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The block-sharing strategy for area monitoring missions using a
decentralized multi-UAV system*

L.E. Caraballo J.J. Acevedo

Abstract— In monitoring missions, using a cooperative team
of Unmanned Aerial Vehicles (UAVs), the goal is to minimize
the elapsed time between two consecutive observations of any
point in the area. Techniques based in area partitioning achieve
the goal when the sub-area assigned to each UAV is according
to its capabilities.

In previous work of the authors [1] it was presented the
one-to-one strategy to obtain in a decentralized way a near
optimal partition from any initial grid partition. In this paper
a generalization of that strategy called the block-sharing tech-
nique is presented. The goal in this work is to accelerate the
convergence to an optimal partition with respect to previous
work.

I. INTRODUCTION AND RELATED WORK

The European Project EC-SAFEMOBIL! is devoted to
the development of sufficiently accurate common motion
estimation and control methods and technologies in order to
reach levels of reliability and safety to facilitate unmanned
vehicle deployment in a broad range of applications. One of
the applications of the project includes the distributed safe
reliable cooperation and coordination of many high mobility
entities. The aim is to precisely control hundreds of entities
efficiently and reliably and to certify developed techniques
to support the exploitation of unmanned platforms in non-
restricted areas. Two scenarios have been chosen for the vali-
dation of the developments: industrial warehousing involving
a large number of autonomous vehicles and surveillance also
involving many mobile entities. This paper is focused on the
latter scenario.

Surveillance and monitoring missions with unmanned
aerial vehicles (UAVs) have been widely studied in differ-
ent contexts [2]: military applications, automated inspec-
tion, search and rescue missions, etc. The application of
distributed multi-UAV systems allows to accomplish them
with robustness against failures and dynamism, in a way
that each UAV can quickly self-adapt its sub-area, higher
spatial coverage and an efficient deployment [3], [4], [S].
Therefore, the system can perform the mission, even if
the communication link with the control station is broken.
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This paper addresses, in a distributed manner, a surveillance
scenario using a large-scale team of aerial robots.

Surveillance tasks are solved from frequency-based ap-
proach, where the objective implies to optimize the refresh
time or elapsed time between two consecutive visits to
any position. The objectives are to minimize the maximal
frequency as in [6] or to guarantee an uniform frequency
of visits as in [7] and the solution is deterministic. Other
authors, as in [8], address the patrolling problem in adver-
sarial settings applying a probabilistic approach and con-
sidering intelligent intruders that could learn the strategy.
In [9], different partitioning and cyclic patrolling strategies
are defined and compared from a frequency-based approach.
Authors of [10] also analyze the refresh time in area coverage
problems with multiple robots using different approaches. A
partitioning method is proposed in [11] to monitor a set of
positions with different priorities.

Regarding distributed coordination, in [12] and [13] meth-
ods based on the coordination variables are proposed to
perform a perimeter monitoring mission in a cooperative
manner with multiple UAVs. However, the selection of these
variables can be difficult for complex problems as the area
monitoring. Then in [4], a rectangular area is monitored
with a team of UAVs applying the one-to-one coordination.
This technique implies that each pair of UAVs solves a
coordination problem including only their own information.
A similar technique is proposed in [14] to coordinate a team
of video-cameras in surveillance missions. These techniques
allows the system to obtain the whole coordination from
local decisions and information. The resulting system is
scalable, because each UAV only needs information from
nearby neighbors.

In previous work of the authors [1], one-to-one coordina-
tion allowed convergence in a distributed and decentralized
manner to an area partition where each UAV has an area to
monitor according to its capabilities. However, in this paper it
is shown how to accelerate the convergence in more general
scenarios where the previous one-to-one strategy is time-
consuming and slow. A new distributed method called block
sharing is described and proposed as a generalization of
the previous scheme. In the previous algorithm, the UAVs
performed an area division every time they communicate
with a neighbor. However, with the proposed block-sharing
strategy, the UAVs wait until they get information from a
set of UAVs before performing the area division. This delay
in the area partitioning allows to execute fewer operations
of sub-area allocation, reconstruction of boundaries and
synchronization maintenance.



The paper is organized as follows. In Sect. II the pre-
viously presented one-to-one strategy is revisited whereas
Section III describes the new block-sharing strategy con-
sidering both the one-dimensional and two-dimensional grid
partitions. The details of the distributed algorithm and the
area division protocol are provided in Sect. IV. Section V
shows different simulations that have been performed in or-
der to validate the new technique. Comparisons with the pre-
vious one-to-one coordination technique are also presented.
Finally, Section VI closes the paper with the conclusions.

