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Formation of Differential-Drive Vehicles with Field-of-View Constraints
for Enclosing a Moving Target

Gonzalo Lépez-Nicolds, Miguel Aranda and Youcef Mezouar

Abstract— An emerging application of multirobot systems
is the monitoring of a dynamic event. Here, the goal is to
enclose and track a moving target by attaining a desired
geometric formation around it. By considering a circular
pattern configuration for the target enclosing, the multirobot
system is able to perform full perception of the target along its
motion. In the proposed system, the robots rely only on their
onboard vision sensor without external input to complete the
task. The key problem resides in overcoming the motion and
visual constraints of the agents. In particular, differential-drive
robots with limited sensing, that must maintain visibility of the
moving target as it navigates in the environment, are considered.
A novel approach to characterize the motion of the robots in
the formation that allows to enclose and track the target while
overcoming their limited field of view (FOV) is presented. The
proposed approach is illustrated through simulations.

I. INTRODUCTION

Research on multirobot systems has become a very active
topic in the recent years due to the ability of these systems to
collectively carry out complex tasks and because of the great
variety of theoretical and practical challenges they raise.
Here, within the field of multiagent formation control, we
focus on the particular problem of target enclosing [1]. In this
problem, the team of robots is required to maintain a partic-
ular formation around a target. Usually, circular formations
are considered for the enclosing task in 2D space [2], [3].
We can also find encirclement in 3D space [4], or enclosing
with arbitrary formations in 3D space [5]. Related works
to this task are [6], where a distributed method based on
local sensing is presented, and [7], where distributed target
enclosing is performed with a coordinate-free approach.

More specifically, we consider the problem of enclosing a
moving target to be perceived by means of multiple sensors
(i.e. multiple robots) to obtain, e.g., a complete representation
of this target. Some previous approaches rely on some ex-
ternal input to complete the task [8], [9]. However, this type
of systems is restricted to limited environments, and cannot
be used to capture the dynamic target following long paths.
Therefore, in the system considered here the robots must rely
only on their independent onboard sensors. This problem
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of formation control in the context of target tracking was
addressed using consensus algorithms to perform flocking
[10], or by filming a target through flying cameras [11].

Existing approaches usually observe the target through
vision sensors [3], [9], [10], [11]. We too consider here that
each robot of the formation carries a camera as a sensor.
A main drawback of standard cameras for the considered
task is their limited field of view (FOV). This constraint is
also hardened by the differential-drive motion constraints of
the mobile platforms assumed in this work. The problem of
nonholonomic robot navigation while maintaining visibility
of a fixed landmark using an onboard camera with a limited
FOV was tackled in [12] and [13]. Optimality of the paths
that are achieved was later addressed in [14], [15] and a
visual servo control system based on homographies was also
proposed in [16] by following optimal paths while taking
care of the visual sensor constraints. These works model
the camera FOV as a symmetric and planar cone aligned
to the forward direction of motion. In [17], the synthesis of
shortest paths with general FOV (e.g. side-looking sensors)
was provided. The problem of finding collision-free paths in
an environment with obstacles with both nonholonomic and
field-of-view constraints was tackled in [18].

These previous works consider only one robot and a static
target to maintain in the FOV. Control of multirobot systems
with limited FOV was studied in [19] for a containment
task. Connectivity and consensus analysis were provided,
although single-integrator robots are assumed and the goal
is to converge to a static configuration, preventing the
application of the proposed method to a moving target.
The work in [20] addressed the problem of cooperative
coordination of leader-follower formations of mobile robots
with visibility and communication constraints. Proposal in
[20] aims at controlling a tractor-trailer formation in the
presence of obstacles with forward-looking sensors rather
than performing full perception of the target.

In this paper, we consider a team of mobile robots with
differential-drive motion constraints. Each robot carries a
camera, not necessarily forward-looking, with limited FOV.
We seek full perception of the target, which implies that all
the robots must maintain visibility of the target from different
predefined points of view around this target. We consider a
circular pattern configuration to enclose the target that must
be maintained in the FOV of each robot. In order to perform
full perception of the target, we present a new approach to
address this task. In particular, we characterize the motion of
the robots in the formation that achieves the goal of enclosing
and tracking the target while overcoming their limited FOV.



