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Multi UAV Coordination for Tracking the Dispersion

of a Contaminant Cloud in an Urban Region
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Department of Informatics and Sensors, Cranfield University, UK

In this paper, we develop a mechanism to detect, model
and track the shape of a contaminant cloud boundary
using air borne sensor swarms. The cloud consists of a
transparent gas of nuclear, biological or chemical con-
taminants and is spreading slowly in an urban environ-
ment. A group of Uninhabited aerial vehicles (UAVs),
having the required sensors, are made to fly through the
cloud to detect the boundary of the cloud. The shape of
the cloud is modeled using splinegon and the movement
of the cloud is tracked using an observer. The output of
the observer is used in the path planning of the UAVs. A
simple path planning algorithm is proposed that along
with the observer can accurately track the shape of the
moving cloud without the knowledge of the initial
boundary of the cloud. Simulated experiments are car-
ried out to test the proposed cloud tracking algorithm.

Keywords: path planning, cooperative tracking, sen-
sor network, collision avoidance

1. Introduction

In today’s world, the threat of pollution from chemi-
cals that are poisonous, odourless and transparent
gases or due to biological agents or the threat of
radiation due to industrial accidents or security chal-
lenges is high. The rapid detection and geo-location of

the contaminant distribution is of paramount
importance. The time evolution of a contaminant
cloud depends on the environment, wind magnitude
and direction, together with associated turbulence
levels, as well as temperature and humidity [7]. Sci-
entific techniques have to be developed with the cap-
abilities to monitor and track the movements of the
contaminant cloud.

The complexity of environmental monitoring
applications (e.g. a contaminant cloud) and of their
models, the large number of parameters to observe
and the geographic scale of the phenomena, require
multidisciplinary approaches and modular solutions
for collecting and processing data. To undertake these
tasks, sensor platforms should ideally be airborne. It
should also be unmanned, as this will remove the
operator from contact with potentially hazardous
airborne contaminants and provide fast deployment.
Current developments in small air vehicle (SAV), and
eventually micro air vehicle (MAV), show that dis-
tributing a swarm of uninhabited aerial vehicles
(UAVs) in threat areas will enable these needs to be
met in a timely and accurate manner. A UAV swarm
in this context is defined as a group of UAVs working
together to perform a common goal. The goal here is
to track a contaminant cloud within a complex
environment in sufficient detail to predict its path and
extent. Moreover the cloud will not necessarily be
convex or connected and therefore this presents a
complex problem in topology.
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In recent years there has been a lot of interest in the
problem of boundary estimation and boundary
tracking by means of robotic networks. In particular
the problem is to design an algorithm that allows a
limited number of sensor swarms to detect the
boundary of a region of interest and estimate it as it
evolves. This is because there are numerous applica-
tions such as the detection of harmful algae bloom
[1, 8], oil spill [2], and fire boundary estimation [3, 4].

Marthaler and Bertozzi [8] adopt the so-called
snake algorithm from the computer vision literature
to detect and track the boundary of harmful algae
bloom. The agents are equipped with a chemical
sensor that is able to measure concentration gradient
and with a communication system that is able to
exchange information with a data fusion centre.

Bertozzi et al. [1] suggest an algorithm that requires
only a concentration sensor: the agents repeatedly
cross the boundary using a bang-bang angular velo-
city controller. In [2] the authors use a random cov-
erage controller, a collision avoidance controller and a
bang-bang angular velocity controller to detect and
surround an oil spill.

Casbeer et al. [3, 4] describe an algorithm that
allows LASE (Low Altitude Short Endurance) Un-
manned Vehicles to closely monitor the boundary of a
fire. The LASEs have an infrared camera and a short-
range communication device to exchange information
with other agents and to download the information
collected onto the base station. The algorithm pre-
sented will uniformly space the LASEs along the
boundary of the fire so that eventually they will patrol
an equal portion of the perimeter of the fire.

A different approach is considered by Zhang and
Leonard [12]. A formation of four robots tracks at
unitary speed the level sets of a field. Their relative
position changes so that they optimally measure the
gradient and estimate the curvature of the field in the
centre of the formation. The centre of the formation
moves along the level sets.