II. THE ONE-TO-ONE STRATEGY REVISITED

Given a system of multiple UAVs Q = {Q1,Q2,...,Qn}
and an irregular area S with surface A, the so-called one-
to-one strategy to monitoring the area S with a distributed
algorithm has been proposed in [1]. The area is divided in
N non-overlapped sub-areas S; according to robots’s sensing
capabilities in a decentralized manner and the area distribu-
tion converges to an optimal partitioning where all aerial
robots spend the same time to complete its surveillance.

In order to be self-contained, we borrow here the for-
mulation of the problem given in [1]. The aerial vehicles
flies at the same altitude and its sensing capabilities are
defined by its maximum coverage speed a;*** depending
on its maximum motion speed v;"®* and its coverage range
¢; (these values as assumed constants). Thus, the coverage
speed a;"** is stated as the area covered per second and can
be approximated by

max
?

X

a;"™ = 2¢;v;"

(D

Therefore, a sub-area S; which surface A; is assigned to
each aerial robot @); according to the following formula:

A
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The one-to-one technique is based on the following area
partitioning paradigm: the whole area is divided into disjoint
sub-areas resulting a grid partition in which each cell is
monitored by an aerial robot in a synchronized system. When
two neighboring UAVs are closer that the communication
range c; they share information and they spread over the
area according to their capabilities. An effective approach to
ensure synchronization is proposed in [1] by scheduling the
starting point of every aerial robot.

As a consequence, several issues have to be addressed
in the strategy: the sub-areas allocation problem, the recon-
struction of the boundaries and synchronization maintenance.
Although the one-to-one technique ensures convergence to
the optimal partition (in which all the aerial robots spend
the same time to cover its own cell). In this paper a gener-
alization of the one-to-one strategy is proposed in order to
accelerate convergence by reducing the number of operations
involved in the de-centralized approach. The key idea is to
perform both the sub-areas and boundaries assignment on a
set of UAVs instead of just two neighbors. This strategy will
be called the block sharing strategy in the following.
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ITII. THE BLOCK SHARING STRATEGY

Let us assume an irregular area .S to monitor for which
only the latitudinally and longitudinally bounds are known.
Moreover, the area may contain geographical accidents or
holes that should be avoided in the surveillance mission. Let
Q = {Q1,Q2,...,Qn} be a set of N UAVs to monitor
the area. In the one-to-one coordination technique [1] an
initial simple grid division of the area S is given for which
each robot can generate its own coverage path. In this
approach when two robots are close enough to establish a
communication, they exchange the information and execute
the share & divide operation, in which the robots join the
two areas and divide it according to their capabilities using
new vertical or horizontal lines maintaining synchronization.
The convergence to the optimal partition has been tested
experimentally [1].

Let us suppose that the area is partitioned by parallel strips
such that at the beginning, the strips are assigned to different
UAVs (see Fig. 1).
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Fig. 1: Unknown irregular area with holes. S; is the area to
be covered by the aerial robot @);.
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Each UAV Q); has the established initial /ink position with
its neighbors, and after a first recognition pass the UAV
knows the area .S; to cover in its strip and then can generate
its own coverage path. However, due to the irregularity of the
area and the different capabilities of each robot, that initial
division can not be efficient. Using the strategy one-fo-one
[1] the robots can achieve a near optimal area distribution
according to their maximum capabilities. But this process can
be slow in many cases, for example if there is a distribution
where adjacent areas are very similar. Figure 2 shows an
initial partition in which each operation of the one-fo-one
strategy brings little headway.

Fig. 2: An initial partition where the one-to-one process is
slow.

A strategy to accelerate the redistribution area process is
introduced in the following. It is based in the one-fo-one
principle, that is, when two robots are located within the
communication link they share all the area information in
their memories. However, instead of doing the share &
divide operation at this time, they expect to have enough
information to assign areas to all elements in a block. In this
paper, a block is a set of robots forming a grid and we denote



by (g, h)-block a block of robots in a grid configuration with
g rows and h columns. Note that if we use blocks of two
robots this approach reduces to the one-to-one strategy.