II. PROBLEM FORMULATION

Let us consider a moving target to be enclosed and tracked
in R? with position q¢(t) = (z4(t),y:(t))” and orientation
¢¢(t) € R expressed in an arbitrary global reference frame.
We assume that the target follows unicycle kinematics:

br=wi, (1)

where v:(t) € R and wy(t) € R are the linear and angular
velocity of the target. Here, we assume a strictly positive
velocity v;. We define the signed curvature of the target’s tra-
jectory as ki(t) = wy/vy and the curvature k¢(t) = |ws/vel.
In order for the tracking of the target to be feasible, we
assume that the curvature of the target’s trajectory is upper
bounded by some k.. Therefore 0 < k; < Ky < o0.
Let us also consider NV robots in R? to generate the for-
mation for enclosing and tracking the target. Their position
and orientation are q;(t) = (z;(t),y;(t))T and ¢;(t) € R,
with ¢ = 1,..., N. These robots follow unicycle kinematics:

bi=wi, @

where v;(t) € R and w;(t) € R are the linear and angular
velocities of the robots.

We choose a circular formation for enclosing the target.
The shape of this formation can be represented by a regular
polygon with N robots evenly distributed along the circum-
ference. The size or scale of the formation is defined by
its radius d; = d(t), with d of differentiability class C?
or higher. We consider the target is in the centroid of the
circular formation. Then, the value of d is the same for all
robots in the formation, equal to the distance of each robot
to the target. Notice that this radius could be constrained in
practice, for instance, to avoid collision with the target or to
avoid a small target size in the image because of the distance:
0 < dmin < d < dpar < 00. The position of each robot in
the circumference is defined by angle 6; € [—, 7], which is
fixed for each robot, and defined anticlockwise from the z-
axis of the local reference frame on the target. In particular,
we have 0; = 7 (2i/N —1) for i = 1,...,N. Then, the
corresponding coordinates of each robot with respect to the
moving target reference are

Ty = Vg COS Py, Yg = VgSingy

max

Ty =V COSP; , Y =v;sing; ,

2oi(t) =d cosb;, and yg;(t) =dsinb; . 3)

Each robot in the formation has a camera on board, which
is fixed on the robot and pointing to the target. Note that if the
robots have the same orientation as the target in the circular
formation (see example in Fig. 1), then for robot at ; the
camera forms a fixed angle of (0; — ) if 6; > 0, or (6; + )
if #; < 0, with respect to its forward motion direction.

The FOV of each camera is limited by angle 5" < 0
and 5]*** > 0. For simplicity, we assume symmetric FOV
(B; = —BMin = Bmae®) and that all the cameras have the
same FOV (8; = B). For each robot, maintaining the target
in its field of view implies keeping the projection of target
B4i(t) in robot’s camera 4 such that S;; € [—8, (]

Problem: Given a unicycle-type moving target (1) and
a team of unicycle-type robots (2) enclosing that target

Fig. 1. Parameters involved in the problem formulation. Our contribution is
the definition of the reference trajectories qr; for the robots q; to maintain a
circular formation enclosing the target g4 and maintaining FOV constraints.
Each robot q; (only one is shown) will track its reference trajectory qpr;.
The FOV of the onboard fixed camera of one robot is also shown.

in circular formation, find an appropriate tracking strategy
for the robots such that the geometry of the formation is
maintained, i.e. the relative positions of the robots in the
formation and the target are maintained, while guaranteeing
that the target is always in the field of view of all onboard
cameras, i.e. By € [0, ]

III. CONSTRAINED REFERENCE TRAJECTORIES

Given the target velocities v; and w; or equivalently, the
target path (x, ;) and ¢;, we next deduce the robots’ path
to track the moving target in rigid formation while taking
into account the motion and visibility constraints.

