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Coordination and navigation of heterogeneous UAVs-UGVs teams
localized by a hawk-eye approach
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Abstract— A navigation and stabilization scheme for 3D
heterogeneous (UAVs and UGVs) formations acting under a
hawk-eye like relative localization is presented in this paper.
We formulate a novel Model Predictive Control (MPC) based
concept for formation driving in a leader-follower constellation
into a required target region. The formation to target region
problem in 3D is solved using the MPC methodology for both:
i) the trajectory planning and control of a virtual leader, and
ii) the control and stabilization of followers - UAVs and UGVs.
The core of the method lies in a novel avoidance function based
on a model of the formation respecting requirements of the
direct visibility between the team members in environment with
obstacles, which is crucial for the hawk-eye localization.

I. I NTRODUCTION
A real-world deployment of large heterogeneous teams
of unmanned vehicles closely cooperating together in reconnaissance and search&rescue missions requires a precise relative localization of team members. Multi-robot systems in these applications may not rely on pre-installed
global localization infrastructures and commonly available
systems (as GPS) lack required precision and reliability
mainly in urban and indoor environments. In this paper, we
present a formation driving approach adapted for an onboard visual relative localization using simple light-weight
cameras mounted on unmanned aerial vehicles (UAVs) and
identification patterns on both, unmanned ground vehicles
(UGVs) and UAVs. With this hawk-eye like concept, one may
better tackle the problem of loss of direct visibility, which
frequently occurs in visual relative localization of ground
robots operating in a workspace with obstacles. Also the
possibility of localization of the team from above increases
its precision and brings another perspective for operators
supervising the mission. Such a standalone system provides
a light-weight, low-cost and efficient solution, which may act
as an enabling technique for extensive utilization of simple
micro-scale robots.
This paper is focussed on theoretical and implementing
aspects of formation driving mechanisms suited for the realworld deployment of autonomous robots under the hawkeye approach, while technical details on the visual relative
localization are available in [1]. In the presented work, we
rely on a modification of the leader-follower method (see
[2]), in which all robots of the formation are following a
virtual leader by sharing its position within the formation.
Recently the research in the formation driving community
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is aimed mainly at tasks of formation stabilization [3],
[4] and following a predefined path [5], [6]. In most of
these methods, it is supposed that the desired trajectory
is designed by a human operator or by a standard path
planning method modified for the formation requirements.
The approach presented in this paper goes beyond these
works by providing flexible control inputs for followers as
well as for the virtual leader of the formation responding to
the dynamic environment and handling together optimality
and stability of the leader-to-goal and followers-in-formation
tasks. Such a direct incorporation of the trajectory planning
and formation stabilization enables to effectively operate the
group in the environment, while the hawk-eye relative localization is ensured. To be able to involve constraints imposed
by the inter vehicle relations (shape of the formation feasible
for the hawk-eye approach) as well as by vehicles (mobility
constraints) and obstacles (environment constraints) into the
formation driving, we rely on a Model Predictive Control
(MPC). For descriptions and a survey of MPC methods see
[7] and references reported therein.
In formation driving applications, researchers take advantage of MPC to respond to changes in dynamic environments
again in tasks of path tracking and formation stabilization [8],
[9]. In our approach, we go beyond these papers in several
aspects. We apply the MPC technique for the stabilization
of followers in the desired positions behind the leader as
well as for trajectory planning into a desired goal area,
taking into account the requirements of hawk-eye relative
localization. We propose a new concept of MPC combining
both, the trajectory planning to the desired goal region and
the immediate control of the formation, into one optimization
process. Our method can continuously respond to changes
in the vicinity while the cohesion of the immediate control
inputs with direction of the formation movement in future is
kept. Furthermore, we propose a novel avoidance function for
multi-vehicle trajectory planning with included model of the
group that respects the restrictions of the hawk-eye concept.
From the MPC perspective, our contribution lies in the
extension of the classical concept with one receding horizon
by utilization of an additional planning horizon enabling to
incorporate the avoidance function to the trajectory planning
for formations.
II. P RELIMINARIES
Let us firstly define some preliminaries necessary for
description of the approach solving the task, in which 3D
formations of UAVs and UGVs have to reach a target