As we started above, the one-to-one strategy involves
two issues to be solved after the area allocation. First, the
boundaries of the new sub-areas have to be redefined and
after that, the communication links must be established to
maintain synchronization. In this section, we focus on the
area allocation task. Other issues will be treated in section
IV.

A. The one-dimensional grid partition

In this section we elaborate on the block sharing strategy
when the initial partition is given by an one-dimensional
grid as in Figure 1. Let robots in odd positions to have
clockwise motion and counter-clockwise motion in other
case, see Figure 3. Initially robots @); and ); only know
the areas S; and S, respectively. After a contact between
them, (); and @Q; know S; U S;. After that, if Q); contact
to Qg (it has information about Sy U S;) then Q; and Q
know S; U S; U Sk US;. Now @; can allocate the new sub-
areas and a new area division between Q;, @;, @k and @
is performed.

Of course, if each robot wait until knowing all information
in the fleet then all of them can make an exact area division.
The upper bound for the time to share all information in
the fleet with m x n grid configuration is Ty < 5% +(n+
m—4)% where 7T is the period of the tour [15]. In many real
applications it is not convenient to wait until the aerial robots
know all the information about the area; robots could also
have limited capacities of computing and memory, preventing
to operate with a lot of information, even more in case of
possible loss of vehicles.

In this scenario we have a trade-off situation and a suitable
value for the time before doing the area allocation has to be
decided. For a case study, we propose to work with groups
(blocks) of four robots. At the first contact, the pairs of robots
< Q1,02 > and < Q3,Q4 > share information, Figure
3a. After a half of period, the pair of robots < Q2,Q3 >
share information, Figure 3b, and in that moment ()5 and
(3 can make an area division between ()1, ()2, Q3 and Q4.
However, @)1 and Q)4 do not know yet the area assigned to
them. In the next contact, Figure 3c, the first area division
is completed. The process between Qs, ..., (s is similar.
The next area division will be processed between the robots
Qs, ..., Qg, starting just when the areas of pairs < Q3, Q4 >
and < @5, Q¢ > are equal, after a half of period the pair
< R4, Q5 > share information, Figure 3d and they know the
area to cover by robots (s, ..., Qg and the area division is
processed. In the next contact they will complete the area
division for the block, see Figure 3e. Notice that, for this
case, the area division is performed at the odd contacts.
Generalizing the idea, the robots make an area division
according to a (1,4)-block alternating groups starting in the
position 4k + 1 and groups starting in the position 4k + 3,
see Figure 4.

a) Initial state, first contact.
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Fig. 3: Block-sharing strategy in the one-dimensional grid
partition. Robots in light strip have clockwise motion, robots
in dark strip have counter-clockwise motion. The numbers
inside the cells are the allocated sub-areas.
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Fig. 4: Blue groups start in robots located at the 4k + 1
position and the red ones in robots located at the 4k + 3
position.

B. The two-dimensional grid partition

Now, let suppose we have a big area and, instead a
strip initial division, we start by using a grid shape as in
Figure 5. Color the grid like a chessboard, and let suppose
counter-clockwise motion for the robots located at dark cells
and clockwise motion in other case. In this scenario, in
order to generalize the one-dimensional case, we use groups
of sixteen robots, that is, (4,4)-blocks. The coordination
process is similar to the one in the strip partition, alternating
divisions between blue groups and red groups as shown in
Figure 6. Notice that, in the first step of the strategy, the
first time for sub-area allocation is performed by means of
the (4, 4)-blocks starting at the corner (blue groups in Figure
6). Now, the first division spends 1.25 periods, and after that,
the following divisions can be completed one per period.

C. Computational results

We have implemented the block sharing strategy, using
(1,4) — blocks and (4,4) — blocks for strip and grid shape
configurations respectively, and we show here some tests
comparing this strategy versus one-to-one. In this section
we are not counting the time required for the location of
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Fig. 5: Grid shape initial division in an unknown irregular
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Fig. 6: Groups of sixteen robots (4x4 blocks), blue groups
with top-left corner in cells (4k 4+ 1,4¢q + 1) and red groups
with top-left corner in cells (4k + 3,4q + 3).

]
) D
|

I N |

/_\

\/

G GI6 GI6G GIG

new boundaries nor for the synchronization of the system.
(Notice that for the one-to-one strategy these issues have to
be computed more times than for the block-sharing strategy).
The test consists in the generation of 100 random cases of
size m in strip division or n X n in grid shape division. We
applied the strategies until the maximum difference between
two values become less than or equal 0.1. The diagrams
in figures 7 and 8 show a comparison between the average
count of needed periods for each strategy when the number
of aerial robots (size of the grid) increases. Note that block-
sharing achieves the goal using approximatively half of
periods required by the one-fo-one process.

