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ABSTRACT

We present an agent-based coordination and planning method
for aerial surveillance of multiple urban areas using a group
of fixed-wing unmanned aerial vehicles (UAVs). The method
differs from the existing work by explicit consideration of
sensor occlusions that can occur due to high buildings and
other obstacles in the target area. The solution employs a
decomposition of the problem in two subproblems: the prob-
lem of single-area surveillance and the problem of allocating
UAVs to multiple areas. Three occlusion-aware methods for
single-area surveillance are presented and compared. An al-
gorithm for UAV allocation is presented and its optimality
proved. The performance of all algorithms is evaluated em-
pirically on a realistic simulation of aerial surveillance, built
using the AGENTFLY framework, and is compared to theo-
retical estimates.

Categories and Subject Descriptors

1.2.11 [Artificial Intelligence]: Distributed Artificial In-
telligence—Coherence and coordination, multiagent systems

General Terms

Algorithms, Performance

Keywords

autonomous aircrafts, UAV-based surveillance, UAV con-
trol, resource allocation, simulation, sensor occlusions

1. INTRODUCTION

There has been a growing interest in using unmanned
aerial vehicles (UAVs) for information collection tasks, ini-
tially in military and later also in civil domains [2]. With
the increasing numbers of UAVs, there is a growing need
to enable the UAVs to perform their 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 [9)(1].

Area surveillance is one of the most common information
collection tasks, typically defined as a problem maintaining
an up-to-date picture of the situation in a given area. Some-
times the task is termed persistent surveillance to highlight
the fact that the area is to be monitored for a prolonged
period of time.

In this paper, we address a particularly challenging variant
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 Figure. This can result in areas
left uncovered, which might be exploited by an adversary.
The problem is likely to get more acute in the future as
small, low-flying UAVs are going to be deployed.

In this paper, we address the problem by providing a
multi-agent coordination mechanism that realistically mod-
els and explicitly eliminates the effect of occlusions. Al-
though the problem of occlusions has been studied in other
contexts [6, [12], occlusion-aware surveillance has not yet
been considered in the field of autonomous UAV control.
In addition to providing a solution to the problem of oc-
clusions, we also show how multiple disjoint areas can be
surveilled, which is novel too.

The paper proceeds as follows. In Section 2, we formally
define the problem of UAV-based surveillance of occlusion-
affected environments. In Section 3, we introduce our two-
stage method; its two constituent components are described
in two subsequent sections — single area surveillance in Sec-
tion 4 and multiple-area surveillance in Section 5. Section 6
provides evaluation results, Section 7 reviews related work
and, finally, Section 8 concludes.

2. MULTI-UAV INFORMATION AGE MIN-
IMIZATION PROBLEM

We formally define multi-UAV area surveillance as a con-
straint optimization problem of finding a set of trajectories
for a group of UAVs which, when followed, minimize the av-
erage age of information collected about a set of points of
interest located within one or multiple disjoint areas.

2.1 Problem Domain

The environment is a set A = {41, As, ..., Ax} of k rect-
angular areas A;, each area A; defined as a quadruple A; =
(0, yo, w, h), where xo,yo are the coordinates of its bottom
left corner and w, h are its width and height. In each of
the areas, a set of buildings may be present represented as
quadrilateral prisms with their bases on the ground plane
(defined by equation z = 0.) Furthermore, for each area A;
there is a finite set of points of interest P; = {p1,p2,...,pm}
located inside the respective area’} these points should be
seen as often as possible.

We control a fleet of fixed-wing UAVs U = {u1,uz, ..., un}.
The UAVs are modeled as point masses moving with a con-

!Typically, the points of interest will be uniformly dis-
tributed within the target area
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Figure 1: Occlusions in urban environment.
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stant speed v and capable of turning with a minimum turn-
ing radius R (such a model is generally referred to as Dubins
vehicle [7]). Each UAV carries a sensor of a conical field of
view pointing down to the groun(fl, with apex at the posi-
tion of the UAV, and the field of view angle ¢. The sensor is
capable of observing ground points which are inside the sen-
sor’s field of view and are not occluded by a building. The
situation is illustrated in Figure We define the function
7(p,t) as the last moment in time prior to time ¢ when a
point of interest p was seen by a UAV. If the point has not
yet been seen, we set the value to 0.

