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ABSTRACT

We present an agent-based coordination and planning method
for autonomous aerial surveillance of multiple urban areas

using a group of fixed-wing unmanned aerial vehicles (UAVs).
The goal of the surveillance is to observe a set of ground

points of interest within the target areas as often as possi-

ble. The method differs from the existing work by explicit

consideration of sensor occlusions that can occur due to high

buildings and/or other obstacles in the target area. The so-

lution employs a decomposition of the problem in two sub-

problems: the problem of single-area surveillance and the

problem of allocating UAVs to multiple areas. The overall

method is evaluated empirically on a realistic simulation of

aerial surveillance built using the AGENTFLY framework.
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1.2.11 [Artificial Intelligence]: Distributed Artificial In-
telligence—Coherence and coordination, multiagent systems
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1. INTRODUCTION

With the increasing deployment of unmanned aerial ve-
hicles (UAVs) for information collection, there is a growing
need to enable the UAVs to perform information collection
missions autonomously without the need for direct human
control, which is costly. Intelligent multi-agent techniques
have been employed to address this problem (e.g. [1]).

In this paper, we address a particularly challenging vari-
ant of the problem — controlling a team of autonomous UAVs
performing persistent surveillance of geometrically complex
environments such as those present in dense urban areas.
In such environments, the field of view of UAV’s on-board
sensors can get occluded in the presence of tall buildings
and/or narrow streets (see Fig. 1), especially if the UAV is
flying low. This can result in areas left uncovered, which
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Figure 1: Occlusions in urban environment.
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might be exploited by an adversary. Although the prob-
lem of occlusions has been studied in other contexts (e.g.
[3]), occlusion-aware surveillance has not yet been consid-
ered in the field of autonomous UAV control. In this paper,
we address the problem and provide a multi-agent coordina-
tion mechanism that realistically models and explicitly elim-
inates the effect of occlusions and, in addition, can handle
simultaneous surveillance of multiple disjoint areas’.

2. MULTI-UAV INFORMATION AGE
MINIMIZATION PROBLEM

We formally define multi-UAV area surveillance as a prob-
lem of finding a set of trajectories for a group of UAVs which,
when followed, minimize the average age of the information
collected about a set of points of interest located within mul-
tiple disjoint areas.

The environment is a set A = {41, A, ..., Ax} of k rect-
angular areas A;. In each area A;, there are a set of build-
ings modeled as quadrilateral prisms, and a set of points of
interest P; = {p1,p2,...,Ppm}. We control a fleet of fixed-
wing UAVs modeled as point masses moving with a constant
speed v and capable of turning with a minimum turning ra-
dius R (such a model is generally referred to as Dubins ve-
hicle). Each UAV carries a sensor of a conical field of view
pointing down to the ground with the field-of-view angle ;
the sensor “sees” points of interest only if not occluded by
buildings or other obstacles (see Fig. 1). We define the func-
tion 7(p,t) as the last moment in time prior to time ¢ when
a point of interest p was seen by any of surveilling UAVs. If
the point has not yet been seen, we set the value to 0.

!More details can be found on the project’s website: http:
//agents.felk.cvut.cz/projects/tactical_agentfly/



For a time instance t and a point of interest p, we call
the value t — 7(p, t) the information age of p at time ¢. The
objective of area surveillance is then to minimize the average
information age of all points of interest over a period of time,
i.e., to minimize the expression

I 1 R
mﬁZZZ(t—T(P»t)%

t=tq i=1 pEP;

(1)

where a discrete time model is assumed, to is the time at
the beginning of the evaluation period (typically zero), ¢1 at
the end of the period, and |P| is the number of points of in-
terest. We term this objective function average information
age and the resulting optimization problem the information
age minimization problem. A solution of the problem is a set
of flight trajectories for all surveilling UAVs; the trajectories
must respect the minimum turn radius of the UAVs.

3. TWO-STAGE MULTI-AREA
SURVEILLANCE ALGORITHM

The information age minimization problem is an instance
of constraint optimization problems, which are known to be
generally intractable. It is also known that the traveling
repairman problem for Dubins vehicle, a special case of the
single-area information age minimization, is NP-hard [4].

We therefore propose an approximate solution consisting
of two stages: (1) Allocate UAVs to the target areas. As are-
sult, each UAV will have exactly one area assigned. Multiple
UAVs can be assigned to one area. (2) For each area sep-
arately, solve the single-area information age problem em-
ploying the allocated UAVs.

Improving on the algorithms developed earlier [5], we have
developed a novel occlusion-aware zig-zag algorithm for sin-
gle-area information age minimization problem. The algo-
rithm produces zig-zag trajectories with the number of rows
minimized while ensuring that all ground points of interest
will be visible to the UAV’s sensors.

In case of multiple target areas, a multi-area allocation
algorithm is first used to assign the available UAVs to the
areas of interest, where they are subsequently controlled by
a single-area zig-zag algorithm. The optimum assignment of
UAVs s : A — N° is sought by a greedy algorithm based
on an estimate of the average information age that would
result from a particular assignment. For a given assignment
K, the estimated average information age is calculated as

) =3 oty (%5 -2)

where v is the UAV’s velocity, S(A;) is the spatial area of A;
and p = 2-h-sin(%) is the ground sensor radius of an UAV
flying at altitude A and having the sensor with field-of-view
angle . It can be shown that the greedy algorithm finds the
optimum assignment with O(n?) time complexity, where n

is the number of allocated UAVs.

S(A;)
2p

(2)

4. EVALUATION

All evaluation was performed using the AGENTFLY frame-
work [2] for UAV flight and air traffic simulation. The spe-
cific scenario used for the evaluation is modeled after a real-
world settlement with surroundings located in a flat 1500m-
by-1500m square area with total of 300 buildings 6 to 22 m
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Figure 2: AgentFly UAV simulation testbed with an
occlusion-aware sensor model. A height map of the
area is depicted in the overlay.

tall and with streets 3 to 10 meters wide. The testbed and
the scenario used is depicted in Fig. 2.

We have performed three groups of experiments: (1) sin-
gle UAV and single area, (2) multiple UAVs and single area,
and (3) multiple UAVs and multiple areas. In all cases,
we evaluated the performance based on a number of fac-
tors, including the UAV flight altitude and turn radius, and
the number and shape of target areas. On the single-UAV
single-area problem, the zig-zag algorithm outperformed the
previously reported spiral [5] and alternating algorithms [4],
in particular at low flight altitudes where it was on aver-
age 50% better. Due to the lack of suitable benchmarks for
the multi-UAV problems, the performance was compared
to a theoretical estimate; the measured performance of the
method followed the same trend as the estimate and was
on average 30% worse. In all cases, the algorithms achieved
100% coverage of the points of interest.
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