IV. SYSTEM IMPLEMENTATION

This section describes the methods and algorithms de-
signed to implement, over the distributed system of multiple
aerial robots defined in Sect. II, the block sharing strategy
explained in Sect. III. Section III defines how each aerial
robot can compute its assigned area size in a distributed
manner from an initial unsuitable area division and knowing
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Fig. 7: This graphic shows a comparison between both
strategies in a strip division, size is the length of the strip.
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Fig. 8: This graphic shows a comparison between both
strategies in a grid shape division, size is the length side
of a square grid.

no information about the rest of UAVs. However, if we want
to implement it in practical area surveillance scenarios, the
robots need to decide consistently not just the area size but
also the area shape. On other hand, the UAVs should be able
to keep their communications links while this is running.

A. Definitions

Given an area S divided as a m x n grid of sub-areas
with N = m x n, we can identify each UAV using a couple
of indexes to define the row and the column of its sub-area
into the matrix. If ind; = (ind;.z,ind;.y) is an index, we
define ind;.x as the row component and ¢nd;.y as the column
component.

On the other hand, we define 4 link positions for each
sub-area where the owner UAV can contact with another
one. This link positions are numbered from 1 to 4 starting
from the top in counter-clockwise. We say that an UAV Q);
is neighbor of @; if both share a common link position.
Now, @Q; is the k-neighbor of Q); if @); meet Q; in the link
position numbered as k. Applying the block sharing strategy,
the UAVs are divided into groups or blocks. The UAVs in
block of @Q; are the rest of UAVs that belong to its same
block.



For instance, in Figure 9, a 4 x 4 grid is shown and divided
in (2,2)-blocks. Here, the neighbors of Q11 are Q7, Q10,
Q15 and @19, its index is (2,3) and its UAVs in block are

Q12, Q15 and Q6.
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Fig. 9: On the left a rectangular area divided as a 4 x 4 grid
is shown. Each cell is drawn by dotted lines. The dashed
lines delimit the (2, 2)-blocks. The black points indicate the
link positions. On the right, the cell assigned to UAV 17 is
detailed. Next to the black points into the cell is indicated
the number of link position

B. Required local information

The multi-robot system behaves in a totally distributed
manner. All the robots execute the same algorithms, but using
their own local information. Each robot @); just needs to store
the following information.

The actual area S; that the robot has to patrol, defined
as the boundary polygon (ordered list of vertexes).
The list of the link positions LP;. The link position
number k can be accessed using LP;(k).

The list of neighbors UAVs LN;j, ordered according to
their link positions. A link position without associated
neighbor is identified in the list with a —1. The k-
neighbor is defined as LN;(k).

The actual path P; to cover its assigned area defined as
a ordered list of way-points.

The list of link positions where there is an UAV in block
BLP;

A list of the indexes of the UAVs in block BI;. The
element k& of this list can be accessed as BI;(k), and the
row and column components as BI;(k).z and BI;(k).y,
respectively.

The list of the maximum area coverage of the UAVs
in block BC;, ordered according to the list of indexes.
This list is initialized setting all the elements to —1. The
element k of this list is accessed using the expression
BC; (k).

The list of the areas of the UAVs in block BS;, defined
as the boundary polygons. The elements of this list are
initialized as empty sets. The area k of this list can be
accessed as BS;(k)

And, finally, a vector X; which contains information
about its actual status and capabilities: identifier ¢, grid
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index ind;, maximum motion speed v;***, coverage

range ¢;, maximum coverage speed a;'®*, direction d;
in which the robot has to travel its path, next way-point
to visit, next link position to visit /;, a variable b; to
indicate the present block considered (with available
values: 1 or —1), actual position p; and instantaneous
velocity v;.

So, the required information that each UAV needs to stores
depends on the size of the block but not on the size of the
grid (it means, the total amount of UAVs). Therefore, it is
an scalable system.