2.2 Objective Function

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

tlitoﬁﬂZZZ(Hw», (1)

t=ty i=1 pEP;

where discrete time model is assumed, and tg 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 the information age
objective function and the resulting optimization problem
the information age minimization problem.

A solution of the problem is a set of flight trajectories for
all the UAVs; the trajectories must respect the minimum
turn radius of the UAVs.

3. TWO-STAGE MULTI-AREA
SURVEILLANCE

The information age minimization problem is an instance
of constraint optimization problems which are known to be
generally intractable [16]. 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 [13].

We therefore propose an approximate solution consisting
of two stages:

1. Allocate UAVs to the areas. As a result, each UAV
will have exactly one area assigned. Multiple UAVs
can be assigned to one area.

2a tilting camera mount is assumed

2. For each area separately solve the single-area informa-
tion age problem employing the allocated UAVs.

Note that we assume that the number of areas is not
higher that the number of UAVs — an extension to the gen-
eral case is possible but not presented in this paper. We
describe the two stages in the following two sections, start-
ing with the single-area surveillance algorithm.

4. SINGLE-AREA SURVEILLANCE

We now describe how a single rectangular area may be
surveilled by one or more UAVs in a way that gurantees
100% coverage of all the points of interest in the area. We
start with solving the problem for a single UAV; a straight-
forward extension to multiple UAVs is given in Section [4.5

4.1 Single-UAV Surveillance

Assuming the structure of the surface to be a composition
of quadrangular prisms, there always exists a finite set of
points in the air, all lying at the same altitude, such that
every point on the surface can be seen from at least one of the
points in the set (for proof see e.g. |3]). We term any such
set a covering vantage point set. We can then decompose the
construction of an UAV’s flight trajectory into two steps:

1. Finding a covering vantage point set.

2. Finding the shortest trajectory travelling all the van-
tage points

Depending on the algorithm, the two steps can be performed
in a serial order or combined into a single step.

The problem of finding a covering set of vantage points
can be viewed as an instance of the 3D Art Gallery Prob-
lemEI, which has been shown to be NP-hard [8|. An approx-
imation approach is thus frequently employed, consisting of
discretizing the surveillance area and the area where the
sensors can be placed, computing the visibility between the
two sets, and finding a minimum set cover. While comput-
ing the minimum set cover is also a hard problem, efficient
approximation algorithms exist.

We have developed and implemented three algorithms for
single-area surveillance: (1) alternating algorithm, (2) spi-
ral algorithm and (3) ziz-zag algorithm. The first two al-
gorithms separate the covering vantage point set generation
from the construction of the flight trajectory; the zig-zag
algorithms combines both steps together.

4.2 Alternating Algorithm

Alternating algorithm introduced in [13] is an approxima-
tion algorithm for solving the Dubins vehicle travelling sales-
man problem (DTSP) with known upper and lower bounds
on solution quality. The algorithm works by employing an
optimal solver for (standard) Euclidean TSP and then aug-
menting the solution by calculating suitable heading vectors
for each waypoint.

The application to the occlusion-aware surveillance is pre-
ceded by generating a covering set of vantage points through

3The art gallery problem ammounts to finding the minimal
number of sensors and their positions in a polygonal area
with or without polygonal holes such that any point inside
the polygonal area can be seen by at least one sensor. In
the basic formulation, the sensors are assumed to be omni-
directional.



Figure 2: Spiral trajectory consisting of non-relaxed
convex hulls (left) vs. relaxed hulls (right); the lat-
ter is 40% shorter.

which the UAV is supposed to pass. The set is then given
to the alternating algorithm which produces the order in
which the points should be visited. The resulting sequence
determines the trajectory of the surveilling UAV.

In our implementation, we have used the freely available
Euclidian TSP solver LINKERI\ﬂ and fed the resulting way-
point sequence into AGENTFLY path planner to find the
shortest path respecting UAV constraints.

