) supervision , (ii)
planning and guidance and (iii) control. The supervision
modules monitors a set of variables, both of the vehicle
and the convoy, and adapts the behaviour of the vehicle
trough several design parameters such as operation ranges
for speed, accelerations and following distance. The planning and guidance module is responsible for calculating
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Fig. 2. Equipment installed on ARCO’s vehicles
the most suitable trajectory for the vehicle according to
the driving scenario and determining the low-level control
references. To that end, it takes into account the information provided by the Navigation subsystem and the design
parameters defined by the supervision module. Finally,
the control module uses the guidance references to set
the position and speed of the actuators that control the
vehicle’s throttle, brakes and steering wheel.
As the system targets a convoy formation combining
teleoperation and autonomous driving, the interaction
between the different convoy units is crucial. Therefore,
a communication subsystem is in charge of exchanging
information about vehicles’ state along the formation,
such as position and speed. Moreover, it also monitors
the quality of the communication system, using mesh
technology for adapting vehicles links in consequence.
The planning and guidance module is the most relevant
one for the scope of this work. Within this module the
controlled vehicle process the known path history of the
leading vehicle in order to generate a suitable navigable
corridor and, within these boundaries, a drivable obstaclefree trajectory. Sections 4 and 5 further describe this
process.
4. WAKE-BASED CORRIDORS FORMATION
In line with the authors’ more recent work, navigable
corridors are defined using third degree Bézier curves
(Godoy et al., 2019). In this way, the complexity of curvier
paths is reduced to a smooth concatenation of Bézier
curves satisfying G1 continuity constraints.
With this premise in mind, the wake-based corridor generation is divided in two steps: (i) Storing and Reduction and
(ii) Optimization. In the first step, the algorithm stores the
location of the leading vehicle as 2D points associated with
an uncertainty value. Subsequently, it selects key points using the Opheim simplification algorithm (Opheim, 1982).
For every two consecutive key points, a segment of the
corridor is defined using a Bézier curve, which is then fitted
to the intermediate wake points in the optimization step.
The Opheim algorithm allows to process the leading vehicle’s location as soon as it is received, without the need
to buffer a minimum number of values before executing
it. In addition, it uses tolerance thresholds to restrict the
search area, thus limiting the maximum distance between
key points on straighter paths and increasing the number
of key points as the path curvature grows. This results in

a close tracking of the leading vehicle’s movement and an
easier adjustment of Bézier curves.
At the optimization step, the control points of the curves
are adjusted to fit the intermediate wake points taking
into account the uncertainty associated with each one of
them. As the curves must comply with the G1 continuity
constraint at the concatenation – i.e. the same direction
of the tangent vector – the control points of adjacent
curves are closely related. Likewise, the smallest change
in one of its control points is reflected along the entire
curve. Taking this into consideration, the optimization is
performed using sets of three curves: the one to be fully
adjusted and the two successors. This design choice helps
to constrain the optimization problem while considering
the relation among the curves and future wake points.
More formally, let Bi be the third degree Bézier curve to
be adjusted along the subsequent curves Bi+1 and Bi+2 .
Let Bi be defined by the control points P0i , P1i , P2i and
P3i between key points Ki and Ki+1 . Let tip be the unit
i
vector pointing from Ppi to Pp+1
with p = 0, 1, 2; then the
following constraints have to be met:
P3i+j = P0i+j+1

