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Abstract— In this paper, a control strategy is developed for
tracking the propagation of an expanding flood zone by using a
group of unmanned aerial vehicles (UAVs). The strategy consists
of two stages: a caging stage and a covering stage. In the caging
stage, a group of UAVs, referring to the boundary drones, are
averagely distributed along the boundary of the flood zone,
tracking its propagation. In the covering stage, another group
of UAVs, referring to the inner drones, are allocated among
the interior region of the flood zone, covering the region as
much as possible with less overlapping of the UAVs’ field
of view. Corresponding control algorithms are proposed for
the aforementioned types of UAVs to implement the control
strategy. The feasibility of the control strategy is verified under
simulations.

I. INTRODUCTION

Disaster robotics has drawn an increasing attention in
the recent decade [1], [2]. It focuses on the design and
control of robotic devices, often heterogeneous groups of
robots, in the mitigation, management, recovery and rescue
operations in natural (earthquakes, tsunami, hurricanes) or
human-made (oil spills, mine waste floods, wildfire, nuclear
contamination) catastrophes. Researches in this area aim to
facilitates human rescue teams in predicting the expansion
of a disaster area, speeding up the process of extracting
survivors, and evaluating dangers of construction collapse
and environment pollution, while increasing the safety of
human rescuers and survivors.

In this paper, we are concerned with an essential problem
in the field of disaster robotics: utilizing multiple aerial
robots to monitor an expanding flood area. The problem
requires to develop a control strategy for the UAVs such that
the motion of the complete flood area can be caged, tracked,
and covered, which constitutes the goal of our research.

To tackle the problem, we propose a strategy combined
in two stages, a caging stage and a covering stage. The
caging stage averagely distributes a group of UAVs along
the boundary of the flood zone, tracking its propagation. The
covering stage adaptively allocates another group of UAVs
among the interior area of the flood zone, covering it as
much as possible with little overlapping of each UAV’s field
of view. Note that in both stages, a formation control problem
is raised which requires a flock of UAVs moving cohesively
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such that a single UAV can communicate with at least one
neighbor while keeping a distance from each other for the
avoidance of collision.

In the literature, methods for the formation control prob-
lem can be classified into the following main types: the
position-based control, the displacement-based control, the
distance-based control, and the flocking-based control. In the
position-based control [3]–[5], each agent knows its absolute
position with respect to a global coordinate system. The
desired formation of multiple agents is achieved by tracking
the position of each agent without any interactions among the
agents under ideal conditions. Different from the position-
based control, in the displacement-based control [6]–[8], it is
assumed that some of the agents cannot sense their absolute
positions. Instead, they know the relative positions of, or
displacement from, their neighbors with respect to a global
coordinate system. By controlling these distances, a desired
formation of multiple agents can be achieved.

Note that in our strategy, the utilization of the absolute
positions for the UAVs should be avoided due to the as-
sumption that only a few UAVs can get access to the GPS.
Therefore, the aforementioned methods are not feasible in
our construction of control algorithms. Instead of using the
absolute positions, in the distance-based formation control
[9]–[12], agents can sense the relative positions of their
neighboring agents with respect to their local coordinate sys-
tems. They actively control inter-agent distances to achieve
their desired formation, which is specified by the desired
values for distances between any pair of agents. Compared
with the position-based and displacement-based control, the
distance-based control requires less global information, and
is thus, suitable for the case when limited number of UAVs
having access to the GPS.

However, our control strategy requires to adaptively cover
the flood zone with a fixed number of UAVs. As the area of
the flood region is uncertain, the desired distances between
the UAVs are unknown, and therefore, the distance-based
method is not feasible. Instead, a flocking-based method [13]
is adopted in our strategy, which automatically adjusts the
distance between adjacent UAVs.

The flocking control method is commonly based on the
following three rules: cohesion (stay close to nearby neigh-
bors), separation (avoid collisions with nearby neighbors),
and alignment (match velocity with nearby neighbors). As
extensions of [13], many control laws [14]–[16] have been
proposed in the literature to achieve collective behaviors.
In these works, the cohesion and the separation rules have
been usually implemented by means of a potential function
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of inter-agent distances, and the alignment rule has been
implemented by means of velocity consensus of agents.
Detailed reviews of the formation control techniques can be
found in [17]–[19].