4.3 Spiral Algorithm

We have developed the spiral algorithm as a lightweight
alternative to the alternating algorithm. Similarly to the
alternating algorithm, the application of the spiral aglorithm
also requires that a covering set of vantage points is first
generated. Given a set of vantage points, the algorithm
arranges the points in such an order that they can traversed
using a spiral-like path respecting the UAV’s turn radius
constraints.

The algorithm is iterative. Given a set of points, the first
iteration constructs a convex hull of the set and the points
forming the boundary of the hull are then removed from the
set. The remaining points are then used as the input for
subsequent iterations. The process is repeated until there
are no points left. The chain of hulls obtained is then linked
together, starting with the outer-most hull. For each pair
of neighboring hulls we search the shortest possible link, i.e.
a pair of points, through which the hulls can be connected
and merged.

The basic algorithm is further improved by relaxing the
convex hulls (see function RelaxConvexHull in the pseu-
docode). The idea is to include as many points into each
hull as possible while still keeping the hull smooth enough
for the UAV to fly through. After constructing each convex
hull, we inspect whether there are any points inside the hull
that are close enough to the hull’s edge and could be added
into the (relaxed) hull without the UAV having to change
its current course too much. If such a point is found, the
convex hull is relaxecfl This relaxation process is executed
recursively for each edge of the hull. Further details on the
algorithm can be found in .

4.4 Zig-zag Algorithm

The input to the zig-zag algorithm is the target area with
the list of points of interest. In contrast to the previous
two algorithms, the zig-zag algorithm does not require an
a priori generated set of vantage points — the consideration

“http://www.tsp.gatech.edu/concorde/
5Note that the resulting polygons are no longer convex
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Figure 3: An example trajectory generated by the
zig-zag algorithm.

of occlusions is performed simultaneously with planning the
trajectory.

The algorithm produces zig-zag trajectories (see Figure |3)
with the number of rows minimized and the spacing between
adjacent rows variable and optimized to minimize the over-
all trajectory length while ensuring that all ground nodes
within the area of interest will be visible to the UAV’s sen-
sors (considering occlusions).

We first describe a single-UAV version of the algorithm.
The algorithm takes a rectangular area of interest as its in-
put. A regularly-spaced air navigation grid is created above
the area of interest; the grid serves as a basis for occlusion-
aware planning of UAV trajectories. The longer of the target
area’s two sides is determined; all subsequently generated
trajectory rows will be parallel to that side (vertical in the
case shown in Figure [3). Next, ground coverage generated
by a flight along each such a row of nodes is determined,
taking into account occlusions. The algorithm then iterates
through individual rows and compares the set of ground
nodes covered by the current row with the sets of ground
nodes covered by two adjacent rows (previous and next). If
all the ground nodes covered by the current row are also
covered by its two adjacent rows, the current row is marked
as redundant and removed. The process continues until no
further row can be eliminated. See the pseudocode of the
algorithm in Algorithm [T}

The algorithm produces a set of flight rows which guar-
antee the coverage of all points of interest. Having found
the rows, a feasible trajectory for a UAV with a defined
minimum turn radius R can be constructed — the rows are
straight segments of the trajectory, and the shortest trajec-
tory connecting the end points of two adjacent rows can be
constructed in constant time using the method of Dubins

4.
4.5 Extension to Multiple UAVs

There are three comparably effective ways in which the
single-UAV algorithms can be extended for multiple UAVs,
each with its specific advantages:

1. All UAVs travel along the whole trajectory with equal
spacing between the consecutively following UAVs. The
advantage of this approach is that it decreases the in-
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input : area, ground_nodes, air_grid
output: asetof flightrows
1 begin
2 rows + GetGridRowsForArea(air_grid, area);
3 foreach row in rows do
4 coverage(row) <
5 CalculateRowCoverage(row,
ground_nodes, area);

6 end
7 foreach curr in rows do
8 prev + GetPreviousRow(curr, rows);
9 next < GetNextRow(curr, rows);
10 ¢ < coverage(curr) \ (coverage(prev) U
coverage(next))
11 if ¢ = () then
12 remove curr from rows;
13 end
14 end
15 return rows
16 end

Algorithm 1: Occlusion-aware zig-zag algorithm

formation age consistently across the whole area. A
disadvantage is the initial coordination of the UAVs
required to ensure their equal time spacing.

