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Abstract—1In the last few years, fleets of mobile robots have
received increased interest in agriculture with the development
of master/slaves control approaches. This paper proposes on the
contrary a planning strategy enabling to generate beforehand
the trajectory of each robot. For that, the fleet is considered as a
single mobile entity with its steering and speed constraints. An
admissible trajectory for this virtual entity, including maneuver
phases, is generated to cover the shape of a given field. This
one is next used to plan the trajectories of the actual robots.
A panel of actual fields with different fleets of robots enables
to highlight the relevance of the strategy proposed.

I. INTRODUCTION

Face to the need of sustainable development together with
the constantly rising food demand of a steadily increasing
world population (from 7.7 billion people in 2020 to 10
billion projected in 2050), world agricultural production
is today confronted to numerous economic, ecological and
societal challenges [1]. To fulfill some of these challenges,
the potential of mobile robotics in terms of accuracy, repea-
tability and work capacity is increasingly put forward as
a means to increase field efficiency and develop new en-
vironmentally friendly practices, as well as to relieve human
operator from unhealthy operations [2], [3].

In the last few years, combined interventions of several
agricultural robots in the same field have received increased
interest to preserve soils from compaction and improve flexi-
bility with the deployment of fleet of more or less numerous
light robots [4], [5]. Immaterial towing of farm vehicles, as
initially developed for convoy of trucks on highway [6] and
usually called master/slaves convoy [7], is the main adopted
strategy in the literature, see the illustration on Figure la:
the master vehicle is manually driven by a human operator
and the slave vehicles have to accurately follow its trajectory
Dnaster With respect to a desired curvilinear distance s;, but
also with respect to a lateral deviation y; depending on
the working width of the vehicles, see [5], [8]. The main
advantage of this approach is to not require a preliminary
step of trajectory planning as the trajectory I, is created
on-line, typically from the positions transmitted by radio
link to the slave vehicles with a RTK GPS embedded on
the master vehicle. The human driver of the master vehicle
has however a major responsibility: if the master vehicle
deviates, the followers will deviate too, leading to oscillations
and inaccurate agricultural work. The human driver must also
be aware of the kinematic and dynamic constraints of the
following vehicles to generate a trajectory I';,45er Which will
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be feasible for the followers. In practice, such an approach
involving shifted following vehicles is difficult to control for
the human operator, especially during turns and maneuvers,
but also in presence of obstacles and when the fleet is
composed of a high number of vehicles. Moreover, farm
fields can have complex irregular shapes leading to difficult
on-line control of a fleet of robots in such environments [11].

The convoy on pre-assigned trajectories, illustrated on
Figure 1b, is another strategy of multi-robots system: each
vehicle has for mission to accurately follow its own pre-
viously planned trajectory I'y pc,..z and operates indepen-
dently, eventually completed by a collision avoidance system
or by imposing a safety inter-vehicle distance [9], [10]. The
main advantage is that all the trajectories can be previously
planned and adapted to both the field geometry, the known
obstacles within the field, the steering and speed capacities
of the vehicles as well as the agricultural tasks to be
performed. The strategy can be to maintain a close formation
by maintaining a desired distance between the vehicles, e.g.
with the aim to facilitate the external monitoring, or not
necessarily, e.g. to temporarily bypass an obstacle, maneuver
or refill the tanks [10]. However, as the agricultural fields
may have complex shapes, a preliminary analysis of the
geometry of the field is a challenging part of this planning
approach: in a single robot context, several work proposed to
subdivide irregular fields into several elementary polygonal
subregions wherein back and forth parallel straight paths
are calculated with respect to the working width of the
vehicle, and completed with different possibilities of travel
directions and headland turning costs [11], [12]. A merge
phase calculates next the possibility to aggregate or not
the paths of adjacent subregions. The maneuvers are built
considering the junctions of line segments and circular arcs
which radius is constrained by the minimal turning radius
of the vehicle. In addition, to plan fully feasible trajectories
for a nonholonomic vehicle without curvature discontinuities,
either spirals previously carried out by the actual vehicle or
arcs of clothoid are inserted to take into account the motion
constraints of the vehicle during turns [13], [14].