Based on the flocking method, we develop control algo-
rithms for both the caging and covering stages such that
UAVs can adaptively adjust the distance between each other
while tracking the targets. The verification of the control
algorithms is conducted by simulations in the ROS/Gazebo
programming environment. The simulation framework ad-
mits the inclusion of aerial and ground types of mobile robots
for testing typical scenarios of monitoring the disaster area.

The rest of the paper is organized as follows. In Section II
we state the research problem. In Section III, we develop
a control strategy, implement it by corresponding control
algorithms, and verify it under simulation in Section IV.
Finally, conclusions are drawn in Section V.

II. FORMALIZATION OF THE RESEARCH PROBLEM

This research aims to track the propagation of an expand-
ing flood zone as illustrated in Fig. 1 (the gray and the blue
areas respectively represent the flood area before and after
the propagation), by using a group of UAVs with only some
of them having access to GPS while others can only sense
their neighbors within limited distances. Each of the UAV is
holonomic and omnidirectional, and its camera can generate
high-resolution imagery from a bird’s-eye view. It is assumed
that the flying height and the field of view for each UAV are
limited, so that a single UAV cannot monitor the whole flood
region. The research problem is then stated as constructing
tracking algorithm for multiple UAVs such that the motion
of the complete shape of the flood area (its approximation)
can be monitored from the emergency center.

Fig. 1. Statement of the multi-robot tracking problem for expanding flood
zone.

The construction of the tracking algorithm is combined
in two stages, a caging stage and a covering stage. These
two stages are conducted simultaneously. The UAVs are
divided into three groups, starting from the same location.
Two groups fly along the boundary of the flood zone (it
is assumed that there is one unique continuous boundary),
undergoing the caging stage, while the other one goes though
the interior area, undergoing the covering stage.

In the caging stage, two groups of UAVs, referring to
the boundary drones, move one by one along the edge of
the expanding flood zone, as shown in Fig. 2 where the
yellow blocks represents the boundary drones. They adjust
the distances between each other while flying such that
eventually they are averagely distributed above the boundary
of the flood zone.

Fig. 2. Illustration of the caging stage.

While the caging stage requires to track the boundary
of the propagating flood area, the covering stage aims to
allocate the UAVs adaptively above the interior area such
that the flood zone can be monitored within the field of view
for the UAVs. The flock of UAVs flying above the interior
area consists of two types: one has access to GPS, referring
to the inner leader, and the other has not, referring to the
inner follower. As illustrated in Fig. 3, the red and the green
blocks respectively represent the inner leader and the inner
followers. After a certain time, the inner followers would
drop from the flock and adjust their position automatically.
Note that the flood area is expected to be covered as much as
possible with less overlapping of the field of view for each
UAV.

Fig. 3. Illustration of the covering stage.

III. CONTROLLER DESIGN PROCESS

In this section, we develop controllers for the three type
of UAVs in the cooperative tracking problem. The control
strategy described in the previous section for the tracking
problem is summarized as follows. All UAVs in the research
problem can be classified into three types: the boundary
drones (yellow blocks), the inner leaders (red blocks), and the
inner followers (green blocks). The boundary drones require
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to be averagely distributed along the boundary of the flood
zone while tracking the propagation of it. The inner leader is
supposed to be located in the central area of the flood zone
to cooperate with the boundary drones effectively. The inner
followers need to be allocated adaptively among the region
between the inner leader and the boundary drones, covering
this region as much as possible with less overlapping of field
of view for each UAV.

To realize the control strategy, a kinematic model for the
UAVs is adopted, described by

q̇i
b = ui

b, (1)
q̇l = ul, (2)
q̇j
f = uj

f , (3)

where qi
b, ql, q

j
f ∈ R2 are respectively the states (horizontal

displacements) of a single boundary drone, the inner leader,
a single inner follower, and ui

b, ul, uj
f ∈ R2 are the

corresponding velocity controllers. Thus the control problem
can be stated as constructing the controllers ui

b, ul, u
j
f such

that the corresponding qi
b, ql, qj

f are consistent with the
proposed control strategy. By assuming that the numbers of
boundary drones and inner followers are respectively N and
M , one has i ∈ {1, 2, ..., N} and j ∈ {1, 2, ...,M}.