A. Reference tracking trajectories

The main problem is to find appropriate trajectories to
be tracked by the robots of the formation. The task requires
that the robots must maintain the formation geometry at any-
time while keeping visibility constraints. Then, the problem
resides in finding a suitable reference path for each robot,
which is defined by its position qp(t) = (2,4(t), yri(t))T
and orientation ¢,;(t) € R, with ¢ = 1,..., N. In order to
create feasible trajectories we impose unicycle kinematics:

(Z.S’l"i = Wri , (4)

where v,;(t) € R and w;(t) € R are the linear and
angular velocities that generate the reference trajectories to
be tracked by the robots. Expressing the coordinates of each
robot (3) with respect to the global reference frame gives the

following vector:
— sin ¢y 2oi Tt
5
CoS ¢y }(ym >+(yt ) ®)

Tri \ _ | COS @y
Yri B sin ¢t

Tyq = Upri COS ¢ri sy Yri = Upi S1N ¢ri )



which reduces to

Tri =ax¢+d COS(d)t + 91)
Yri =Yt +dsin(¢s +6;) . (6)

Calculating the time derivative of this vector yields

Tpi = cos@y — dwy sin(¢y + 0;) + d cos(¢s + 0;)
Yri = vg sindy + dwy cos(dr + 6;) + d sin(¢; + 6;) . (7)

The reference orientation is then obtained as follows
tan d)m' = ym' / xm . (8)

In the following, we define the reference velocities v,; and
wyr; from (7) and (8). We consider two cases regarding the
scale of the formation: the general case in which d is variable
as previously defined, and the particular case in which d is
set to a constant value.

B. Variable formation scale: d(t)

On the one hand, the forward reference velocity for each
robot is computed from (4) and (7) as follows

v = (@)% + (Gri)?
= d?w? +d® + v 4 2v,(dcosb; — dwsinb;) . (9)

On the other hand, the angular velocity from (4) and the time
derivative of (8) yield

wri = wi+ (d? +ddéy —dd)w, /v
+ (dvtwt—dbtwt-l-dvtwt) COSGZ'/’U%L-
+ (dv; — doy)sin;/v2; . (10)
Notice that there can be an indeterminate term in the
computation of w,; when v,; = 0. This happens when

(dwy =vsinb;) A (d = —v;cosb;) , (11)

or also in the trivial case v; = w; = d = 0. The indeterminate
terms tends to zero, so we have in this case w,; = w;.

The reference velocities given by in (9) and (10) guarantee
that the robots maintain the formation while tracking the
target, but there is still no guarantee of maintaining the
moving target in the cameras’ FOV. Next we obtain the
analytical expression of the field of view constraint. Using
(7) in (8) with some trigonometry yields

vy sin(@r — @)
cos(pri — ¢t — 0;)
Maintaining the target in the FOV of the camera sensors
implies that —3 < ¢; — ¢; < [. Therefore, denoting
Bri(t) = ¢t — ¢pi in (12) yields

dw; — d tan(¢p; — ¢y — 0;) = (12)

vy sin(—5y4)
cos(Bri +0;)

and solving for 3,; in (13) yields the following constraint

dw; — d tan(—B,; — 0;) = (13)

dw; cosB; + d sin 0,

dw; sin@; — d cos6; — v

| tan B,.;| = <tanf. (14)

Respecting this previous constraint guarantees the target is
always in the FOV of the cameras. However, this does not
guarantee by itself that the reference trajectory is feasible
for a unicycle robot. For instance, one could define an
arbitrary strategy to choose the value of d satisfying (14),
and then determine the value of ¢,; from (12) on the one
hand, and the values of (x,;, y;) from (6) on the other
hand. However, the results may be incompatible with (8),
i.e. not feasible. Thus, we require an appropriate strategy for
defining d. In particular, the scale of the formation d and its
derivative d give the degrees of freedom needed to allow
an appropriate reference tracking trajectory to guarantee
keeping both motion and FOV constraints.

In particular, we may choose tentative values of d, and then
determine (x;, y;) and ¢,; with (6), (8). Finally we check if
these values satisfy constraint (14) for all <. If so, we found a
valid solution, otherwise we iterate modifying the values of
d. Thus, any reference trajectory (6), (8) with corresponding
velocities (9) and (10), that obeys the constraint in (14),
and follows an appropriate strategy for d (to be presented
in section IV) is a suitable solution of the enclosing and
tracking problem considered.

Notice that 3,; is the reference evolution of the target
projection in the image corresponding to the reference trajec-
tories (qr;, @r;i), and it will be the task of the tracking control
to make f;; = (,; by following these reference trajectories.