The convoy on pre-assigned trajectories involving several
vehicles remains however poorly studied in the literature,
most of the work focusing to adapt the methods developed
in the automotive sector involving master/slaves convoys
for the agricultural context. This paper proposes thus to
address the issue of convoy on pre-assigned parallel tra-
jectories considering homogeneous vehicles and aiming to
cover polygonal shaped fields. To that end, a virtual robot
is first defined, which steering and speed limitations gather
those of the n vehicles. Next, feasible continous curvature
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Fig. 2: Bicycle models of n vehicles positioned on the same IRC

trajectories based on adaptive clothoids are generated and the
trajectories of U-turn for the fleet of vehicles are built. The
main driving direction in the field is determined from a brute-
force algorithm. Finally, experimental fields with different
shapes are processed to highlight the capabilities of the multi-
robots trajectory planner proposed.

II. MODELING OF THE FLEET
A. Method

To address the trajectory planning of multi-robots on pre-
assigned parallel trajectories as depicted on Figure 1b, the
method proposed in this paper is summarized in Figure 3.
A virtual robot, positioned in the middle of the fleet and
gathering the steering and speed constraints of the n vehi-
cles, is first considered. A trajectory generation algorithm
suited for this virtual robot is then developed through the
adaptation of the shape of clothoids with respect to the
motion constraints of the robot. The U-turn maneuvers for
the fleet in headland are next considered. A first strategy
consists to maintain the geometrical layout of the fleet during
the maneuver. A second one consists to realign the vehicles
during the maneuvers, requiring to adapt the trajectories of
each vehicle accordingly. In parallel, the analysis of the field
shape enables to determine the driving direction of the fleet
within the field from a brute force algorithm. The trajectories
of each vehicle are finally generated.

B. Modeling

Let consider a fleet of # > 2 homogeneous car-like mobile
robots, keeping a close formation as depicted on Figure
2. The vehicles, numbered from 1 to n, are represented
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Fig. 3: Method followed

with their bicycle models (modeling assumption). They are
positioned on the same instantaneous rotation center (IRC).
The notations are as follows: for the vehicle numbered i,
Ri and F; are respectively the centre of the rear and front
axle. L; and Op; are respectively the wheelbase and the
front wheel steering angle of the bicycle model, defining the
instantaneous rotation center (/RC) and the curvature radius
Pi. Opimax is the maximum reachable front steering angle,
OFimay 18 the maximum yaw rate of the front-wheel, Vg; is
the linear velocity at point R; and Arjygy 1S the maximum
transverse acceleration allowed during turns, see [14] for
more details. d; is the working width of the vehicle.

C. Motion constraints of the virtual robot

Considering the vehicles side by side as depicted on
Figure 2, the distance A between the vehicles located at the
extremities of the fleet is defined as follows:

d d
A:31+d2+...+di+...+d,,_1+?" (1

The virtual robot, which will be noted with the indice §,
is assumed to be located at the center of the fleet at A/2 (this
position does not necessarily correspond to the position of a
real robot with an even number of robot).



1) Steering constraint: During a turn, the fleet is con-
strained by the maximum front steering angle of the ve-
hicle located at the interior of the trajectory (by OFimax
on the configuration presented on Figure 2). In order that
the steering angle requested for this interior vehicle not
exceed this maximum value, a maximum steering constraint
must be imposed on the virtual robot located at the center
of the fleet. To define this value, let consider a fleet of
homogeneous vehicles, i.e. same wheelbase (L; =L; =L, =
L), same maximum reachable front steering angle (Op1max =
OFimax = OFnmax = OFmax) and same maximum reachable
Speed (VRimax = VRimax = VRnmax = VRmax)- Let assume also
that the wheelbase of the virtual robot is Ly = L. It can be
established:

L L L 1
tandpy = — = AT L AT 1 r @
pc p1+ 2 tan 6 + 2 tan 6 + 2L
It comes the steering constraint for the virtual robot:
1
OF ¢ max = arctan . X 3)
tan Spyax | 2L

2) Speed constraint: The speed constraint of the virtual
robot has next to be determined. In fact, during a turn, the
fleet is constrained by the maximum speed of the vehicle
located at the exterior of the trajectory. To not exceed this
maximum value, let consider the heading variation  of the
fleet for a left turn (i.e. Vg, > Vg1):

s Ven—Vri
0=—— 4
A “)
It comes:
Vr1 = Vrn — AO (5)
Let consider now the velocity of the virtual robot:
Vi1 + Vi AB
Veg = =5 = Vi — - ©6)