A. Controller design for the boundary drones

The control law ui
b for the boundary drones needs to real-

ize three basic functions: the first is to move the UAVs along
the boundary of the flood zone to complete the caging, the
second is to restrict the UAVs on the propagating boundary
of the flood zone, and the third is to separate the UAVs by
certain distance robustly among each other. Correspondingly,
the controller consists of three parts, defined as

ui
b = ui

v + ui
r + ui

c, (4)

where ui
v , ui

r are respectively the boundary tracking and
the separating controllers, and ui

c is the velocity assigned
to each boundary drone before the encircling of the flood
zone completes. The boundary tracking controller ui

v is
constructed by a vision-based approach to achieve real-time
autonomous steering of a boundary drone along the edge
of a flood zone. The separating controller ui

r is designed
by a potential field method that keeps adjacent UAVs in
certain distance. The constructions of ui

v and ui
r are shown

specifically as follows.
1) Boundary tracking for a single UAV: The tracking

problem can be stated as designing the velocity controller
ui
v for a boundary drone such that a portion of the edge

for the flood zone is always within the UAV’s field of view
as illustrated in Fig. 4, where the blue area represents the
flood zone and the black squared frame for the UAV’s field
of view. The segmentation problem has been addressed in
[20]–[22].

The vision-based controller aims to keep the midpoint of
the mass centers for both the land and the water area on the
geometric center of the filed of vision for the UAV. For this

Fig. 4. Tracking problem for a single UAV.

purpose, the vision-based controller ui
v is constructed as

ui
v = −Kb

(
qi
b − pi

)
+ ṗi, (5)

where Kb is a positive definite matrix, and pi stands for
the absolute position vector (defined in the global coordinate
frame) for the midpoint of the centers of mass for both the
land the flood regions. The proposed controller steers the
error between qi

b and pi to zero, implying the UAV tracks
the boundary of the flood zone.

Note that this tracking algorithm works only when both
the water and the land regions appear in the field of view of a
single UAV. When only the land or the water region appears,
a UAV would rise such that its field of view is enlarged. It
keeps increasing its height until both the land and the flood
regions return to its field of view. The proposed vision-based
control algorithm is summarized as

Algorithm 1 Vision-based control
Input: ui

v

Output: qi
b

Initialization: ui
v = qi

b = 0, obtain initial image from
the UAV’s camera

1: Repeat:
2: if Both the land and the flood regions are in the image

then
3: Compute the position vector pi from the image
4: Update the controller ui

v by using (5)
5: Update the state vector qi

b by solving (1), with the
selection of ui

r as (6), and ui
c as a tangent vector to

the boundary of the flood zone
6: Obtain new image from the UAV’s camera
7: else
8: Increase the height of the UAV
9: end if

10: End

2) Separating control among adjacent UAVs: In the
caging stage, adjacent robots are required to keep a specific
distance and attempt to separate if the distance is too small.
On the other hand, as the robot communication range is
limited, the interaction between neighbors will disappear
when their distance is larger than the communication range.

502

Authorized licensed use limited to: Kazan Federal University. Downloaded on November 26,2020 at 07:28:53 UTC from IEEE Xplore.  Restrictions apply. 



Based on these requirements, the separating controller ui
r

is defined as

ui
r =

N∑
h=1
h 6=i

β(‖qi
b − qh

b ‖)vi, (6)

where β is a 4th order Beta function expressed by

β = 1− 35

d4
‖qi

b − qh
b ‖4 +

84

d5
‖qi

b − qh
b ‖5

−70

d6
‖qi

b − qh
b ‖6 +

20

d7
‖qi

b − qh
b ‖7, (7)

and vi is a constant vector that weights β. By selecting β
as (7), when the distance between UAVs i and h is smaller
than a specific value d, β is negative and UAV i moves away
from UAV h. When the distance is larger than d, β becomes
zero and so is the magnitude of the separating controller ui

r.
By substituting the vision-based controller (5) and the

separating controller (6) into (4), one obtains the control law
for a boundary drone as

ui
b = −Kb

(
qi
b−pi

)
+ ṗi+

N−1∑
h=1

β(‖qi
b−qh

b ‖)vi+ui
c. (8)

Under the proposed controller, the boundary drones can track
the propagation of the flood zone while at the same time,
keeping a safe distance between adjacent agents.