region, while the requirements given by the hawk-eye relative
localization are satisfied.
Let ψj (t) = {xj (t), yj (t), zj (t), ϕj (t)}, with j ∈
{L, 1, . . . , nr }, denote configurations of a virtual leader1 L
and nr followers at time t. The Cartesian coordinates xj (t),
yj (t) and zj (t) define positions p̄j (t) of robots and ϕj (t)
denotes their heading. Both UAVs and UGVs are denoted
as followers in the presented approach. For the UAVs, the
heading ϕj (t) becomes directly the yaw (see Fig. 1 for the
coordination system of UAVs). Roll together with pitch do
not need to be included in the kinematic model employed
in MPC, but they depend on the type of utilized UAVs as
shown for a quadrotor helicopter in [10].
Let us assume that the environment of robots contains
a finite number n0 of compact obstacles. The kinematics
for any robot j in 3D is described by the simple nonholonomic kinematic model: ẋj (t) = vj (t) cos ϕj (t), ẏj (t) =
vj (t) sin ϕj (t), żj (t) = wj and ϕ̇j (t) = Kj (t)vj (t), where
feed-forward velocity vj (t), curvature Kj (t) and ascent
velocity wj (t) represent control inputs denoted as ūj (t) =
{vj (t), Kj (t), wj (t)}. For UGVs (in the presented results
for car-like robots), these control inputs can be directly
employed for steering.2 In case of UAVs, vj (·), Kj (·) and
wj (·) values are inputs for the controller, as shown in [10].
Let us now define a time interval [t0 , tend ] containing a
finite sequence of elements of increasing times {t0 , t1 , . . . ,
tend−1 , tend }, such that t0 < t1 < . . . < tend−1 < tend . By
integrating the kinematic model over this interval and holding
constant control inputs over each time interval [tk , tk+1 ),
where k ∈ {0, . . . , end}, we can derive the following model
for transition points at which control inputs change (from
this point we may refer to tk using its index k):
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(1)

where xj (k), yj (k) and zj (k) are the rectangular coordinates
and ϕj (k) the heading angle at the transition point with index
k. The sampling time ∆t(k + 1) may not be uniform in the
whole interval [t0 , tend ] as is shown later. The control inputs
vj (k + 1), Kj (k + 1) and wj (k + 1) are constant between
transition points with index k and k+1. For all followers, the
control inputs are limited by vehicle mechanical capabilities
1 The virtual leader is positioned in front of the formation and on its axis,
which is important for the symmetric obstacle avoidance function.
2 We assume that UGVs operate in a flat surface and that z (·) = 0 and
j
wj (·) = 0 for each of the UGVs.
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Fig. 1.

Definition of coordination systems.

(i.e., chassis and engine) as vmin,i ≤ vi (k) ≤ vmax,i ,
|Ki (k)| ≤ Kmax,i and for UAVs also wmin,j ≤ wj (k) ≤
wmax,j . These values may differ for each of the followers.
Finally, we need to define a circular detection boundary
with radius rs and a circular avoidance boundary with radius
ra , where rs > ra . Single robots should not respond to
obstacles detected outside the region with radius rs . On the
contrary, distance between the robots and obstacles less than
ra is considered as inadmissible.
A. Formation driving concept
The shape of the entire formation is maintained with a
leader-follower technique derived from the approach [2],
which was designed for formations of UGVs working in a
planar environment. We have extended the notation from [2]
to 3D as visualized in Fig.1(a).
In the proposed approach both types of followers, UAVs
and UGVs, follow the same trajectory of the virtual leader
in distances defined in p, q, h curvilinear coordinate system.
The position of each follower i is uniquely determined
by states ψL (tpi ) in travelled distance pi from the actual
position of the virtual leader along the leader’s trajectory,
by offset distance qi from the trajectory in perpendicular
direction and by elevation hi above the trajectory. tpi is the
time when the virtual leader was at the travelled distance pi
behind the actual position.
To convert the state of followers in curvilinear coordinates
to the state in rectangular coordinates, the following equations can be applied:
xi (t) = xL (tpi ) − qi sin(ϕL (tpi ))

yi (t) = yL (tpi ) + qi cos(ϕL (tpi ))
zi (t) = zL (tpi ) + hi

(2)

ϕi (t) = ϕL (tpi ),
where ψL (tpi ) = {xL (tpi ), yL (tpi ), zL (tpi ), ϕL (tpi )} is
state of the virtual leader at time tpi .
The movement of the virtual leader is not limited by its
mechanical capabilities, but it must respect constraints of
the guided formation. For the virtual leader, the admissible
control set can be determined by applying the leader-follower
approach as

Fig. 2.