C. Constant formation scale: d constant

Depending on the application, it may be interesting to
study the case in which the scale of the formation is required
to be fixed to a constant value. Considering d as a constant
parameter, we obtain the reference linear velocity for each
robot from (4) and (7) as
v = (20)2 + (1) = d*wf + v — 2dvswsin; . (15)

2

Angular velocity from (4) and the time derivative of (8) yield

wWri = wy + d (vewp — Opwy) cosb; /vfZ . (16)

Notice again that there is an indeterminate term in the
computation of w,; when v,; = 0. In this case of constant d,
this happens when (dw; = +v;) with (§; = £7/2), or also
in the trivial case with vy = w; = 0. Again, the indeterminate
terms tends to zero and w,; = w;.

Next we proceed to obtain the analytical expression of the
field of view constraint in the case of d constant. Using (7)
in (8) with constant d, we obtain the following equation

_ vy sin(@ri — @)
wy cos(dri — ¢ — 0;)
Taking into account the FOV constraint |¢; — ¢,;| < 3 yields
the following limit constraint
vt sin(£p5)
~ |w cos(£6 — 6;)

a7

(18)

This previous expression gives the maximum admissible
value of d in order to keep FOV constraints. Using the inverse



value of the radius of the formation yields

wy cos(+B — 6;)
vy sin(5)

This must hold for all #;, and for all the instantaneous

target curvatures. Thus, the worst case occurs when 6; =
{£p,+58 — 7} and the curvature is the maximum, i.e.:

k=1/d > for i=1,..,N. (19)

(20)

Kmaz = Max

Wi
vy sin(£0) ‘ '
Choosing this value to define the scale of the formation as
d = 1/Kmas guarantees that the target is always maintained
in the FOV for all the robots. Notice that the computation of
the maximum admissible radius of the formation involves the
maximum curvature of the target’s trajectory r; whose
knowledge is thus needed in advance.

max®

IV. FORMATION TRAJECTORY STRATEGIES

From the previous constraints we now propose two dif-
ferent strategies to define particular reference trajectories in
order to enclose and track the target while guaranteeing
motion and FOV constraints. Note that as long as the
curvature of the target’s trajectory is upper bounded (xy,,,..)
the existence of suitable reference trajectories is guaranteed.

A. Constant scale formation

First strategy consists in choosing a constant scale of the
formation as d = 1/Kq4e (20). By doing so, we maximize
the scale of the formation with a constant value from the
constraint (d < 1/Kq.). Therefore, notice that any smaller
scale will also guarantee the FOV constraints, whereas a
higher constant value of d will violate these constraints.
This is the simplest strategy that guarantees maintaining the
moving target in the FOV of the cameras. It can be noticed
that the higher the curvature of the target’s motion (k;),
the smaller the value of d has to be in order to keep FOV
constraints. This means that sharp motions of the target imply
sharp reactions of the robots. Then, for a given [, smaller
scale in the formation allows more leeway for keeping the
FOV during the motion and hence allowing for sharper
motions of the target. On the other hand, when the value
of x; is low, e.g. the target follows a straight line, the scale
of the formation can be arbitrarily high.

B. Variable scale formation

Another strategy we propose is based on increasing as
much as possible the distance between the robots of the
formation and the target. The previous strategy defines a
constant value of d. This value is the maximum admissible
without violating the FOV constraints when target reaches
Kt,...» but d can still be increased when r; < kK
while maintaining FOV constraints. This may be interesting
for example from a practical point of view in terms of
maximising the safety distance between robots to prevent
collisions, or to provide additional degrees of freedom to
select an optimal distance from the visual sensor to the target.

Regarding the FOV constraints, we find upper and lower
bounds to the value of d (or k = 1/d indistinctively). In

max

particular, in terms of k, there is a constant upper bound
given by K.,q, and there is a lower bound provided by
(14). Here, we exploit the constant d constraint used in the
previous strategy to be used in this new strategy. Notice that
values over the constant upper bound also keep the FOV
constraints, but we enforce this upper bound of x (lower
bound of d) since this strategy aims to increase d as much
as possible. Regarding the lower bound of ~ along the time, it
is defined by considering in (14) the case where the target is
in the limit of the FOV (i.e. when |3,;| = ). Therefore, any
valid reference trajectory is constrained between the value
provided by (20) which limits the scale of the formation
when the curvature of the target is maximum, and the value
given by (14) which is the scale for which the target is in the
limit of the FOV. Note that the constraints imply selecting
an appropriate value not only for d but also for its derivative
d. In order to define d, we propose to use Gaussian type
functions:

kg =1/dg = a exp (—(t — b)2/(202)) ,

with a, b, ¢ real constants, and ¢ the time. We choose
Gaussian functions inspired by the optimal paths presented
in [14] which consisted in exponential functions. Although
the smoothness of Gaussians is very appropriate for our
task, note that any other function satisfying the presented
constraints is valid.