for j = 0, 1
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where θ(Ki ) is the orientation of the leading vehicle at
the i-th key point and j is an auxiliary index to extend
the constraints to the subsequent curves. Curve fitting is
performed by the following iterative steps:
(1) For every wake point Wp between Kj and Kj+3
(Fig. 3a), the perpendicular error to the path described by the set of curves (Fig. 3b) is measured
as a vector ep , for p = 1, ..., N (Fig. 3c).
(2) At each curve Bi (i = j, j + 1, j + 2), two disi
i
placement vectors vd0
and vd3
are calculated as the
weighted sums of the error vectors ep projected over
Bi . Weights vary from 0 to 1, according to the overthe-curve distance to the end points. The closer the
projection to P0i , the higher its weight for calculating
i
i
vd0
, and vice-versa for vd3
(Fig. 3d).
i
(3) Control points P3 (i = j, j + 1) are displaced propori+1
i
tionally to the sum of vd3
and vd0
. The allowable
displacement is limited by the uncertainty associated
with Ki .
(4) Control points P2i and P1i+1 (for i = j, j + 1) are
modified by first rotating their axis – defined by
(2) – around P3i proportionally to the difference
i+1
i
i
between vd3
and vd0
and then projecting P2i +vd3
i+1
i+1
and P1 +vd0 over the rotated axis.
(5) Likewise, control points P1j and P2j+2 are modified but
omitting axis rotation due to continuity restrictions.
This process is repeated until the average error is below a
threshold or a maximum number of iterations is reached
(Fig. 3e). At this point, only the control points of the curve
Bj are stored definitively, while Bj+1 and Bj+2 continue
to be optimized within the next sets.
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Fig. 4. Inter-distance reference model (Martinez and
de Wit, 2007)
are not met. Further details about this acceleration-limited
speed planning method can be found in Artunedo et al.
(2021).
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Fig. 3. Overview of the autonomous system.
5. SPEED PROFILE GENERATION
The path planning is carried out using the sampling-based
method proposed in Artunedo et al. (2020). This approach
is able to compute feasible, safe and human-like trajectories in real-time using fast computation and evaluation
of appropriate path candidates. Once the path has been
obtained, a speed profile is computed and assigned to the
path. The speed profile generation algorithm limits the
lateral and longitudinal accelerations to satisfy comfort
requirements. In addition, a dynamic inter-distance model
is used to generate a safe speed reference considering the
leading vehicle evolution.
The speed profile generation algorithm comprises two main
stages. Firstly, a leader-free speed profile is computed
considering both the geometry of the path, the maximum
allowed speed and lateral and longitudinal accelerations
bounds, which are set in the system configuration. Subsequently, a leader-based speed profile is created taking
into account the position and speed of the leading vehicle,
considering the leader-free profile as an upper speed bound
along the whole trajectory.
To obtain the leader-free speed profile, the actual vehicle speed is set as the initial speed. The final speed is
determined by the end position of the path within the
corridor, so that final speed is set to 0 m/s if the path
ends at the last corridor section, or to the maximum speed
in the opposite case. After that, a speed limit curve is
computed for each path point considering the maximum
lateral acceleration and the curvature of the path. Finally,
assuming constant acceleration between two consecutive
intermediate path points, the speed profile is sequentially
recomputed if maximum longitudinal acceleration bounds

When the autonomous vehicle is following a leading one,
a further constraint is imposed in order to ensure that
the safety distance between both vehicles is maintained
throughout the convoy driving. To that end, the interdistance model proposed in Martinez and de Wit (2007)
and applied for on-road automated vehicles in (MedinaLee et al., 2021) is used when computing the leader-based
speed profile.
This inter-distance model considers a virtual vehicle located at a reference distance dr from the leader vehicle and
determines the required acceleration the follower vehicle
should have to keep the safety distance (see Fig. 4), while
fulfilling the comfort constraints. The position and speed
of the leading vehicle are used as inputs for this model. The
inter-distance model only influences the acceleration of the
autonomous vehicle when the distance to the leader vehicle
(dˆ ) is lower than a safe nominal constant inter-distance d0 ,
thus decelerating the autonomous vehicle before reaching
the design minimal inter-distance dc . To achieve that, a
PD acceleration controller computes an additional control
ˆ which is added
action from the tracking error (de = dr − d),
to the reference-model acceleration. Then, this resulting
acceleration is transformed into a speed profile combined,
bounded by the aforementioned leader-free speed profile.
Note that the inter-distance model is periodically updated
to cope with speed variations of both vehicles.
An example of speed profile generation is shown in Fig. 5b.
In this figure, the top blue line depicts the leader-free speed
profile while leader-based are drawn on different colors for
five different instants (t0 to t4 ). Note that leader-based
profile do not exceeds leader-free profile, thus ensuring that
safety constraints are met.
6. EVALUATION: REAL-LIFE EXPERIMENTS
The proposed strategy has been implemented and thoroughly validated on military trucks. This section presents
the results obtained for two specific tests: (i) motion planning and (ii) obstacle avoidance in convoy operation.
6.1 Motion planning
Fig. 5 shows an overview of one of the tests performed
with two vehicles travelling in convoy formation along an
obstacle-free S-shaped trajectory. The goal of this test was
to validate the performance of the wake-based algorithm
for corridor generation and the subsequent path planning
implementation.
As can be seen on the top image, the wake-based algorithm
correctly tracks the path generated by the leading vehicle
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(red line), defining a continuous navigable space for the
follower vehicle (black lines). The blue line represents the
path planned by the follower vehicle along the test. From
this image it can be appreciated that the paths followed by
the vehicles slightly differ, specially in the curved sections.
This is due to the fact that each vehicle plans its own
trajectory from the perceived navigable space and the
detected obstacles, being the follower vehicle around 2 m
longer than the leading one (8x8 traction vs 6x6 traction).
The evolution of the speed profile associated with the path
of the follower vehicle is shown in Fig. 5b. For each instant,
a different line colour is used and related to the top image,
with the circles and squares being the follower and leader
position respectively. As can be seen in image (b), the
speed profile is extended as both vehicles move in order to
keep the distance between them, while complying with the
speed limitations associated with the leader-free profile.
The reason why the speed profiles tend to end around 0
is because the planner assumes the worst case scenario for
safety reasons, where the leading vehicle suddenly stops at
the path ending. However, in normal operation both path
and speed profile are extended before the vehicle reaches
these points.
Finally, Fig. 6 shows the evolution of the follower vehicle’s
speed along with the distance to the leader. As can be seen
on the image, the vehicle follows the speed reference properly while keeping the distance to the leader (green line)
within the convoy operation thresholds. The parameters
used for the inter-distance model in this trial are: d0 = 60
m and dc = 20 m.
6.2 Obstacle avoidance
The obstacle avoidance capability of the follower vehicle
is tested by intentionally introducing an obstacle after the