Schema of the complete planning and control system.
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These restrictions must be applied to satisfy different values
of curvature and speed of robots in different positions within
the formation. Intuitively, e.g. the robot following the inner
track during turning goes slower but with a bigger curvature
than the robot further from the center of the turning.
III. I NTEGRATED TRAJECTORY PLANNING AND
FORMATION STABILIZATION

A. Method overview
The proposed system for the formation driving is divided
into two blocks as you can see in the scheme depicted in
Fig. 2. In the Virtual Leader part, the Trajectory Planning
block provides control inputs for the virtual leader and
the complete trajectory to the target zone feasible for the
entire formation and respecting the requirements of the
hawk-eye localization via the model of the formation. For
this task, we have developed a novel method based on
the model predictive control. The standard MPC solves a
finite horizon optimization control problem for a system
(represented by the kinematic model) starting from current
states over the time interval ht0 , t0 + N ∆ti. This interval
is known as the control horizon, which has a constant
sampling time ∆t in-between of N transition points. We

have extended this standard scheme with an additional time
interval ht0 + N ∆t, t0 + (N + M )∆ti. This planning horizon is used for the leader’s trajectory planning into a desired
target region. The sampling time is variable in-between of
M transition points in this time interval. This planning algorithm respects constraints given by the desired shape of the
formation, by the hawk-eye localization and by kinematics
of followers. In our approach, the entire horizon is therefore
divided into two segments: i) the control horizon with
constant sampling rate used to obtain a refined immediate
control, and ii) the planning horizon where lengths of time
intervals between transition points are also variables taking
part in the planning problem. Details on such a construction
with emphasis on incorporation of the 3D formation are
presented in Section III-C.
The resulting trajectory obtained in the Trajectory Planning block is described by a sequence of configurations
of the virtual leader ψL (k), where k ∈ {1, . . . , N + M },
and by constant control inputs applied in between the transition points. According the MPC concept only a portion
of the computed control actions is applied on the interval
ht0 , t0 + n∆ti, known as the receding step. This process is
then repeated on the interval ht0 + n∆t, t0 + N ∆t + n∆ti
as the finite horizon moves by time steps n∆t, yielding
a state feedback control scheme strategy. In the proposed
system, the output trajectory is used as an input for the
Formation Driving module, which transforms the plan to
desired configurations of followers (using eq. (2)), and for
re-initialization of the optimization in the next planning step.
The core of the second main block, which is multiplied
for UAVs and UGVs followers, is the Trajectory Following
module designing appropriate collision free control inputs
for the vehicles. This part is responsible for the avoiding of
impending collisions with obstacles or other members of the
team and it corrects deviations from the desired trajectory
provided by the virtual leader. Again this is ensured by the
replanning of MPC using actual data - states of neighbours
and a map - that are shared within the team. Details on the
control of followers can be found in Section III-D.
B. Convex hull representing the formation in the trajectory
planning
An important issue, which arises with the trajectory
planning for heterogeneous 3D formations using the hawkeye concept for the relative localization, is to design a
valuable representation of the entire group. The aim of the
representation is to incorporate the requirement on the direct
visibility between the robots into the concept of the trajectory
planning with obstacle avoidance and formation stabilization
functionalities.
We propose to model the entire shape of the 3D formation
defined in the curvilinear coordinates (see Fig. 1(a)) with
a convex hull of points representing positions of followers
that were projected into the plane, which is orthogonal to
the trajectory of the virtual leader in its actual position (see
Fig. 3). To describe how to acquire these points, let us define
a coordinate system {xL ; y L } in that plane as sketched in

Fig. 3.
Two examples of convex hulls of assymetric formations. The
formation on the right side is utilized in the experiment in Fig. 5. The
shaded contours represent projections of UAVs and UGVs into the plane of
the virtual leader.