Here, we propose to define a set of Gaussians in sequential
intervals of time (depending on the target motion evolution)
evolving within (20) and (14). The upper value of the
Gaussians will reach kKp,q, when necessary (when k; is
maximum) and will be reduced towards (14) by letting the
target projection get as close as possible to the FOV limit.

2D

V. SIMULATIONS

Several simulations are provided to illustrate the behaviour
of the approach presented. In all the examples we consider
a team composed by N = 5 agents, forming consequently a
regular pentagon. The required circular formation is depicted
in Fig. 1. The FOV of each camera is represented with a
wedge. In these examples, we consider 3 = 30 deg.

The reference trajectories and values of d to fulfill the task
are computed with the presented approach. Given the com-
puted reference trajectories (6), we perform standard tracking
control. Notice that standard tracking approaches usually
assume that the target velocity is a bounded differentiable
function whose derivative is also bounded and which does
not tend to zero with time. In order to compute its motion
commands, each robot needs the estimation of its relative
position and orientation with respect to the target. Regarding
the strategy in section IV-A, the value of x;, needs to be
known in advance, whereas the strategy in section IV-B also
requires to know in advance the full trajectory of the target.

Simulation in Fig. 2 presents two examples of enclosing
and tracking a target with ellipsoidal motion and 8-shape
motion. There are three cases shown. The first one shows
the motion of the formation with a constant value of d =
10 m, which is higher than the maximum that guarantees
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Fig. 2. Simulations enclosing and tracking a target with ellipsoidal motion (first-second row) and 8-shape motion (third-fourth row). Three cases are

shown from left to right column: Constant d not satisfying FOV constraint; constant d guaranteeing FOV; and maximizing d. First and third rows: Motion
of the target and the enclosing robots. The polygon of the formation and the wedges representing their FOV are shown for some instants of time. Second
and fourth rows: target projection angle on each camera along the time. The FOV limits (£/) are depicted as dashed horizontal lines.

FOV constraints (i.e. x is smaller that the minimum that
guarantees FOV constraints). As a result, it can be seen that,
although the formation is maintained, the target leaves the
FOV of some robots during the tracking. The second case
considers constant d (with d = 1/0.31 for the first example
and d = 1/0.15 for the second example) to be the maximum
constant value that guarantees FOV constraints (section I'V-
A). In this case the evolution of the target projection is within
the FOV of all the cameras. The third case uses the reference
trajectories as defined in section IV-B. The robot velocities of

the first example are also shown in Fig. 3. The evolution of
the formation scale for the two strategies presented is shown
in Fig. 4. These previous examples are provided in the video
attachment to better illustrate our proposal.

VI. CONCLUSIONS

This paper presents the procedure to define appropriate
trajectories to enclose and track a moving target with a multi-
robot system while obeying motion and FOV constraints. The
presented method relies on a formation control formulation
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Fig. 4. Evolution of the inverse radius x = 1/d for first (left) and second
(right) example in Fig. 2. Strategy of constant d = 10 m (x = 0.1)
not satisfying FOV constraint corresponds with the horizontal dashed line.
Strategy of constant d guaranteeing FOV corresponds with the horizontal
solid line. Strategy maximizing d corresponds with the Gaussian-like solid
line. The curve in dashed line corresponds to constraint (14).

based on relative position measurements. Then, we assume
that each robot is able to compute its relative position with
respect to the target from the visual information. It is clear
that the robots can implement the strategy we propose using
the measurements expressed in their own independent local
coordinate frames, without requiring any common reference.

Therefore, our approach does not need global positioning
sensors on board the robots, or an external localization sys-
tem. Moreover, there is no need of communications between
the robots and the system is coordinated through the percep-
tion of the target, unaware of this. In this paper, we choose
circular formations for enclosing the target. Simplicity and
lack of occlusions are two of the advantages of this choice.

Notice however that our approach is not restricted to circular
formations and can be trivially extended to any kind of
formation shape.
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