Moreover, the heading variation can also be considered for
each vehicle, i.e.:

P¢ p1 Pn

Using (6), the equation (7) becomes:

AVr¢
VRg - VRn - zpc (8)

A
VRC (1+2P§> = Vi )]
Vrn

% . (10)

In the equation (10), Vi, depends on the velocity Vg,
i.e. the velocity of the vehicle located at the exterior of the
turn, and on the steering angle 5F§ of the virtual robot. The
constraints on the maximum speed of the virtual robot will
be defined considering the worst case, i.e. when the value of
the steering angle Op¢ is maximum. It comes:

Vanax
1+ % tan 5chax

VRCmax = (11)
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3) Note: The velocity of the vehicle located at the interior
of the turn Vz; must moreover not be negative to avoid a
reverse motion. The conditions (3) and (11) lead however that
this situation never happens. In fact, let rewrite the equation
(10) for the vehicle located at the interior of the turn:

Vri

—_— 12
1f%tan5F§ (12)

VRC ==

It comes:

A
Vi ZVRQ (1—2Ltan5F§) (13)

Vri =0 if (1— 4 tan 5F§) > 0, leading to the condition:
2L

A

The constraint on the steering angle of the virtual robot
(3) can however be rewritten as follows:

(

(%tan OFmax+1) = 1V Opmax € [0 7/2], i.e. the condition
(14) is always satisfied.

tan 5F§ < (14)

2L

A

1

—_— 15
%L tan Oppax + 1 (15

tan Sp ¢ ypax =

4) Numerical example: To illustrate the constraints deter-
mined by the equations (3) and (11) on a fleet of robot, exam-
ples of numeric values are presented on Table 1, considering
a fleet of n € [1;10] homogeneous robots whose parameters
are: L = 1.2 m, Spmar = 30°, Vimar = 3.50 m.s™! and d =
I m. Assuming for example a fleet of n =4 of such robots,
the front steering angle of the virtual robot and its velocity
must not exceed 18.5° and 2.46 m.s~! respectively.

TABLE I: Steering and speed constraints on the virtual robot with
respect to the number n of robot in the fleet

n A 6F§max VR(max
(m) ©) (ms™h
1 0 30.0 3.50
2 1 24.9 2.93
3 2 21.2 2.64
4 3 18.5 2.46
5 4 16.3 2.34
6 5 14.6 2.26
7 6 13.2 2.20
8 7 12.1 2.15
9 8 11.1 2.11
10 9 10.3 2.07

The generation of feasible trajectories for the virtual robot
can thus be studied with the conditions (3) and (11). The
parallel trajectories of each vehicle of the fleet will be then
directly deduced from the trajectory of the virtual robot.

D. Clothoids and maneuver strategies

1) Clothoids: From the steering and speed constraints,
feasible trajectories can be generated for the virtual robot.
For that, the use of clothoid is particularly relevant as, on
the one hand, the variation of the curvature ¢ of a clothoid
is linear with respect to its curvilinear abscissa s according
to a constant of proportionality g (c(s) = g.s) and, on the



Fig. 4: Examples of clothoids. To calculate the cartesian coordi-
nates of the curves, the Fresnel integrals are approximed from [15]

other hand, this curvature variation can be adapted with
respect to the motion constraints of the vehicle, see (Levien,
2008), (Wilde, 2009), (Cariou, Gobor, Seiferth, and Berducat,
2017). Some examples of clothoids are presented on Figure
4 with different values for the constant of proportionality. In
trajectory planning, arcs of clothoid enable to link elementary
primitives as segment lines and circles. However, the value
of the parameter g has to be adapted to the steering and
speed capabilities of the robot, as well as the curvature
to be reached, e.g. to reach a circle of radius 1/c,p;. The
curvature c,p; can be determined for example with respect
to the maximal steering angle of the virtual robot as follows:

tan 5F Emax
L

g can be determined considering the time the robot will take
to move on one centimeter at its maximal speed:

0.01

Vr Cmax

Cobj = (16)

a7

Yimetodolem =

The maximum angle variation of the front wheel of the robot
during this time is:

Qyorwheel = trimetodolem * OF & max (18)
That corresponds to the following curvature variation:
tan Q
de — rLotwlwel (19)

Merging (17), (18), (19), and considering that g = dc/ds
with ds = 0.01 m, it comes the value of g to be chosen with
respect to the motion capabilities of the robot:

tan ( VR{ max )

0.01xL

2) Different maneuver strategies: From (3), (11), (20),
segment lines, arcs of clothoid and circles can thus be used to
generate admissible trajectories for the virtual robot, respect-
ing its motion constraints. Parallels to the trajectories thus
generated will enable to deduce the admissible trajectories
for the actual robots. This strategy can be used to create U-
turn maneuvers conserving the layout of the fleet, see the
examples on Figure 5. Loop and flat turns (Figures 5a and
5b) enable adjacent back and forth trajectories in the field.
Shifted turns, following the headland boundary, enable non-
adjacent trajectories which can be calculated with respect to
a multiple of the working width of the fleet, see Figure Sc.

0.0I*wpgmw

&= (20)
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(b)

(a) (©)

Fig. 5: Turn with n =4 vehicles maintaining their formation: (a)
loop turn, (b) flat turn, (c) shifted turn following an headland angle
of 30°. Plain lines: vehicles, dashed lines: working width, dashed-
dot lines at the center: virtual robot.

Another strategy consists to disrupt the layout of the
formation to perform the U-turn maneuvers. The vehicles can
for example be realigned during the maneuver to limit the
required area width for turning, see Figure 6a, or before the
maneuver, see Figure 6b. In return, the high traffic involved
in headland when the vehicles are realigned, all the more
if a high number of vehicle is involved in the fleet, may
increase the soil compaction phenomena in this area. This
realignment strategy can however be used also to bypass
obstacles or go through narrow passages (e.g. entrance of
the field). Another strategy is to maneuver each vehicle
independently, see Figure 6c¢.

(©)

Fig. 6: Turn with n =4 vehicles, with realignment or in an
independent manner: (a) realignment during the maneuver, (b)
before the maneuver, (c) independently.

E. Driving direction in the field

Once the algorithm is operational to generate several
shapes of admissible U-turn maneuvers for the fleet, the
driving direction in the field has to be determined. For that,
a brute force algorithm is used. It consists to rotate the
original field from 1 to 360 degrees by step of 1 degree.
At each step, the external rectangle parallel to the x and y
axis including the field is determined and its area calculated.
The kept rotation will be the rotation that satisfies at the three
following conditions:

o The longest side of the rectangle is along the y-axis,

o The rotations leading to a discontinuity in the driving
direction along the y axis are not kept,

o From the remaining rotations, the rectangle which has
the minimal area is the soluction selected.

The driving direction of the fleet in the field is then defined
as being along the y axis, and the x axis is sampled with
respect to the working width, see the example on Figure 7.
This approach is suited for fields having simple polygonal



shapes (e.g. convex shapes) enabling to define a unique
driving direction. No solution can however be found by
the algorithm with field having complex concave shapes.
That limitation will be studied in future work, requiring to
determine more than a unique driving direction.

() (b) (©

Fig. 7: Method to determine the driving direction of the fleet within
the field: (a) original field, (b) solution not kept with discontinuity
along the y-axis, (c) rotation selected and trajectory generated.

III. RESULTS

A panel of agricultural fields of our research institute have
been considered to test the trajectory planning approaches
presented in this paper, see Figures 8 and 9. The WGS84
coordinates of the field boundaries are first converted in
metric ones using the Lambert conformal conic projection,
which is a map projection for France. The coordinates of the
vertices of the polygonal fields are given in Appendix A. The
robots considered in the fleet are our experimental mobile
robots presented on Figure 10. The main characteristics are
a weight of 500 kg, a wheelbase L = 1.2 m, a maximum front
wheel steering angle Opq = 30°, a maximum yaw rate of
the front-wheel Wpqc =45°/s and a speed Vg, limited to
3.5 m.s~!. The operating width is d = 1 m.