In the paper by Susca et al. [9] a group of UAVs
optimally place some interpolation points on the
boundary of a region of interest. The boundary is then
reconstructed by linear interpolation of the inter-
polation points. The algorithm is said to be provably
convergent [9] as well as in the case of slowly moving
boundaries, because of certain input-to-state stability
properties. The criterion used in the paper to optimally
place robots and interpolation points is such that they
are uniformly distributed according to a curvature-
weighted distance function defined along the bound-
ary. The curvature-weighted distance function is based
on the literature on optimal approximation of convex
bodies by polygons.

In the present work, the cloud is modeled using
geometrical shapes and the cloud boundary prediction
problem has been formulated as a predictor corrector
method. The UAVs fly through the cloud to detect the
boundary points that are used to reconstruct the cloud
boundary and predict its future move. The paths of
the UAVs are designed progressively, after every
transition through the cloud. Since all the data col-
lected by the UAVs are required for the construction
of the cloud, the communication link between the
UAVs have to be maintained. In [11] and [10], the task
of approximating the shape of the contaminant cloud
is carried out by exactly two UAVs. Coordinating the
flight of more than two UAVs for tracking the moving
cloud in the urban region impose’s a challenging task
in itself and is the focus of this paper.

This paper is organized as follows: Section 2
describes the problem that we try to solve in this
project and Section 3 discusses the constraints and
solution techniques. In Section 4, the dynamics of the
cloud is modeled, followed by the UAV path planning
algorithm in Section 5. Implementation and simula-
tion of the algorithm is carried out in Section 6 and
Section 7 concludes the paper.

2. Problem Formulation

The primary objective of the current project is to be
able to sense and track a contaminant cloud. Systems
that have this capability could be deployed as either an
early warning system or as a monitoring system. If
deployment of a UAV sensor swarm is resource
intensive, then it may limit its use. The most likely
scenario would be to use such a system as a mon-
itoring system launched upon suspicion or confirma-
tion of the existence of a contaminant cloud. Once the
UAVs have reached the contaminant cloud, they will
need to check that it exists. If the UAV sensor swarms
follow a defined search pattern, when a UAV detects
the contaminant cloud, it can send out a signal that it
has detected the contaminant cloud. All of the UAVs
can then converge on that location and begin to track.
At this stage they need to organize themselves to be in
positions that enable them to sense and track it. Thus
swarm control and guidance is a subset of the whole
logistical problem of putting a suite of sensors into the
right place at the right time to be able to provide
situational awareness of contaminant cloud.

In this paper, we propose an algorithm to track,
estimate and reconstruct the boundary of the con-
taminant cloud. It is assumed that the contaminant
gas is released in an urban environment. The gas is
spreading through the region at a height that
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encompasses the tall buildings and trees. This poses a
risk to the life and property. It is, therefore, necessary
to track the cloud and estimate its movement as fast as
possible. Since the gas is not opaque, vision sensors
cannot be used. A group of UAV swarms are used for
this mission. The UAVs are assumed to have a sensor
package which can sense nuclear, biological and
chemical (NBC) contaminants. The UAVs fly through
the contaminant cloud and the NBC sensors recognize
the boundary of the cloud. The definition of the cloud
boundary will depend on the cloud composition. For a
radiological cloud, this would be to sense the presence
or absence of radioactivity. For a biological or
chemical cloud, the concentration level at which the
cloud is harmful is determined. We assume that the
UAVs fly along the steepest gradient of the concen-
tration profile of the contaminant gas. This ensures
the best response from the sensors. Thus, the output of
the UAV sensor swarms are the discrete points on the
cloud boundary. The task is to approximate a shape of
the contaminant cloud from the discrete points. The
shape of the cloud will deform and change con-
tinuously as the cloud spreads. The change in shape of
the cloud has to be tracked. Also, the movement of the
cloud needs to be predicted. The predicted boundary
of the cloud is used to schedule the path of the UAVs
through the cloud. We assume that the cloud mainly
spreads in the horizontal direction and the vertical
spread of the gas is insignificant compared to the
horizontal area it covers. Therefore, the boundary of
the cloud is approximated by a 2D model and the
UAVs are made to fly at a constant altitude. The
buildings and the trees in the region act like fixed
obstacles which the UAVs have to avoid during their
flight.

We assume that there are n UAVs for the task of
tracking and monitoring the contaminant cloud. All
the UAVs are identical and are represented by the
kinematic model

_x ¼ u cosð�Þ ð1Þ
_y ¼ u sinð�Þ ð2Þ
_� ¼ �! ð3Þ

This implies that the UAVs always use the full latax
for turning. Therefore, the flight path of the UAVs are
in accordance to Dubin’s curve.