Fig. 4. The projection of the position of i-th follower can
L
be then obtained as xL
i := qi and yi := hi . The convex
L L
hull of the set of points {xi ; yi }, where i ∈ {1, . . . , nr },
is an appropriate representation of the 3D formation in
the proposed leader-follower constellation by two reasons.
1) Each follower i intersects the plane orthogonal to the
L
trajectory of the virtual leader at point {xL
i ; yi } in future.
2) The convex hull of such a set of points denotes borders
of the area, which should stay obstacle free to ensure direct
visibility between UAVs and UGVs that is crucial for the
presented hawk-eye localization.
Moreover for the obstacle avoidance function presented in
Section III-C, the convex hull (CH) needs to be dilated by the
detection boundary radius rs to keep obstacles in the desired
distance from followers. Example of the dilated convex hull
(DCH) of a formation is depicted in Fig. 4.
C. Trajectory planning and control for the virtual leader
As mention above, we propose to solve two usually
separated problems: the trajectory planning feasible for
the formation and the computation of control sequences,
in one optimization step. To define the trajectory planning problem with two time intervals (control horizon and
planning horizon) in a compact form we need to gather
states ψL (k), where k ∈ {1, . . . , N }, and ψL (k), where
k ∈ {N + 1, . . . , N + M }, into vectors ΨL,N ∈ R4N
and ΨL,M ∈ R4M . Similarly the control inputs ūL (k),
where k ∈ {1, . . . , N }, and ūL (k), where k ∈ {N +
1, . . . , N + M }, can be gathered into vectors UL,N ∈ R3N
and UL,M ∈ R3M , one for each of the horizons. Finally,
values ∆t(k), k ∈ {N + 1, . . . , N + M }, that become
variables in the planning horizon can be gathered into vector
∆
TL,M
. All variables describing the complete trajectory from
the actual position of the virtual leader until the target
region can be collected into the optimization vector ΩL =
∆
[ΨL,N , UL,N , ΨL,M , UL,M , TL,M
] ∈ R7N +8M .
The trajectory planning and the static as well as dynamic
obstacle avoidance problem can be then transformed to the
minimization of cost function JL (·) subject to sets of equality
constraints h(·) and inequality constraints gTN (·), gTM (·),
gSF (·), that is

Fig. 4. A color map of the function ensuring the collision free trajectories
for the formation from Fig. 5 operating under the hawk-eye concept.

min JL (ΩL ), s.t. h(k) = 0, ∀k ∈ {0, . . . , N + M − 1},
gTN (k) ≤ 0, ∀k ∈ {1, . . . , N },

gTM (k) ≤ 0, ∀k ∈ {N + 1, . . . , N + M },

gSF (ψL (N + M )) ≤ 0.

The cost function JL (ΩL ) is given by

JL (ΩL ) =

NX
+M

∆t(k)+

k=N +1
no 
X

+α

l=1


min 0,

dDCH (ΩL , ol )
dDCH (ΩL , ol ) − RDCH

2

,

(4)

where the first part of JL (·) minimizes the total time to
the target region. The second term contributes to the final
cost when an obstacle is inside the dilated convex hull
representing the formation. Its value will be increasing as
the obstacle is approaching to the centre of the convex hull.
The constant RDCH is equal to half of the maximal width of
the dilated complex hull measured in the xL coordinate. The
function dDCH (ΩL , ol ) provides distance from the dilated
convex hull to obstacle ol again in the direction of xL
coordinate. The function value is negative if the obstacle is
outside the dilated convex hull and positive if the obstacle
is in the hull. The direction of the gradient of such defined
avoidance function (see a map of values of this function
depending on the position of an obstacle in Fig. 4) is to
the side of the of the hull in the xL coordinate. This is
important since the formation, which is ”fixed” by UGVs to
the ground cannot avoid obstacles by change of its altitude.
The influence of both parts of the cost function is adjusted
by constant α.
The equality constraints h(k), ∀k ∈ {0, . . . , N + M −
1}, represent the kinematic model (1) with initial conditions
given by the actual state of the leader. This ensures that the
obtained trajectory stays feasible with respect to kinematics
of utilized robots. The sets of inequality constraints gTN (k),
∀k ∈ {1, . . . , N }, and gTM (k), ∀k ∈ {N + 1, . . . , N + M },
for the control and planning horizons characterize bounds

TABLE I
C URVILINEAR COORDINATES OF FOLLOWERS WITHIN THE FORMATION
USED IN THE EXPERIMENT PRESENTED IN F IG . 5.
i
pi
qi
hi

1
1.5
0.5
5

2
3
1
4

3
0
0
4

4
0
2
0

5
0
0.7
0

6
0
-0.7
0

7
0
-2
0

8
2
0
0

9
2
2
0

10
4
0
0

11
4
2
0

on control inputs (eq. (3)) of the virtual leader. Furthermore,
the constraints gTM (k) ensure that inequalities ∆t(k) ≥ 0
are satisfied for ∀k ∈ {N + 1, . . . , N + M }.
Finally, gSF (ψL (N + M )) is a stability constraint guaranteeing that the found trajectory for the formation will enter
the target region SF . For simplification it is supposed that
the target region is a circle with radius rSF and center CSF .
Then, the stability constraint is given by
gSF (ψL (N + M )) := kp̄L (N + M ) − CSF k − rSF ,