B. Controller design for the inner drones

The covering stage requires a group of UAVs to adaptively
cover the flooding area. This problem can be separated into
two parts: position control for the inner leader and flocking
control for the followers. It is assumed that only the leaders
have access to the GPS while the followers can communicate
with and know the relative positions of their neighbors. This
enables the data for the position and range of the propagating
flood zone to be known and sent to the rescue center.

Fig. 5. Control strategy for the covering stage.

1) Position control for the inner leader: The inner leader
is predefined and supposed to be located in the central area
of the flood zone to cooperate with the boundary drones
effectively. Specifically, connecting the boundary drones
formulates a polygon and the inner leader is located at the
center of mass of the polygon. Therefore, the control law ui

l

for the inner leader is defined as follows.

The center of mass for the polygon formulated by the
boundary drones can be calculates as 1

N

∑N
i=1 q

i
b. Thus, the

controller ul is constructed as

ul = −Kl

(
ql −

1

N

N∑
i=1

qi
b

)
+

1

N

N∑
i=1

q̇i
b, (9)

where Kl is a positive definite matrix, such that the error
between ql and the center of mass for the polygon asymp-
totically converges to zero.

2) Adaptive flocking control for the inner followers:
To adaptively allocate a group of inner followers among
the flood region, the design of the controller uj

f for each
inner follower is based on a flocking approach. It relies on
relatively simple interactions among individuals, following
two basic rules: cohesion (stay close to nearby neighbors)
and separation (avoid collisions with nearby neighbors). Con-
sequently, the controller is formulated by two main portions,
a cohesive controller between each inner follower and the
corresponding boundary drone, and a separating controller
among the inner followers themselves.

Note that the flocking controller for the inner followers
is functionally similar to that for the boundary drones. The
difference is in the vision-based controller in (8). For the
inner followers, the vision-based controller is replaced by a
position tracking controller for which the tracking targets are
the boundary drones. Therefore, the flocking controller for
the inner followers takes the same form of (8), as

uj
f = −Kf

(
qj
f − qi

b

)
+ q̇i

b +

M∑
k=1
k 6=j

β(‖qj
f − qk

f‖)ωj , (10)

where Kf is a positive definite matrix and the constant
vector ωj is the weight for the beta function. Under the
proposed controller (10), the inner followers can track the
motion of the corresponding boundary drones while adap-
tively covering the region between the boundary drones and
the inner leader.

Note that compared with the boundary drones, the follow-
ers fly around the inner ring of the flood zone. Assuming
that all the UAVs have the same communication distance,
the number of the inner followers M can be less than
that of the boundary drones N to maintain communication
between adjacent UAVs. In that case, i and j have no one-to-
one correspondence. To implement the controller (10) when
M < N , one can select, for instance, i = nj where n is a
integer larger than 1.

Also note that as illustrated in Fig. 5, there is only one
layer of inner followers between the inner leader and the
boundary followers. If one layer of inner followers cannot
cover the whole flood area due the limited range of the UAV’s
field of view, more layers, the state of which is defined by
qfm where m = 1, 2, 3, ..., will be released from the flock
of UAVs around the inner leader, tracking the motion of the
outer layer followers. The process is repeated until the whole
flood area can be covered. The corresponding controller takes
the same form of (10) where qf and qb are replaced by qfm

and qf(m−1) (qf0 = qf ).
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IV. CASE STUDY

For the verification of the control strategy, simulations
are conducted under the ROS/Gazebo programming environ-
ment. Multiple UAVs are modeled with the use of Hector
quadrotor package [23], which is a collection of ROS stacks
that supply several tools to simulate and interact with the
robots, and its extension to multiple quadrotors [24].

Note that as there exists no model in Gazebo for the
expandable disaster area, in our simulation, it is implemented
with the use of Gazebo animated models (Actors), which
are limited to modeling of objects of fixed size and shape.
Specifically, the flood area is created by a group of cylinders
(shown in blue color) hidden under the ground. They rise
up successively from the one with the minimum radius to
the largest one, to generate the visual effect of a dynamic
deformable circular area. The UAVs are expected to cage
the expanding circular flood area, track its propagation, and
cover its interior region.