The following section discusses the technique
adopted in this paper to achieve the goal.

3. Solution Technique

In our approach, we represent the problem as an
observer design, the block diagram of which is shown

in shown in Fig. 1. The cloud dynamic block models
the shape and movement of the cloud.We have a set of
distinct points on the cloud boundary. Let the points
be denoted by fv1; v2; . . . ; vNg. An efficient way to
model the shape of the cloud would be to define these
points, fvjgNj¼1 as vertices and form a polygon with line
segments. However, this cannot capture the curved
nature of the cloud boundary. Thus, we use a gener-
alization of the polygon where a set of vertices are
connected by line segment of constant curvature with
C2 contact at the vertices (Fig. 2). This is a subset of
the class of object named as splinegon [5, 6]. The
detailed procedure for constructing the splinegon in
this application is given in [11]. Thus, the shape of the
cloud is modeled as a 2D splinegon with the discrete
points (measured by the UAVs) as the vertices of the
splinegon.

The dynamic nature of the cloud is embedded in the
velocity vectors of the vertex points fvjgNj¼1 and the
star center point of the splinegon. The movement of
the cloud is obtained by suitable displacement of the
vertex points. Each vertex point is shifted based on the
resultant velocity of its own velocity vector and the
star center point velocity vector. With the new set of

Fig. 1. Block Diagram of the observer.

Fig. 2. Modeling the cloud using splinegon.
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vertex points, the splinegon is reconstructed which
represents the predicted shape of the cloud in the next
instant of time.

The set of vertex points, fvjgNj¼1 are fed into the

UAV path planning algorithm. These points represent
the set of way points for the UAVs’ trajectories. We
always assume that the number of way points, N is
greater than the number of UAVs, n. To detect the
cloud boundary efficiently, the UAVs must cut the
cloud to its normal boundary. We slightly distort this
idea and make the UAVs fly along the line joining the
way point with the star center point. More specifically,
we pick two points Pj1 and Qj1 (refer to Fig. 3), such
that vertex vj1 lies with the line Pj1Qj1 and the length of
Pj1vj2 and vj1Qj2 are fixed to some reassigned values.
An UAV flies through the straight line path from Pj1

to Qj1 and this path is denoted by psðvi1Þ. Let two
consecutive straight line path of UAV i be given by
Pj1Qj1 and Pj2Qj2. The UAV uses dubins path to reach
from Qj1 to Pj2 and let the path be denoted by pdðvj2Þ.
A dubins path consists of straight line paths and paths
along curvatures with minimum turn radius of the
vehicles. Since, there are fixed obstacles (like build-
ings) in the environment, pdðvj2Þ is constructed taking
into account the locations of the obstacles. Here, we
assume that the map of the environment is known a
priori to the UAVs. The path of a UAV i as it goes out
of the cloud and then returns insider, i.e., the four path

segments pdðvj1Þ, psðvj1Þ, pdðvj2Þ and psðvj2Þ is con-
sidered as a single transition through the cloud.

The next important issue in this problem is the
communication link between the UAVs. Due to the
presence of the obstacle, it is not trivial to plan the
path such that the connectivity is maintained
throughout the operation. Instead, we try to establish
the required connectivity among the UAVs frequently
enough such that the tracking of the cloud is not
hampered. For this, we assume that the UAVs are
connected after each transition through the cloud,
that is, when the UAVs reach the end of the straight
line path (e.g. the point Qj 2) . At this instant, the
UAVs share their data, reconstruct the splinegon,
generate new paths and calculate the next instant
when they will get connected again. This is possible
since we assume that we know the exact map of the
environment. A necessary condition to achieve this
connectivity is that all the UAVs must reach the end of
the straight line at the same time. Therefore, if the
UAVs have a fixed velocity, then the length of the
dubin’s path must be equal, otherwise, the speed of the
UAVs has to be adjusted according to the length of
the path. We maintain fixed distance and fixed speed
on the straight line paths psðvjÞ; 8j so that the
boundary point measurements are synchronized as far
as possible.

The output from the UAV path planning algorithm
is the exact location of the cloud boundary along the
line PjQj and it is the measurement data correspond-
ing to the vertex vj. These data are compared with the
output of the state estimator for innovation and pre-
diction of the of the vertex sets fvjgNj¼ 1 for the next
time step. In this problem, we assume the gain to be a
constant.