C. Distributed algorithm

Given the area S to be covered by the UAVs, and using a
simple initial division as is shown in Figure 5 and proposed
in [1], each UAV @Q); is initialized with an initial assigned
sub-area S;, an initial list of link positions LP;, a list of
neighbors LN;j, its direction d;, its index ind; and the first
link position to visit /;. Direction and first link position are
alternated between 1 and —1, and 1 and 3 respectively, such
as neighbors UAVs have always different values for both
parameters. The first way-point to be visited is initialized to
the first link position LP;(l;).

Then, each UAV can execute the algorithm 1 in a dis-
tributed manner.

The process is as follows. First, each UAV @; plans a
closed path P; to cover its initial assigned area S; using
the plan function and according to the initial list of link
positions LP;. This function generates a pseudo-symmetric
path such as is defined in [1]. The UAV decides the indexes
BI; and the list of the link positions BLP; of the UAVs in
block using to block function, see subsection IV-E. Then,
the UAVs initialize the list of areas BS; and list of sensing
capabilities BC; of UAVs in block using the initialize
function. All the areas less its own area are initialized to
empty sets. And all the capabilities less its own are initialized
to —1.

Then, the robots start moving (move function) following
the path P; depending on their direction d; while monitor the
area looking for area changes and informations of interest
using the monitor function. If an UAV reaches a link
position but it is not in its block, it updates (next function)
its next link to visit [; according to its own direction d; and
continues moving.

If the reached link position is in its list of link positions in
block and there it should meet a neighbor, but the UAV can
not contact with anyone, it stop and wait until the neighbor
reaches using the stop function.

However, in case that the link position has not neighbor
or has a null neighbor, the UAV updates the lists of areas
and sensing capabilities using empty sets and 0 respectively
in the proper positions with the share function. And, when
the UAV reaches a link position and meet its neighbor @;,
it receive from the neighbor all the information that it has
about its UAVs in block (areas BS; and sensing capabilities
BC;, using the share function. In both cases, they updates
the next link to visit /; with the next function.



Algorithm 1 Distributed algorithm to generate the area to
patrol according to the block sharing strategy.

Require: S;,LP;,LN;,X;
Pi “— plan(ci,Si,LPi)
[BI;,BLP;] < block(b;,ind; LP;)
[BC;,BS;] + initialize()
while !ABORT do
if w; € BLP; then
if meet(Q;,Q;)==true then
[BS;.BC;] «+ share(BSj,BCj)
if —1 ¢ BC; then
[S;,LP;] < divide(BS;,BC;,ind; BI; LP;)
P; «+ plan(c;,S;,LP;)
[BI;,BLP;] < block(b;,ind; LP;)
[BC;,BS;] + initialize()
end if
l; < next(l;,d;)
X; + move(Xj)
else
if LN;(/;)==-1 then
[BS;,BC;] share((?),O)
if —1 € BC; then
[Si,LPi] — diVide(BSi,BCi,indi,BIi,LPi)
Pi — plan(ci,Si,LPi)
b; < —b;
[BL;,BLP;] < blOCk(bi,indi,LPi)
[BC;,BS;] + initialize()
end if
l; <+ next(l;,d;)
X; + move(X;,P;)
else
X; + stop(Xj)
end if
end if
else
if w; € LP; then
l; + next(l;,d;)
end if
Xi — move(Xi,Pi)
end if
[Xi,S;] + monitor(w;,X;)
end while

When an UAV has all the necessary information about
its block (areas BS; and sensing capabilities BC;), it uses
the divide function to compute the new area to patrol
Si, according to the sensing capabilities BC; and the list of
link positions LP;. More details about the divide function
can be found in subsection IV-D. Then, it generates the
closed pseudo-symmetric path to cover P; with the plan
function, changes the variable b; and uses the block func-
tion to decide its new block (indexes BI; and link positions
BLP;) initializing the list of areas and sensing capabilities
(initialize function).
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D. Area division protocol

An area division protocol has to be defined for all the
UAVs, such that they can divide the area and choose their
assigned sub-area in a coherent manner. It means, there are
not regions without being assigned to any UAV or regions
assigned to more than one UAV.

According to the algorithm 1, when an UAV has all the
information about its actual block, it decide its new sub-area.
We propose a general method to decide in a distributed but
coherent manner which sub-area to choose according to the
information about the block. The issue is to join the areas of
all the UAVs in the block and divide it depending on UAVs
sensing capabilities and UAV index with straight and parallel
lines.

Therefore, the divide function runs as follows. A new
area Spock 1S generated joining all the areas included in the
list of areas BS; and, then, the whole surface of this area
Apiock can be calculated.

