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Abstract: Area coverage using autonomous vehicles receives increasing attention due to a
widespread range of possible applications. Examples are surveillance and monitoring tasks or
search and rescue missions. Efficient and safe area coverage in dynamic environments, however, is
challenging. It requires tight integration of the planning and control task to guarantee collision
avoidance and optimal coverage. We propose a combination of two coupled model predictive
controllers for optimal area coverage with dynamic obstacle avoidance. The planning is based on
a mixed integer programming formulation of the predictive controller. It allows to take dynamic
objects, such as other autonomous vehicles into account and considers a simplified dynamic
model of the autonomous vehicle. The autonomous vehicle itself is controlled by a continuous
time nonlinear model predictive path following controller, which obeys detailed dynamic and
kinematic constraints and follows the provided path. The design of the controllers takes the
interconnections in terms of dynamic constraints and reference definitions between them into
account. Simulation results for a quadcopter illustrate the performance and real-time feasibility
of the proposed hierarchical predictive control strategy.
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1. INTRODUCTION

Area coverage performed by autonomous vehicles such as
quadcopters or mobile robots receives increasing attention.
It makes dangerous tasks safer for the humans, decreases
cost of operation and can lead to an increase in flexibility.
Applications span from agriculture (Richards, 2018), to
cleaning robots (Miao et al., 2018) and search and rescue
missions (Liu and Nejat, 2013). Coverage path planning
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Fig. 1. Considered coverage problem: An area (light grey)
should be covered by the sensors of an autonomous
vehicle avoiding static and dynamic objects.

and control aims (c.f. Fig. 1) to find a suitable path and
corresponding autonomous vehicle inputs to completely
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cover an area while minimizing a cost, such as energy (due
to limited battery capacities) or time needed to cover an
area. Furthermore, constraints such as maximum vehicle
acceleration or representations of dynamic obstacles to
avoid collisions should be considered. Increasing perfor-
mance demands and increasingly dynamic environments
require the path planning and control to be closely inter-
woven, taking all available information, such as preview
data from sensors and detailed dynamic models into ac-
count.

Much research has been done in the field of path planning
for area coverage, see e.g. (Galceran and Carreras, 2013;
Bormann et al., 2018). However, often the system dynam-
ics of the autonomous vehicle or of the dynamically chang-
ing environments are not or only indirectly considered.
Rather it is often assumed that the lower level controller
will take care of the dynamics and keep the autonomous
vehicle close to the planned path and that the path can be
re-planned sufficiently fast if the environment changes. As
speed and performance demands increase, this separation
of planning and control becomes challenging, leading to
possibly unsafe overall behavior of the autonomous vehicle.
Area coverage path planning considering static obstacle
avoidance was considered in e.g. (Xu et al., 2011), and
(Broderick et al., 2014), using hierarchical and optimiza-
tion based approaches. Online coverage path planning and
control subject to moving obstacles was considered in (Hsu
et al., 2014), while the system dynamics were only consid-
ered in the control layer (not planning). Model predictive
control (MPC) using Mixed Integer Linear Programming
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(MILP) for optimal trajectory generation was investigated
in (Trodden and Richards, 2008; Pinto and Afonso, 2017;
Richards and How, 2003; Culligan et al., 2007).

The main contribution of this paper is a strategy for com-
bined, optimization-based, reactive online planning and
control for area coverage in dynamic environments. We
propose to combine MILP based path generation with
model predictive path following (Matschek et al., 2019).
This allows to adjust the speed of the vehicle along the
path in the control layer instead of pre-defining it in the
planner as was done in the mentioned previous works. Do-
ing so leads to an optimized online area coverage planning
and control conglomeration allowing to handle dynamic
obstacle and thus collision avoidance. More specifically
(c.f. Fig. 2), we utilize a linear MPC with discrete decision
variables to obtain a collision free path. This path is
provided to a Nonlinear MPC (NMPC) which can exploit a
detailed, continuous time model of the autonomous vehicle
to follow the derived path. This hierarchical separation
allows to meet real time requirements. However the contri-
bution of the paper is to outline this new combined concept
rather than performing hardware experiments or giving
detailed stability proofs.

The remainder of the paper is structured as follows: MPC
path planning using MILP is presented in Section 2.1.
Section 2.2 outlines the continuous time NMPC path
following. The overall approach is illustrated with an
unmanned aerial vehicle example in Section 3. Conclusions
and directions for future work are given in Section 4.