It is to be noted here that, we are considering a
dynamic cloud. Therefore, it is required that all the
UAVs detect the boundary points of the cloud at the
same time. With asynchronous measurement, it is
difficult to approximate the shape of the cloud at any
given instant of time. However, we assume that the
speed of the UAVs to be much higher than the speed
at which the cloud is moving. Therefore, during the
time the UAVs fly along the path psðvjÞ, the boundary
of the cloud will not move significantly. Thus, we can
assume that the UAVs will obtain synchronous
measurement of the cloud boundaries that lie on the
paths psðvjÞ; j ¼ 1; . . . ; n. This also induces a condition
that the paths psðvjÞ; j ¼ 1; . . . ; n should be judiciously
chosen so as to include the actual cloud boundary.

Remark: The vertices of the splinegon are predicted
and estimated along the lines joining the vertices with
the star center point. The star center point is not fixedFig. 3. Trajectories of the UAV.
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since the cloud is moving. Therefore, it might happen
that after few iterations, the vertices are not uniformly
placed along the splinegon. Then, the curvature of the
cloud boundary can not be captured properly. However,
we can have a linear interpolation of the vertex points
along the splinegon based on the curvature of the cloud
boundary. Thus, the new vertex sets will be a linear
combination of the old set of vertices. The change of
vertices can be done after each transition of the UAVs
though the cloud or after a fixed number of transitions.

In the following sections, we develop the mathemat-
ical model for the system, that is, we describe each block
of Fig. 1 separately.

4. Cloud Modeling and Dynamics

The contaminant cloud behavior is complex. There
are several ways to model its behavior in a complex
environment. Physical modeling of the cloud can be
done using Gaussian dispersion methods such as
SCIPUFF, which predicts the cloud behavior using
statistical dispersion technique. Such techniques will
have limited use for tracking as the cloud behavior
must be expressed in a manner that allows the guid-
ance of a group of UAVs equipped with suitable
sensors to detect and track such a cloud. This
requirement is for a cloud model that can be expressed
in a compact format, thus enabling the exchange of a
defining cloud data set amongst the UAV group with
minimal communication overhead and with max-
imum utility in guidance algorithms.

One efficient modeling approach is to define the
points picked up the UAVs as the vertices fvigNi¼1. The
vertices are connected by line segments of constant
curvature f�ig with C2 contact at the vertices. The C2

contact at the vertices implies that the line segments
share both a common vertex and the tangents at the
vertices are also the same. In order to ensure C2

contact between the vertices, the line segments must
meet both the position V and tangent t ¼ f�ig end
point constraints. A single arc segment between the
vertices only has one degree of freedom: the arc cur-
vature. This is not enough to be able to match the
tangent constraint at both end vertices, as at least two
degree of freedom are necessary. Extra degrees of
freedom are thus required to ensure C2 constraints at
both line segment end vertices can be met. One solu-
tion to increase the degree of freedom is to introduce
intermediate vertices f�vig such that each line segment
is replaced by two arc segments of different curvature
as shown in Fig. 4. The mathematical details of the
construction of the line curvature between the vertices
are described in [11]. Fig. 2 shows that the contour of a

contaminant cloud generated by SCIPUFF and a
splinegon approximation of its boundary. It can be
seen that to closely approximate a smooth convex
shape like that of a cloud, a minimum of 8–10 vertex
points are required.

The splinegon representation assumes some reas-
onably uniform distribution of vertices. Each vertex
has a curvature and length and these can be used to
determine matrices for each segment. One of the
matrix associated with the splinegon segment is the
Biased Total Curvature, Mkt which is used to deter-
mine which segment is in some sense large compared
to the other segments. It is given as

Mj
kt ¼

� 1

N

XN
i¼1

�i þ j�jj
�
Lj ð4Þ

where Lj is the length of the jth segment. This matrix is
used for redistribution of the vertices.

Each of the N vertices of the splinegon has an
associated velocity vector which is required for the
prediction of the vertex for the next time instant. The
star center point of the splinegon also has a velocity
vector and it is usually assumed to be equal to the
velocity of the wind. Then, the states of the system can
be defined as

xðtÞ ¼ ½v1; _v1; v2; _v2; . . . ; vN; _vN; vs; _vs� ð5Þ
where vi and _vi are the position and velocity of the
vertex point i and vs and _vs are the position and ve-
locity of the star center point. Though the dynamics of
the cloud is complex, we try to represent it by a simple
linear model. Let the state and output equation be
given as

Fig. 4. Arc segment with C2 contact intermediate vertex.
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xðtþ �tÞ ¼

1 �t 0 0 . . . 0 1
0 1 0 0 . . . 0 0
0 0 1 �t . . . 0 1
0 0 0 1 . . . 0 0
..
. . .