Given the index of the UAV ind;, let a;cf; be the sum of
all the elements of the sensing capabilities list BC; which
has a column component in the list of indexes BI; less
than ind;.y. Now, let ;441 be the sum of elements which
column components are equal than ind;.y and, finally, define
aright as the sum of the rest of elements. Then, we can
easily compute (4) the surface of area A,,;qqe that should
be assigned to all the UAVs which column component is

Aleft
Apesr = ef Ablock 3)
QAleft + Qmiddie T Oright
Qmiddl
Amiddle = e Abplock €]
Qleft + Qmiddie + Gright
Qright
Aright = Ablock: )

Qleft + Qmiddle + Gright

Using two vertical straight lines, the whole area Spjock
is divided in three parts which surfaces are from left to
right (3), (4) and (5), respectively, see Figure 10a. We define
Siniddle as the area between the two lines.

A similar process but depending on the row components
of the indexes BI; and ind;.x is used to obtain the as-
signed area S; from the area obtained in the previous step
Smiddle- Parameter agpove, @below and a; are defined as
the sum of the elements of the sensing capabilities which
column component is ind;.y and which row component is
less, greater or equal, respectively, than ind;.z. Using the
weighted average (7), we compute the surface A; than should
be assigned to the UAV Q; from the surface A,,;qq1e-

Gabove
Aabove = Amiddle (6)
Gabove T @i + Qbelow
a;
i = Amiddie (7
QAgbove T Qi + Qpelow
Apellow
Abpettow = Anmiddie (®)

Qgbove T @i + Apelow



Finally, using two horizontal straight lines, the area Sy,;qd1e
is divided in three parts which surfaces are from above to
bellow (6), (7) and (8), respectively, see Figure 10b. We
define S; as the area between the lines. All the links positions
of the list LP ;441 Which associated neighbors belong to the
present block are updated, obtaining a common position for
each pair of neighbors.
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Fig. 10: This figure shows the process to generate the area
Si from Sblock-

E. Deciding blocks

A relevant issue for each UAV to apply the block strategy
is deciding which others UAVs belong to its own block at any
time. According to the block strategy described in Sect. III
any UAV should change its block when it has received all the
information about its old block and has calculated its new
area. Then, UAVs can mix the areas obtained from different
blocks enabling to converge to a global solution.

The block function allows each UAV (@); to decide which
indexes include in the list BI; according to a parameter b;.
Therefore, the list BLP; is also updated. Obviously, this
function depends on the size of the blocks. However, in
general, this function can decide two different blocks for
each UAV. The process is as follows.

Given a m x n grid, (g, h)-blocks and assuming that g
and h are even, the grid can be divided in sub-blocks of
size 4 x % starting from the index (1,1). Each sub-block
has 4 adjacent sub-blocks. Now, the adjacent sub-blocks are
joined starting from the index (1,1) and forming (g,h)-
blocks. These will be the blocks when b; = 1. On other
hand, joining each sub-block with its adjacent sub-blocks
that are not joined previously, it obtained the (g, h) blocks
for b; = —1. Figure 11 summarizes both options.

V. VALIDATION RESULTS

As a case of study (2, 2)-blocks sharing strategy has been
implemented using MATLAB as is described in Sect. IV.
The simulations have been executed using parallel objects to
test the decentralized and distributed issues. In these cases,
rotary wing UAVs are considered.

A. Comparisons with the one-to-one technique

A large set of more than 60 scenarios has been executed
with team of UAVs of different sizes and different areas. A
communications range of 3 meters has been considered. The
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(a) Blocks for b; = 1. (b) Blocks for b; = —1.

Fig. 11: This figure shows as a 16 x 16 grid should be divided
in (4, 4)-blocks depending on the variable b;. Sub-areas, sub-
blocks and blocks are delimited by dotted, dashed and thick
solid lines, respectively.

coverage range is of 3 meters for all the UAVs. However,
the maximum speeds are randomly chosen for each UAV
using an standard uniform distribution between 0.5 and 1
meters. Each scenario has been executed using both: the
proposed (2, 2)-blocks sharing strategy and the one-to-one
strategy described in previous work [1]. It is assumed that a
system converges when the maximum difference between the
actual areas and the desired ones is less than 1%. Figure 12
summarizes the results obtained.
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Fig. 12: This figure shows the average relation between the
convergence times using the one-to-one and a (2, 2)-blocks
sharing strategy (& its standard deviation) depending on the

size of the grid.