2. HIERARCHICAL PREDICTIVE CONTROL

Model predictive control (MPC) is a control strategy that,
by taking into account a model of the system to be
controlled, solves repeatedly a finite horizon optimization
problem subject to state and input constraints (see e.g.
(Findeisen and Allgöwer, 2002; Grüne and Pannek, 2017)).
We exploit MPC formulations on both, the planning and

MILP/MPC
Discrete Linear Model

Mission Objective
Environment

Map
Obstacles

(Static/Dynamic)

NMPC
Continous Nonlinear Model

Autonomous vehicle

Path
Planning

Following
Control

Autonomous
System

p(Θ)

u(t)

X(k)

States

x(t)

Fig. 2. Proposed hierarchical MPC strategy.

the control layer, c.f. Fig. 2, providing real-time feasible
area coverage while avoiding collisions in dynamic envi-
ronments. On the planning level a linear MPC formulation
with a sampling time Td for repeated path planning is
designed, which includes continuous and discrete deci-
sion variables. The discrete decisions “schedule” waypoints
which should be visited thereby constructing the path,

dω
Rs

Waypoint

δsafeStatic
Obstacle

Moving
Obstacleδsafe

Fig. 3. The area to be covered is divided in cells, each
containing a waypoint which should be visited. dw
defines a relaxation threshold, allowing deviation from
these waypoints for the visit of the autonomous vehi-
cle, which has a sensor range Rs. Static and dynamic
obstacles should be avoided with safety margin δsafe.

which should be followed. Based on the planned path, a
nonlinear continuous time MPC, with a sufficiently small
sampling time Ts, is used to achieve path following of the
derived path and stabilization of the autonomous vehicle.

2.1 MPC based Path Planning using MILP
As often done in path planning, see e.g. (Galceran and
Carreras, 2013), we divide the area to be covered in cells,
each containing a waypoint, c.f. Fig. 3.

The number of the waypoints is a function of the sensors
range of the autonomous vehicle and the desired precision.
Based on the defined waypoints the planning algorithm
finds a path which covers a maximum number of waypoints
online. We propose to use an optimization-based planner,
in which the visited waypoints are represented by discrete
decision variables. The movement between the waypoints
is parametrized by continuous decision variables taking
simplified vehicle dynamics into account. Consequently,
the path planning problem becomes a mixed-integer prob-
lem. To obtain a computationally feasible optimization
problem, we consider simplified, discretized vehicle and
moving obstacle dynamics. The objective of the planner
is to find a plausible, i.e flyable/moveable path that min-
imizes the uncovered area by solving (in real-time) an
optimization problem subject to a cost function (such
as energy consumption) while satisfying constraints that
represent the capability of the autonomous vehicle. Overall
the resulting optimization problem can be formulated as:

min
X,U,D,C

J(U(k),Φ(k)) (1a)

subject to ( ∀k ∈ {1, . . . , N}, ∀i ∈ {1, . . . , Np})
X(k + 1) = AX(k) +BU(k), (1b)

X(k) ∈ X̄(k), U(k) ∈ Ū(k), (1c)

Φi(k + 1) = Φi(k)− ci(k) (1d)

ci(k) ≤ di(k) (1e)

0 ≤ Φi(k) ≤ 1 0 ≤ ci(k) ≤ 1 (1f)

di(k) = 1 ⇒ ‖ri − r(k)‖ ≤ dw. (1g)

Here, J denotes the cost function, N denotes the planning
horizon and Np is the number of waypoints. We assume
that the autonomous vehicle dynamics, i.e. the coupling
of the states X and inputs U at current time k to the
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states at the next time instance X(k+1), are given by lin-
ear discretized dynamics (1b). Contrary to many existing
strategies, already in the planning phase the approximated
autonomous vehicle dynamics and capabilities (e.g. maxi-
mum velocity/acceleration) are taken into account via the
time dependent state and input constraints X̄(k) and Ū(k)
in (1c). This prevents the planner to suggest the low-level
controller a path which might not be physically feasible,
e.g. flyable. These constraints can be time dependent, e.g.
due to moving obstacles that should be avoided. Φi(k)
describes the state of the cell (waypoint) i at time k: if
the ith cell was covered Φi(k) = 0 else Φi(k) = 1. The
dynamics of each cell/waypoint are defined in (1d) where
ci is an auxiliary input that is upper bounded by the binary
decision variable di via (1e). Note that each state Φi as
well as each input ci is constrained between 0 and 1 by
(1f). The position of waypoint i and of the autonomous
vehicle (which is one component of the vehicle states X)
are denoted by ri and r(k) respectively. If the distance
between the autonomous vehicle and a waypoint is smaller
than a threshold dw = 0.5TdVmax (to obtain a smoother
path, where Vmax is the maximum velocity), the binary
decision variable di(k) can be set equal to one, see (1g),
which labels the waypoint being covered via the waypoint
dynamics (1d). D ∈ RN×Np is the decision matrix of
binary variables di(k) ∈ {0, 1}, which indicates whether
the waypoint i is covered at time step k (d(k) = 1) or not
(d(k) = 0) over the planning horizon:

D =




d1(k) ... dNp (k)

d1(k+1) ... dNp (k+1)

...
. . .

...
d1(k+N) ... dNp (k+N)


 .