lead vehicle drove over a given section of a controlled environment. The perception system is in charge of detecting it
while the planning and guidance system plans and tracks
an obstacle avoidance trajectory.
Fig. 7 shows an image taken from the cabin of the
follower vehicle (top) and a capture of the output of
the perception and planning systems (bottom) in three
different instants during this trial. Note that the output
of the perception system is a height difference grid which
is laterally bounded by the detected drivable space. In
this grid, the green cells depicts plain terrain while the
red ones, height differences large enough for the vehicle
to avoid them. With regard to the representation of the
trajectory that the vehicle is following, note that leader
and follower vehicles are depicted as black and brown
rectangles, the trajectory path is drawn as a blue line
and the expected occupancy space of the vehicle following
this path is shown in magenta, considering a safety margin
around the vehicle of 0.4 m.
The obstacle used in this trial (a brown box) can be seen
in the front image at instant t = 0s (top of Fig. 7a). At
this instant, it is out of the field of view of the sensors and
consequently still not detected by the perception system,
as can be appreciated at the bottom of Fig. 7a. When
the perception system detects the obstacle – note the
red cells showing the detected obstacle – it automatically
computes a new trajectory that smoothly avoids it, as
shown at the bottom of Fig. 7b. After the obstacle is
overcome, the convoy continues driving – as can be seen
in Fig. 7b – showing that the follower vehicle is able to
detect obstacles, plan new trajectories to avoid them and
successfully track these trajectories, always keeping the
convoy formation.
7. CONCLUSIONS
This work proposes a corridors-based guidance strategy for
off-road convoy formations. The proposed approach is able
to deal with environments where neither lane markings
nor road maps are available. To deal with this added complexity in comparison with similar on-road approaches, a
wake-based method for navigable corridors generation has
been developed. The motion planning approach makes use
of these corridors to calculate feasible trajectories in realtime, allowing obstacle avoidance manoeuvres within the
navigable area. To generate the most suitable speed profile
that keeps a safe-distance from the leader vehicle, an interdistance model is applied to the identified path.
To validate the proposed approach several trials were conducted on real environments using two different military
vehicles. The results show the feasibility of the proposed

(a) Instant t = 0s

(b) Instant t = 5s

(c) Instant t = 17s

Fig. 7. Image taken from the cabin of the follower vehicle (top) and grid-based planning (bottom) at three instants
during obstacle avoidance manoeuvre.
architecture for convoying applications in off-road environments.
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