.

0 0 0 . . . 0 1 �t
0 0 0 . . . 0 0 1

2
666666664

3
777777775
xðtÞ ð6Þ

yðtÞ ¼ xðtÞ ð7Þ
The states are updated at discrete time intervals when
new data arrive. Thus, the intervals will not neces-
sarily be equal. At any instant of time, the observable
states are innovated by the measured data. The
measured data give only the position of some of the
vertices. The velocity vector of those vertices are
required to be derived and are used to innovate them.

5. UAV Path Planning

At first, let us state the assumption based on which the
path planning algorithm is designed:

(1) There are n UAVs and N ¼ 2n vertices of the
splinegon that approximate the shape of the of the
cloud. Usually, n > 3. This implies N � 8 which
will be sufficient to construct the splinegon that
closely matches with the smooth convex shape of
the cloud.

(2) The initial splinegon is a circle situated at a loca-
tion where the contaminant cloud is most likely to
be present.

(3) Initially the UAVs are scattered outside the spli-
negon.

(4) Each UAV tracks two consecutive vertices in each
transition.

(5) The UAVs exchange the data at the end of each
transition.

(6) The speed of the UAVs varies between ðumin; umaxÞ
with the nominal speed um.

(7) There are fixed obstacles that are sparsely spread
out in the space.

Without loss of generality, we can assume that the
UAVs are numbered serially in the counter clockwise
direction. Then, the vertices of the splinegon can be
indexed such that the vertex nearest to the UAV 1 is
numbered as 1 and the rest follows in the counter
clockwise direction. Then, UAV i can restrict itself to
track the vertices i and iþ 1 only. At the beginning of
each transition, all the UAVs are inside the splinegon
except for the very first transition. UAV i follows the
path pdðv2i�1Þ, psðv2i�1Þ, pdðv2iÞ and psðv2iÞ (incase of

the first transition, only paths pdðv2iÞ and psðv2iÞ are
present). At the end of the transition, all the UAVs are
again inside the splinegon, i.e., UAV i goes out of the
splinegon through the vertex v2i�1 and enters the
splinegon through the vertex v2i. While designing the
path psv2i, it is necessary to consider the connectivity
constraints, i.e., the set of points fQ2igni¼1 should be
connected. This is required so that the UAVs can
exchange the data and plan for the next transition.

The steps of the path planning algorithm are

Step 1: The UAVs are inside the splinegon after
completing a transition and are connected to
each other. Each UAV broadcast its meas-
ured data.

Step 2: All the UAVs after receiving the N measured
data, reconstruct the splinegon using the
predictor-estimator discussed in Section 4.

Step 3: Each UAV i construct the paths psðv2i�1Þ and
psðv2iÞ considering the presence of the obsta-
cles. The method for construction is discussed
later.

Step 4: Each UAV broadcasts the point Q2i.
Step 5: All the UAVs checks for the connectivity of

the set of points fQ2igni¼1. If they are not
connected the points Q2i; 8i are shifted along
the extended line P2iQ2i such that the con-
nectivity can be established. This method will
yield a result since we assumed that the
obstacles are sparsely located in the region.

Step 6: Each UAV i constructs the paths pdðv2i�1Þ
and pdðv2iÞ taking into account the avoidance
of any obstacles that are present on the paths.

Step 7: Each UAV broadcasts the path length pd

ðv2i�1Þ and pdðv2iÞ.
Step 8: Each UAV i calculates the maximum path

length for the sets fpdðv2i�1Þgni¼1 and
fpdðv2iÞgni¼1 and decide the speeds at which it
should fly along the paths pdðv2i�1Þ and
pdðv2iÞ such that all the UAVs can fly the
paths psðv2i�1Þ and psðv2iÞ simultaneously at
the speed um.

Step 9: Start following the desired path.