It shows as the block sharing strategy using (2, 2)-blocks
converges about a 30% quicker than the one-to-one strategy
for grid size larger than (3, 2)-blocks. When the size of the
grid is equal to the size of the block ((2,2)-blocks), the
results are even more advantageous.

B. An irregular area with heterogeneous UAVs

In this case, an irregular area and 16 rotary wing UAVs
with different sensing capabilities and a communications
range of 3 meters are considered. Figure 13a shows the
scenario and the initial unsuitable area division and the table I
describes the UAVs sensing capabilities and its sub-areas
assigned indexes.
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Fig. 13: Scenario with an irregular area and 16 UAVs. (a)
simulation initial state, (b) and (c) correspond to the area
division obtained during the test at time ¢ = 600s. Pairs
of number between brackets are the sub-areas indexes, solid
black lines indicate the irregular area, red dashed lines the
initially assigned sub-areas, the blue dashed lines the cover-
ing paths and the black circles the different coverage ranges.
A video from the test using the block sharing strategy can be
viewed in http://www.youtube.com/watch?v=-0oKOcEirQqS.

Figure 14 shows the maximum relative difference (%)
between the actual surface assigned to each UAV and the
desired one (according to expression (2)) computed during
the tests (for both strategies). In Figure 13 the final area
divisions (at time ¢ = 600 s) obtained for both strategies
is drawn. From these results can be deducted that the block
sharing converges quicker and steeper than the one-to-one
strategy and obtains less concave sub-area shapes.

i | ind; | v m/s | ¢; m
1 (1,1) 0.77 4.28
2 | (1,2) 0.75 3.58
31 (1,3) 0.79 | 3.00
4 | (1,4) 0.61 5.20
51 @20 0.88 | 4.28
6 | (2,2) 0.66 | 3.58
71 ©23) 0.65 3.00
8 | 24) 095 [ 5.20
9 | 3,1) 0.61 4.28
10 | (3,2) 098 | 3.58
11 | 3,3) 0.97 | 3.00
12 | 3,4) 0.70 | 5.20
13 | 4,1) 095 | 4.28
14 | 42 0.83 3.58
15 | 4,3) 0.66 | 3.00
16 | (44) 0.68 | 5.20

TABLE I: UAVs sensing capabilities.
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Fig. 14: This figure shows how the maximum relative dif-
ference between the actual area assigned to each UAV and
the optimal one changes during the test using both the one-
to-one (dashed red line) and the (2, 2)-blocks sharing (solid
blue line) strategies.
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Fig. 15: This figure shows how many divisions operations
performed by the UAVs is increasing during the test using
both the one-to-one (dashed red line) and the (2,2)-blocks
sharing (solid blue line) strategies.

Finally, Figure 15 shows the total sum of divisions per-
formed by the UAVs at any time during the tests. Note that
the block sharing strategy needs many fewer operations than
the one-to-one strategy to obtain a near-optimal area division.



VI. CONCLUSIONS

The one-to-one strategy was described in [1] to allow
a team of multiple UAVs to converge in a distributed and
decentralized way to an area partition where each robot has
an area to monitoring according to it’s capabilities. However,
in the present paper, it is shown how to accelerate the
convergence in more general scenarios where of the one-
to-one strategy is time-consuming and slow.

Therefore, a new distributed strategy called block sharing
strategy is described and proposed as one-to-one generaliza-
tion to obtain a quicker convergence. While with the one-to-
one strategy the UAVs perform an area division always they
meet a neighbor, with the proposed block-sharing strategy the
UAVs wait until getting information about a block of UAVs
and then perform the area division. This delay in the area
partitioning allows to execute fewer operations of sub-area
allocation, reconstruction of boundaries and synchronization
maintenance.

Validation results show how a (2, 2)-block sharing strategy
can be successfully implemented in a distributed manner in
mutli-UAV systems, assuming communications constraints
and rotary wings UAVs with different sensing capabilities.
In Section V are shown some diagrams that illustrate the
improvements obtained in simulations. The block-sharing
strategy is 30% faster than the one-to-one approach. More-
over, the fact of avoiding to recalculate the boundaries in
each meeting leads to nicer boundaries and reduces the num-
ber of needed operations to achieve the optimal solution in
the decentralized system. These improvements are increased
with the size of the blocks, as is shown in subsection. III-C.
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