The simulation is based on the kinematic model (1), (2),
and (3), where the controllers ui

b, ul, and ui
f are selected as

(8), (9), and (10). In the simulation, the flood zone expands
from a circle of radius 12m to 16m, and 13 UAVs are
utilized for the tracking problem, including 1 inner leader,
4 inner followers, and 8 boundary drones. The simulation
lasts for 60 seconds. The numerical values adopted in the
simulation are Kb = Kl = Kf = diag(1/300, 1/85) and
the encircling speed of the boundary drones is selected as
1m/s. The maximum distance d in (7) is chosen to be 10m.

The camera image of a boundary drone is shown in Fig. 6.
The grey and the blue portions respectively represent the land
and the flood region, the blue and red dots are their CMs,
and the black dot denotes the midpoint of the two CMs.
According to the proposed vision-based boundary tracking
algorithm III-A.1, the black dot follows the motion of the
geometric center of the camera image such that the boundary
drone tracks the propagation of the flood zone.

CM for land region
CM for flood region

Middle point of the CMs

Fig. 6. Camera image of a boundary drone in the caging stage.

It can be seen from Fig. 7 that the boundary drones,
illustrated by yellow-colored quadrotors, keep an average
distance between adjacent robots, while the inner drones,
illustrated by green-colored and red-colored quadrotors adap-
tively distribute themselves to cover the interior area of the
flood zone. The trajectories of all the UAVs are plotted in
Fig. 8.

t = 0s t = 5s

t = 25s t = 35s

t = 55s t = 60s

Fig. 7. A group of boundary drones (yellow), inner leader (red), and inner
followers (green), cage, track, and cover a circular expanding flood area
(the grey UAV-shaped objects are the shadows of the UAVs).

x (m)

y
 (

m
)

Fig. 8. Traces of UAV 1 (red), UAV 2 (blue), UAV 3 (green), UAV 4
(purple), UAV 5 (yellow), UAV 6 (dark blue), UAV 7 (dark green), UAV 8
(pink), UAV 9 (orange), UAV 10 (light blue), UAV 11 (light green), UAV
12 (dark pink), and UAV 13 (olive).

V. CONCLUSIONS

In this paper, a control strategy has been proposed for
tracking the propagation of an expanding flood zone by using
a group of UAVs. The proposed control strategy consists of
two stages, a caging stage and a covering stage, which take
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place simultaneously. The caging stage averagely distributes
UAVs along the boundary of the flood zone, tracking its
propagation. The covering stage adaptively allocated UAVs
among the interior area of the flood zone, covering it as
much as possible with little overlapping of field of view
for each UAV. Vision and flocking based control algorithms
have been proposed to implement the strategy, the validity of
which has be tested under simulations under the ROS/Gazebo
environment.

Currently, the motion of the flood is implemented with the
use of Gazebo animated models (Actors), which is limited
to the modeling of objects of fixed size and shape. The use
of Actors for modeling of dynamically changing objects (as
implemented in our simulator) is not convenient as it requires
the introduction of many dummy objects. In the future work,
we plan to integrate Gazebo with the cross-platform game
engine Unity where animating a flood area is easier and more
realistic [25].

In addition, a higher level programming script for popula-
tion Gazebo with a swarm of robots would be desirable.
Specifically, when the Gazebo program is launched, the
indices of the UAVs are assigned randomly. One needs
to manually adjust these indices to link each UAV to the
corresponding controller. This process becomes complicated
when the number of the UAVs increases. To deal with this
problem, we plan to develop a higher level user interface for
populating Gazebo with multiple robots.

The following issues also need to be addressed in our
future work. Firstly, the effect of external disturbance to the
UAVs due to strong wind needs to be taken into account.
To deal with the disturbance, a robust controller will be
developed for the position tracking part in the current control
strategy [26]–[28]. Secondly, experiments will be conducted
for the further validation of our approach. Different from
the simulations, distinguishing the land and flood regions
from the camera image needs to be implemented by a
segmentation technique, which will be addressed in the future
work. Also, to estimate the state of the target UAVs, the
Kalman filter will be included in the construction of the
flocking control algorithm.
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