Design of path psðviÞ avoiding obstacles:
The path psðviÞ is a straight line passing though the

vertex vi and the star center point vs. The length of Pivi
and viQi are fixed a priori. It is required that there is no
obstacle on the path PiQi. If, however, there is a
obstacle, we draw the tangents from the star center
point to the obstacle. The points at which these tan-
gents cut the splinegon are considered and the one
nearer to the original vertex is selected as the new
vertex in place of the original vertex.
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Collision avoidance among UAVs:
Collision avoidance among UAVs are important

and are automatically taken care of in the path plan-
ning algorithm. Since each UAV tracks only two
vertex points v2i�1 and v2i, the space containing the
contaminant cloud is virtually partitioned into n sec-
tors, each having two vertices v2i�1 and v2i. Each UAV
flies within their respective sectors and hence the col-
lision among the UAVs are automatically avoided. It
is to be noted here that the sectors are not fixed and
changes with each transition. However, at each
transition, the UAVs are restricted in the mutually
exclusive sectors.

The advantages of the path planning algorithm

� Any splinegon that is preferably convex can be
considered as the initial guess.

� Collision avoidance among the UAVs are auto-
matically taken care of.

� This is a simple algorithm that can be efficiently
executed in real time.

Remark: The set of measured data fv2i�1gni¼1 and
fv2igni¼1 are obtained at different time since the UAVs
travel the path pdðv2iÞ in between. However, we assume
that the rate of change of the boundary of the cloud is
much slower than the speed of the UAVs and hence we
can use the two sets of data simultaneously to recon-
struct the splinegon.

The outcome of the path planning algorithm is the
measured boundary of the cloud. We validate the pro-
posed strategy of cloud tracking using simulations in the
following section.

6. Implementation and Simulations

The implementation of the cloud tracking algorithm
requires at the beginning to decide upon the number
of UAVs and the vertices of the splinegon. We assume
that there are five UAVs available for this operation.
This implies 10 vertices of the splinegon. In simula-
tion, the cloud detection and tracking algorithm is
implemented on a simulated cloud model. Contours of
constant density of the contaminated cloud are gen-
erated using SCIPUFF. It also gives the propagation
of the cloud with time. The UAVs track the density
contour. The speed of the UAVs are much faster than
the dispersion rate of the cloud. We assume that initial
splinegon is a circle since we do not have any know-
ledge of the shape of the cloud. Initially, the UAVs are
scattered outside the cloud. All the UAVs fly at con-
stant altitude but not with the same speed.

In Figs. 5–8, the snap shot of the UAV trajectories
at different intervals of time are shown. The contours
of the cloud during the flight paths psðv2i�1Þ and
psðv2iÞ are shown by the cyan and yellow lines. The red
line correspond to the predicted cloud boundary at a
particular time instant, while the magenta and blue
corresponds to the measured and estimated boundary
respectively. The green lines depict the UAV paths.
The black circles are the obstacles that must be avoi-
ded by the UAVs. For simplicity, we considered only

Fig. 5. First transition thought the cloud.

Fig. 6. Second transition thought the cloud.

Fig. 7. Sixth transition thought the cloud.
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the circular obstacles. However, obstacles of any
shape can be handles by the tracking algorithm. Also,
we neglect the vortices that might form around the
obstacles.

In Fig. 5, the initial trajectory of the UAVs are
shown. We see that in this case, the predicted contour
is a circle and the estimated contour after the first
transition differs much from the actual cloud bound-
ary. However, after second transition, the predicted
contour greatly approximate the shape of the cloud.
After ten transitions through the cloud, we find from
figure 8 that the shape of the cloud is closely
approximated by the splinegon in spite of the move-
ment of the cloud and the presence of the obstacles in
the environment.

7. Conclusion

In this paper, the path planning for a UAV swarm to
detect and track a contaminant cloud has been
described. Cloud tracking is achieved using a simple
observer technique. The output of the state estimator
is used for trajectory generation of the UAVs. The
path of the UAV is divided into two parts – a dubins
path and a straight line path. The UAVs cut through
the cloud to detect its boundary. A simple algorithm
has been proposed for designing the straight line and
the dubins path during each transition. The advan-
tages of the proposed algorithm are that it does not
require the knowledge of the initial shape of the cloud.
Also it requires simple calculation which makes it
extremely suitable for real-time application. Future
work will be directed towards modeling the splitting
and merging behavior of the cloud. Also, since the

UAV sensor measurements are often corrupted by
noise, the design of a filter (like kalman filter) will be
an interesting alternative to the observer discussed in
the paper.
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