2. The rows covering the target area are divided between
the UAVs. This approach is less effective than the
first one because it is not always possible to divide
the rows evenly. On the other hand, once the rows
are distributed, no inter-UAV coordination process is
required.

3. The target area is divided evenly between the UAVs
and each UAV is then left to plan the zig-zag trajec-
tory on its dedicated part of the area. This scheme
has the advantage of simplicity and robustness againts
communication failures as it does not rely on any coor-
dination except for the straightforward division of the
area.

Option 3 has been adopted in the presented work.

S. MULTI-AREA UAV ALLOCATION

We now describe the second building block of the two-
stage surveillance — the multi-area allocation algorithm which
distributes the available UAVs to the areas of interest, where
they are subsequently controlled by the single-area zig-zag
algorithm presented in the previous section (the other two
algorithms could be used t00).

5.1 Multi-Area UAV Allocation Problem

As discussed in Section[3] we assume there are more UAVs
than areas. For this case, we define the multi-area UAV
allocation problem.

Let a : A — N° be the assignment function that specifies
how many UAVs are allocated to a particular area:

DEFINITION 1. The estimated age function of an assign-
ment a is the function E : a — R defined as:

Bla) = Y 2 @

where I(A;) is the estimated average information age for
area A; if the area was assigned one UAV only.

The average information age of an area I(A) can be esti-
mated using a lower bound calculated from the dimensions
of the area. For an area of proportions w, h, in which points
of interest are regularly distributed, and a UAV which trav-
els at constant velocity v in altitude a having a sensor with
ground radius p = 2 - a - sin(¥), the lower bound on the
quality of solution of the information age problem is

l(A):l(M_B) 3)

v 2p s

The first term inside the parenthesis is proportional to
the number of zig-zag passes that the UAV has to make to
see the whole rectangle without any occlusions. The second
term compensates for the fact that due to sensor’s circu-
lar ground footprint, points closer to the center of UAV’s
trajectory are visible longer.

The multi-area UAV allocation problem then amounts to
find such an assignment o™ that the corresponding estimated
age F(a™) is minimal.

5.2 Allocation Algorithm

In this section, we show that an optimum assignment a*
can be found using a greedy algorithm with O(n?) time com-
plexity. The algorithm Algorithm [2| chooses the next step
based on the best improvement of the information age esti-
mate E(a) (line 8).

input : AU
output: a
1 begin
2
3 for i =1 to |A| do
4 a(4;) <1
5 end
6
7 for i =1 to |U| —|A| do
8 ] =
arg miny (E(a) = E(fa(ay) a(ar)+1)))
9 CL(AJ') < CL(AJ') +1
10 end
11 return a
12 end

Algorithm 2: A greedy algorithm for the multi-
area UAV allocation problem.

THEOREM 1. Algorithm[3 is optimal.

Proof. The algorithm first assigns one UAV to each task.
This is done in |A| number of steps. Such an assignment
is possible because |U| > |A|. Let us call [ the number of
UAVs left unassigned after the first phase. We treat the two
cases (i) I = 0 and (ii) [ > 0 separately.

(i) If I = O the assignment is optimal. Because there is
one UAV per task, the estimated age of the assignment is
finite. For any other assignment, the estimated age would
be infinite, i.e., bigger.