Fig. 8: Selected farm fields with different polygonal shapes
Google Earth © Digital Globe, 46.336788° N, 3.430409° E
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Fig. 9: Cartesian relative coordination systems

Figure 11 presents the results with n = 4 robots process-
ing the fields F1 and F2. To generate the trajectories, the
maximum steering angle and speed limitations for the virtual
robot were respectively Op¢qy = 18° and Viejimi = 2 m.s~!
according to Table 1. The chosen strategy was to maintain
the layout of the fleet during the maneuvers. The algorithm
determines automatically the driving direction in the field
and generates the trajectories for each robot.
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(c) (@

Fig. 11: Processing F1 and F2 with a fleet of n = 4 robots. (a),
(b): trajectory of the virtual robot, (c), (d): zoom on the trajectories
generated for each robot.

Figure 12 considers n = 8 robots and the fields F3 and
F4. To generate the eight trajectories, the maximum steering
angle and speed limitation for the virtual robot were defined
respectively t0 Spgpay = 12° and Vg = 2 m.s~!. The
strategy was to maintain the layout of the fleet during the
maneuvers. Figure 13 presents the results of n = 3 robots
processing the fields F5 and F6, with Opsye = 21° and
VRrClimit =2 m.s~!. The vehicles operate independently during
the maneuvers.

Fig. 12: Processing of the fields F3 and 4 with a fleet of n = 8
robots. (a), (b): trajectory of the virtual robot, (c), (d): zoom on the
trajectories generated for each robot.



Fig. 13: Processing of the fields F5 and F6 with a fleet of n = 3
robots, (a), (b): trajectory of the virtual robot, (c), (d): zoom on the
trajectories generated for each robot.

IV. CONCLUSIONS

The developement of fleet of autonomous light mobile
robots is a promising way in agriculture to improve flexibility
and preserve soil from compaction. The convoy on pre-
assigned trajectories enables to adapt and anticipate the
displacements w.r.t. both the field geometry, the steering
and speed constraints of the robots and the agricultural
task to be carried out. In that way, this paper considers
n > 2 homogeneous vehicles and aiming to fully cover
agricultural parcels. Based on the definition of a virtual robot,
which steering and speed constraints gather those of the n
vehicles, continous curvature trajectories based on clothoids
are generated and several layouts of maneuver are studied.
The driving direction in the field is determined from a brute
force algorithm, and admissible trajectories are finally built
for each robot of the fleet. The approaches proposed are
applied on several actual polygonal shaped fields, taking into
account the steering and speed constraints of actual mobile
robots. The main limitation of this work remains however
the consideration of complex convex fields which requires
to plan several driving directions of the robots in the field,
or disrupt temporarily the fleet. Moreover, the number and
type of robots to be engaged in a fleet could be optimized
with respect to the geometry of the field and the working
width. The trajectory planning of a fleet composed of non-
homogeneous mobile robots, with different working width
and mobility capacities, could also be considered. Lastly,
a collision avoidance system among the vehicles of the
fleet needs also to be developed, in particular during U-turn
maneuvers at the end of the fields, requiring to monitor the
position and adapt the speed of each vehicle accordingly.
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VI. APPENDIX A

Field F1 Field F2 Field F3
x(m) y(m) | x(m) y(m)]|x@m ym
0.00 0.00 0.00 0.00 | 0.00  0.00
5521 -243.42| 1342 1231 |114.25 181.54
377779 -47.33 | 75.83  14.49 | 153.22 324.77
37191 -11.45 | 4275 136.49|145.49 463.81

46.10 260.95| -7.59 481.58
-152.02 288.94 | -88.44 451.44
-188.27  7.57

Field F4 Field F5 Field F6
xm y@m) | x(@m) y@m| x(m y(@m)
0.00  0.00 0.00 0.00 0.00 0.00
287.37 -48.84| 17576 90.14 | -40.96 -67.74
352.86 185.97| 105.07 188.07 | -41.18 -69.62
139.12 250.76 | 119.22 207.59| 26.29 -89.86
30.43 119.15| 63.57 289.57| 120.64 -11.48

-67.04 290.03| 51.28 90.57
-13438 176.89 | -22.49 168.24
-49.53 145.89|-115.74 99.63

Table 2: Vertices of the fields
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