C ∈ RN×Np is the matrix of auxiliary inputs ci(k). The
auxiliary inputs ci(k) are introduced as slack variables to
allow the autonomous vehicle to visit a waypoint more
than once. When this happens the optimizer chooses
di(k) = 1 and ci(k) = 0, so one can guarantee that (1f)
is satisfied, i.e. that the MPC finds a feasible solution. In
the following, we comment on parts of the optimization
problem (1) to outline possible choices.

System dynamics: The possibly nonlinear, often continu-
ous time autonomous vehicle dynamics are approximated
by a discrete linear model (1b). In case that one lim-
its the movement to a two dimensional flat surface the
state vector becomes X = [r vr]

�
describing the posi-

tion r = [pn, pe]
� and the velocity vr = [vn, ve]

�. In
case of a point mass abstraction of the dynamics, the
simplified autonomous vehicle inputs for the planning are

U = [an ae]
�
, i.e. the acceleration commands applied to

the system.

Cost function: In principle an arbitrary cost function can
be considered. One practical choice might be to minimize
both the energy consumption and the uncovered area, e.g.
by choosing a (quadratic) cost function:

Jnonlinear(U,Φ) = Wu

N∑
k=1

‖U(k)‖+WΦ

Np∑
i=1

Φi(N). (2)

The terminal cost penalizes all not visited waypoints to
minimize the uncovered area at the end of the prediction
horizon, while the stage cost penalizes energy consumption
in terms of acceleration. WΦ and Wu are suitable weights.

Waypoints and Positional Constraints:

The visiting of the waypoints (1g) is integrated via con-

straints:
√
(pin − pn)2 + (pie − pe)2 ≤ dw. These can be

approximated as a set of linear constraints representing
M-sided polygons (c.f. (Trodden and Richards, 2008; Cul-
ligan et al., 2007)) exploiting the so called big M method:
∀m = 1, . . . ,M,∀i = 1, . . . , Np, ∀k = 1, . . . , N

(
pn(k)− pin

)
cos

2πm

M
+
(
pe(k)− pie

)
sin

2πm

M
≤ dw +Mbig(1− di(k)).

Here Mbig is a sufficiently large positive number to relax
the constraints when the ith waypoint is not reached
in the prediction horizon. M is the number of sides of
the polygon. If M → ∞ the constraints converge to the
original constraints (Richards and How, 2002). Note that
a large M increases the number of linear constraints, thus
the complexity (Earl and D’andrea, 2005).

Convexification of Obstacle Avoidance Constraints: Obsta-
cle avoidance constraints are in general non convex. They
can be, however, overbounded/relaxed by polygons in
MILP formulation introducing binary variables bj1,2,3,4(k)
to relax the obstacle boundaries (c.f. e.g. (Forsmo, 2012;
Culligan et al., 2007)), i.e. ∀k ∈ {1, . . . , N}, ∀j ∈
{1, . . . , NO}:

pn(k) ≤ pljn − δsafe +Mbigbj1(k), (3a)

pn(k) ≥ pujn + δsafe −Mbigbj2(k), (3b)

pe(k) ≤ plje − δsafe +Mbigbj3(k), (3c)

pe(k) ≥ puje + δsafe −Mbigbj4(k), (3d)

where NO is the number of (static) obstacles, and
pljn , p

uj
n , plje , p

uj
e are suitable lower and upper bounds in the

coordinate directions for every obstacle. The logical con-
straint

∑4
c=1 bjc ≤ 3, ensures that at least one constraint

(3) is active.

Obstacle Enlargement to avoid corner cutting
Often it is necessary to enlarge the obstacle dimensions
(e.g. safety margin) to avoid corner cutting between time
samples (e.g. (Forsmo, 2012; Culligan et al., 2007)) as a
time discrete representation is used. The safety margin
δsafe = 0.5TdVmax sin(π/4) depends on the autonomous
vehicle dynamics, as well as parameters such as the maxi-
mum speed Vmax and the planning discretization time Td,
to ensure that the shortest path between two points that
will be in a feasible area does not intersect the obstacle.

Moving Obstacle Avoidance Constraints: Furthermore, au-
tonomous vehicles should avoid collisions with dynam-
ically moving obstacles. The resulting non-convex con-
straint can be approximated by convex polygons introduc-
ing extra binary variables bim(k): ∀m ∈ {1, . . . ,M}, ∀i ∈
{1, . . . , Nmo}, ∀k ∈ {1, . . . , N}

(
pn(k)− pin(k)

)
cos

2πm

M
+
(
pe(k)− pie(k)

)
sin

2πm

M
,

≥ δsafe −Mbigbim(k),

where
∑M

m=1 bim(k) ≤ M−1 and where Nmo is the moving
obstacles number, δsafe is a minimum separation distance
between the autonomous vehicle and the moving obstacle
position (pie(k), p

i
n(k)) at time step k, while this position

could be predicted over the planning horizon by a linear
dynamic by assuming constant speed (vie, v

i
n), which could
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