(i) If I > 0. We consider the following construction: For
each task A;, we define its age improvement function Ej{i :



N — R as

Ef (n) = I(4) - (# — l) (4)for n > 2 and

Q n—1 n
Ef (n)=0

for n = 1. The age improvement function represents the
improvement of the estimated age function F if the number
of UAVs assigned to A; is increased from n — 1 to n. Let
us note that, in each step, the allocation algorithm increases
the number of UAVs assigned to the task with the highest
current value EX@' (a(A;) + 1) of the age improvement func-
tion. Finally, let us note that the final estimated age of the
whole assignment is equal to

[A| a(Aq)

2o (1A= X ELG) |- (5)

i=1

From this fact and from the fact that the age improvement
function is strictly decreasing, it follows that choosing the
best improvement at each step leads to the assignment with
the minimum estimated age. O

The time complexity of the algorithm is O(n?) where n
is the number of UAVs. More precisely, the complexity is
O(|U] - |A|) because the main loop is executed exactly |U|
times and in each execution the maximum improvement of
the cost function is calculated, which requires |.A| atomic
computations.

6. EXPERIMENTAL RESULTS

To evaluate the performance of the two-stage approach
and the quality of produced trajectories, we have carried
out a number of experiments, presented in the following two
subsections. The first Section [6.1] presents results for single-
area surveillance; the second Section [6.2] presents results for
the integrated two-stage method — combining the multi-area
allocation and the zig-zag algorithms — used for multi-area
surveillance.

All evaluation was performed using the AGENTFLY frame-
work for UAV flight and air traffic simulation. The
core framework — consisting of UAV flight model, acceler-
ated flight path planning and collision avoidance — has been
extended with a realistic on-board sensor model which ac-
curately simulates the effect of occlusions. A screenshot of
the simulation testbed in operation is given in Figure [d

6.1 Single-Area Experiments

We first describe the experimental settings and then present
two sets if experimental results. The first set evaluates the
performance for a single UAV; all three single-area algo-
rithms are tested. The second set evaluates the multiple
UAV case, specificaly the dependence of the average infor-
mation age on the number of employed UAVs; only the best
performing zig-zag algorithm is used for this experiment.

Experimental Setting

The specific scenario used for the evaluation is modeled
after a real-world settlement with surroundings located in a
flat 1500m-by-1500m square area. Buildings are modeled as
non-overlapping but possibly adjacent quadrilateral prisms
with bases on the z = 0 plane. There is a total of 300
buildings with heights in the 6-to-22 m range; the width of

Figure 4: AgentFly UAV simulation testbed with an
occlusion-aware sensor model.

Figure 5: Height map of the urban area used in
the empirical evaluation. Highest buildings depicted
in very light gray (22m), lowest buildings in black
(6m).

the streets range from 3 to 10 meters. The whole 1500m-by-
1500m village area is to be surveilled. A visualization of the
height map used for the experiments is depicted in Figure

There are a number of configurable parameters of the sce-
nario, summarized in Table including the range within
which they were varied.

Number of UAVs 1-12
UAV altitude 50-300 m
UAV minimal turning radius R = Om-50m
Sensor field of view angle p=47°
UAYV speed v=25m/s

The points of interest consisted of a uniform grid covering
all ground stretches (streets, intersections, and open areas)
of the target area. The distance between the points in the
grid was 5m.

Single-Area Single UAV

The average information age for a single UAV surveillance
was evaluated for all three occlusion-aware methods (Sec-
tion . The results for different UAV flight altitude and
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Figure 6: Performance of single-UAV single-area

surveillance for different UAV’s flight altitudes (top)
and UAV’s minimum turn radii (bottom).

minimum turn radius are given in Figure [6] respectively.

The results show the improving performance of the al-
gorithm with the increasing UAV’s altitude. In addition,
the alternating and spiral algorithms show strong sensitiv-
ity on UAV’s turn radius — higher values significantly worsen
their perfromance, in particular for the alternating algo-
rithm due to decreased maneuverability of the UAV. In con-
trast, thanks to composing the flight trajectories from straight
row segments, the zig-zag algorithm is virtually unaffected
(there is a slight increase if the turn radius is higher that
the row spacing).

Single-Area Multiple UAVs

Next we evaluated the performance of single-area surveil-
lance using multiple UAVs, employing the solution proposed
in Section[4.5] We only present results for the best perform-
ing zig-zag algorithm.