where p̄L (N + M ) is position of the last transition point in
the trajectory.
D. Trajectory Tracking for Followers
Accordingly the leader-follower concept, the trajectory of
the virtual leader, which is computed as the result of the
previous section, will be used as an input of the trajectory
tracking for the followers. First of all, such a solution
needs to be transformed for each of following vehicles using
the formation driving concept (Formation Driving block in
Fig. 2). The obtained sequences are then utilized as desired
states for the trajectory tracking algorithm with obstacle
avoidance functions for each of followers (UAVs and UGVs).
Such a scheme (realized in the Path Following block) enables
to respond to events that occur in the environment behind
the actual position of the leader and to incorrect movement
of a neighbor in the formation. For details on the proposed
path following mechanism see [11], where the approach was
utilized for UGV control. For UAVs the same description
can be applied only with the extended motion model.
IV. E XPERIMENTAL RESULTS
Results presented in this section have been obtained using
the proposed algorithm with parameters: n = 2, N = 4,
M = 6, α = 1, αi = 1 and ∆t = 0.25s. We have employed
the SQP method [12] for solving the optimization problems
used in the virtual leader trajectory planning and for the
stabilization of followers. This solver provided the best performance from the tested available algorithms. Nevertheless,
one can use any optimization method, which is able to solve
the optimization problems defined in this paper. In presented
experiments, the map of the environment, position of the
target region and desired shape of the formation are always
known at the beginning of missions. The position of dynamic
obstacles is unknown.
In the first experiment presented in this section, a formation of 11 followers (8-UGVs and 3-UAVs) has to move into
a target region through an environment with two overhead
obstacles and one dynamic obstacle. See Table I for the

parameters of the formation, Fig. 5 for snapshots from the
experiment and Fig. 6 for progress of values of the cost
function (4) used for the virtual leader’s trajectory planning.
The initial position of the formation together with a
trajectory obtained in the first planning loop of the presented
MPC algorithm are shown in Fig. 5(a). Snapshots in Fig. 5(b)
demonstrate the ability of the formation stabilization algorithm to autonomously modify the desired shape of the
group if it is necessary due to restrictions given by robots’
workspace. In the pictures, one can see response of the
followers’ planning algorithm to the narrow entrance and
the consequent temporary shrinking of the formation.
In Fig. 5(c) and 5(d), the formation is passing by obstacles
that are designed to verify the ability of the approach to keep
the direct visibility between the team members. Although, the
UGVs could pass under the obstacles and UAVs could fly
over (which would decrease the time to goal), the planned
trajectory leads around to keep the convex hull representing
the formation outside the obstacles. Due to the shape of the
hull and positions of obstacles, UGVs may go under the
obstacles only partly to follow the trajectory that is as short
as possible according to the optimization specified in eq. (4).
A response of the trajectory planning algorithm to suddenly appearing obstacles is shown in Fig. 5(e), where a new
obstacle was detected. Finally, a dynamic obstacle avoidance
behavior of the method is shown in Fig. 5(f). Here, the
virtual leader’s planning could not respond to the movement
of the obstacle behind the position of the virtual leader and
therefore the followers are forced to temporarily deviate from
their desired positions within the formation.
The second simulation presented in Fig. 7 shows performance of the algorithm in a situation, where an obstacle (the
traverse beam under the ceiling) blocks the UAV follower
to reach the desired target region in desired altitude (hi
coordinate). Similarly as in the previous experiment, where
the formation passed a narrow corridor, the formation is
temporarily forced to change its desired shape.
V. C ONCLUSION
A novel concept of trajectory planning and stabilization of
heterogeneous UGV-UAV formations was presented in this
paper. In the proposed scheme, the global trajectory planning
and the local controller were merged into a compact MPC
based algorithm with a unique obstacle avoidance function
ensuring that the obtained plan is feasible for 3D formations.
The presented experiments verified the ability of the method
to avoid collisions of the formation with static as well as
dynamic obstacles during its movement into the desired
target region. Beyond, it was shown that the direct visibility
between the members of the formation is kept. This is crucial
for the hawk eye like visual relative localization of team
members, which acts as an enabling technique for real-world
deployment of micro-scale multiple robots.
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(c) The formation avoiding the first overhead obstacle.

(d) Avoiding the second overhead obstacle with denoted convex hull.

(e) The result of replanning evoked by a suddenly appearing obstacle.

(f) A response of followers to movement of the dynamic obstacle. The
shaded contours denote positions of the dynamic obstacles in previous
snapshots.
Fig. 5. Simulation with 8-UGVs and 3-UAVs verifying performance of
the presented formation driving algorithm.
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