Our literature review has not identified a suitable can-
didate for comparison for the case of multiple UAVs in a
single area. In order to give at least some indication of
performance, we compare the information age with the in-
formation age estimate I(A) (3). For multiple UAVs in one
area, the estimate is divided by the number of UAVs. Fig-
ure [7| shows the measured performance of the multi-UAV
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Figure 7: Information age, measured and estimated,
for multi-UAV single-area surveillance.

algorithm and the corresponding estimate %l(A)ﬂ

6.2 Multi-Area Experiments

Next we evaluated the two-stage multi-area surveillance
algorithm employing the zig-zag algorithm as its base single-
area occlusion-aware planner. Our main objective was to
understand the dependency of the algorithm’s performance
on the number and size of the target areas. Similarly to
the multi-UAV single-area surveillance, there is no existing
algorithm suitable for direct comparison, and we therefore
use a theoretical baseline for comparison.

Experimental Setting

The urban environment used was the same as for the
single-area experiments except that more areas are defined.
Several different combinations of the areas were considered.
All the areas are outlined in Figure 8| with their dimensions
given in Table[I] All configurations consisted of exactly four
areas. The UAVs were flying at 100m with constant velocity
of 25 m/s, had minimal turning radius R = 20m and ground
radius of sensors p = 76.5m.

1 11 111 IV
200 | 200 | 200 | 200
400 | 100 | 100 | 100
400 | 400 | 400 | 100

1 11 111 IV
400 | 200 | 200 | 200
400 | 400 | 200 | 200
400 | 300 | 200 | 100

o || B
S INNE

Table 1: Lengths of the sides of the square areas
used in the experiments. All areas were squares.
Organization of the table is the same as the organi-
zation of graphs in Figure [9] Arabic numerals de-
note experiment numbers; roman numerals denote
the respective quadrants from Figure

The UAVs were initially placed at the border of the whole
area. Nonetheless, because each experiment ran for an ex-
tended period of time, the effect of initial conditions was
eliminated.

Results

5The estimate is no longer a lower bound in general; it can be
shown, however, that it is a lower bound for vast majority of
practical cases, except for degenerate cases where the total
footprint of all UAV sensors is close to the size of the area
surveilled. We therefore use it for comparison.



Figure 8: The areas used in the multi-area experi-
ments. The sizes of the numbered areas are given in
Table [1l

Before presenting the experimental results we extend the
lower bound from Section [B.I] to the case of multiple areas.
The extension is based on the fact that surveilling a certain
spatial area is most effective if the whole area is made up
by a single rectangle rather than by multiple rectangles. To
obtain the estimate, we therefore substitute the term w - h
in representing the area of a single area with the sum of
the areas of all the surveilled areas. The resulting estimate

1(A,n):i (w_p) (6)

nv 2p T

is displayed alongside the empirically measured values in
Figure 0] Even though there is a notable difference in the
absolute values, the trends are identical. On average, when
there was the same number of UAVs and areas (4 in our
case) the approach performed worse by 100%. However, for
twice as many UAVs as the areas (8 UAVs) it performed
worse only by 30%. For three times as many UAVs (12) it
performed worse by 27%.

6.3 Discussion

On rectangular areas with uniform distribution of points
of interest, the zig-zag algorithm (significantly) outperforms
the other two single-area algorithms for most combinations
of UVA’s altitude and turn radius. In addition, the regular
shape of the generated trajectories makes the zig-zag algo-
rithm more predictable and thus easier to work with; the
zig-zag trajectories can also be easily split into multiple dis-
joint segments. Both properties are particularly useful when
the trajectory is to be divided between multiple UAVs.

For high flight altitudes, nevertheless, the performance of
the zig-zag algorithm is matched by the alternating algo-
rithm. This is because with the increasing sensor altitude,
occlusions become less critical, resulting in a decreased num-
ber of vantage points and larger distances between them.
This in turn renders UAV’s motion constraints relatively less
critical and optimum flight paths tend to be very close to the
solutions of Euclidean TSP, which is the basis of the alter-
nating algorithm. In fact, the alternating algorithm might
outperform the zig-zag algorithm for non-convex target ar-

eas or for areas with strongly non-uniform distribution of
points of interest — although these cases might be handled
by first segmenting each such area into a number of subareas
and then employing the multi-area algorithm.

The results for multi-UAV single-area surveillance show
that the simple division scheme performs surprisingly well
and its performance approaches optimum. The performance
for multiple areas depends on the ratio between the num-
ber of available UAVs and the total number of target areas.
With the increasing ratio, the relative performance with re-
spect to a baseline estimate improves. The requirement to
have at least as many UAVs as the areas can be restrictive.
A simple solution would be to alter the allocation algorithm
so that the absence of UAVs in an area is not penalized by
an infinite penalty but only by a finite one corresponding to
the current information age of the area, and then run the
modified algorithm periodically.

7. RELATED WORK

The problem of multi-UAV surveillance has received some
attention lately and a variety of approaches from reactive
policies to deliberative search-based methods have been pro-
posed. However, none of the reported approaches explicitly
deals with occlusions.

In [Eﬂ the authors present an approach for constructing a
semi-heuristic control policy for multiple UAVs performing
a surveillance task. proposes a class of semi-distributed
stochastic navigation algorithms based on the minimization
of artificial potentials.

The more deliberative approaches view the surveillance
problem as a routing problem as e.g. in where the re-
sulting problem is the traveling salesman problem with time
windows. In some routing problems, the aircraft trajectory
constraints have been explicitly considered adopting the Du-
bins vehicle aircraft model. Important work on routing prob-
lems with Dubins vehicles is , which presents several al-
gorithms for single- and multi-UAV routing problems includ-
ing the traveling repairman problem, which can be viewed
as a special case of multi-UAV area surveillance problem.
Again, occlusions are not considered, though.

8.  CONCLUSIONS

We have formulated the problem of multi-UAV surveil-
lance of multiple areas with sensor occlusions as the mini-
mization of the average information age of a set of points of
interest. Noting that the problem is intractable in its op-
timum formulation, we have proposed an approximate two-
stage approach which first allocates the UAVs to the areas
and then solves the resulting single-area surveillance prob-
lems for each of the areas with the allocated UAVs. We have
proved the optimality of the allocation algorithm, assuming
that there are more UAVs than areas. For the single-area
surveillance, we have presented three occlusion-aware algo-
rithms with different performance characteristics.

We have evaluated all methods empirically on a realis-
tic UAV simulation testbed which accurately models UAVs
and their on-board sensors. For the most typical rectangu-
lar areas, the zig-zag algorithm performs the best for most
UAV operational conditions. For multi-UAV single-area and
for multi-UAV multi-area problems, we have derived theo-
retical performance estimates and shown that our two-stage
approach performs favorably with respect to these estimates
while guaranteeing 100% coverage of the points of interest.



Information Age [s]

Information Age [s]

16 | w35 T T T T 1 w0 T T
14 230 A\ algorithm —— 4 ¢ 43 : algorithm
12 < 25 estimate 4 <3 timat
10 c c 30
8 220 9025 -
I 20 -
6 R E ‘ ERE
4 R Rt R T, L S ; §1g ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
5 (I T T N R B € 5 | il € 3 R R AR N il
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
# of UAVs # of UAVs # of UAVs
AS — T T T T T T 1 w0 T T T T T T .40 | T T T T 1
40 I\ algorithm ——— %45 """" algorithm ———— © 35 N algorithm ———
SN estimate ------- 1 <3 estimate 1 <30 P\ estimate .
25 | 4 830 §2
20 -1 ®25 ‘ 5]
15 T -1 E20 SRR ‘ : E hprR :
e T o S b s S s e
12 IR Y N TR N B = 18 (IR N I AN ok € 5 IR N N A Mkl el Lot |
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
# of UAVs # of UAVs # of UAVs

Figure 9: Performance of the multi-area surveillance, both measured and estimated. Configurations of
the respective experiments is described in Figure |8 and Table (Configurations 1-3 in the upper row;
configurations 4-6 in the lower row).
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