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Abstract—Wireless sensor networks (WSN) based on un-
manned aerial vehicles (UAV) are ideal platforms for monitoring
dynamics over larger service area. On the other hand, aerial
sensor networks (ASNs) are often required to be connected with a
command center for sending data and receiving control messages
in real time. In this paper, we study the problem of path planning
for ASNs with connectivity constraints. The primary goal of path
planning is driving UAVs to locations where the most informative
measurements can be collected. Meanwhile, the worst link’s
capacity is assured to be greater than a pre-defined requirement.
We proposed a solution for the path planning problem and it
consists of two modules: network coordinator (NC) and motion
controller (MC). The NC manages the topology of relay-assisted
wireless communication networks. For the design of MC, we
compare two motion strategies: maximum entropy and maxi-
mum mutual information. The simulation results show that our
proposed solution achieves accurate signal reconstruction while
maintaining the connectivity. We conclude that it’s important
to enable UAV-to-UAV communications for future ASN-based
applications.

I. INTRODUCTION

The fast growing of unmanned aerial vehicles (UAV) in-

dustry provides opportunities for many applications to fly

in the sky. A large percentages of those applications are

based on a network of UAVs-carried sensors, such as gas

sensors for environmental monitoring, cameras for power

line inspection, thermographic cameras for search and rescue,

and so on. This type of sensor networks is referred as the

aerial sensor networks (ASN). Comparing to ground wireless

sensor networks (WSN), an advantage of ASN is the high

mobility, which makes itself an ideal platform for measuring

a physical phenomenon distributed over a large service area,

by adapting to the dynamic of the target and collaboratively

moving towards to locations of interests.

The applications based on ASN can be mainly categorized

into two types: signal reconstruction and event detection. The

task of signal reconstruction is to build a map of signal levels

(e.g., concentration of air pollutants) over a large service area

based on a relatively small number of samples. The task of

detection, on the other hand, appears in applications such

as target tracking, rescue, and forest fire watch. For both

kind of applications, sensor network’s coverage is the key to

increase the accuracy of reconstructed signal or reduce the

possibility of false alarm and missing targets in detections.

The high degree of freedom in UAV’s motion provides itself

the ability of exploring the locations with high uncertainty

and therefore obtains large information gain from limited

number of measurements. Such process of optimizing UAV’s

motions for achieving better system performance is called path

planning.

Nevertheless, an ASN is often required to be connected

with a command center for sending sensory data and receiving

control messages in real time. Therefore an UAV’s mobility is

constrained by the communication range from ground stations.

The idea of combining ASNs with the long-term evolution

(LTE) networks attracts many attentions from both industries

and research communities. As several previous works have dis-

cussed [1, 2], the current LTE system are optimized for ground

devices, so that the ASN might experience a shrinkage of cell

coverage. To extend the coverage of wireless communication

and the mobility of ASNs, relaying via the LTE device-to-

device (D2D) communication is a promising technology.

In this paper, we study the path planning problem for an

ASN with connectivity constraints. We present a solution for

UAVs to collaboratively update their positions in the service

area to achieve better accuracy of signal reconstruction. A

max-min algorithm is proposed for connecting the ASN such

that the worst link’s capacity is greater than a pre-defined

threshold. The rest of the paper is organized as the following.

In section II, we review related works of path planning for

sensor networks and communication aspects of aerial devices.

In section III, we introduce the system model and formulate

our problem. Thereafter the solution is presented in section

IV, and the results of simulations are discussed in section V.

Finally we conclude our work and discuss several future works

in the last section.

II. RELATED WORKS

In the research of sensor networks, coverage is one of

the fundamental problems, as it has direct impact on the

performance of monitoring. For finding a path which is best

covered by a randomly deployed static sensor network, Li

et al. proposed a distributed algorithm based on Delaunay

triangulation [3]. As this problem setting finds its valuable
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practices in many scenarios, another category of applications is

interested in an opposite problem formulation, which is to find

a deployment that optimally covers the dynamics of targets.

We focus on the second type of coverage problems for a sensor

network in this paper.

The path planning problem for ASNs can be viewed as a

variation of deployment problem, when the locations of sen-

sors can be updated with a limited speed. One type of mobility

strategies, such as virtual force algorithm [4] and Delaunay

triangulation based methods [5], depends only on the spatial

distances between the sensors. Another types of methods is

based on the information gain of sensors’ measurements [6].

This type of information theory based method often requires a

probabilistic model of the interested dynamics, such as spatial-

temporal Gaussian process [7].

However those mobility strategies cannot be applied for

ASN directly, because the connectivity constraints for UAVs

based system are not considered in previous works. As sug-

gested by [1], the current cellular networks are optimized

(e.g., antenna tilting) for ground mobile users, therefore aerial

devices might experience reduced antenna gain and high

interference level. A solution to mitigate those problems is to

utilize the D2D communication over air-to-air (A2A) channel

[2, 8]. And the D2D communication has been standardized

in LTE release 12 by 3GPP. Previous works address the path

planning for ASN to achieve maximum network throughput

[9]. However our goal is not to maximize the network through-

put but to improve coverage of the ASN. Thus we present a

different solution for ASNs path planning in the following.

III. SYSTEM MODEL AND PROBLEM FORMULATION

We consider urban environmental monitoring as an example.

An ASN with N nodes is deployed in the service area of size

M2. The interested dynamic is modelled as a M2-dimensional

Gaussian Random Filed (GRF). We denoted a node of the ASN

as an and n ∈ {1 . . . N}. Typically, the number of nodes is

significantly smaller than the size of service area (N � M2).

Two tasks need to be solved iteratively:

1. Reconstruct the GRF based on a few observations;

2. Calculating the optimal motion direction for each sensor.

Meanwhile, the ASN must maintain communication links

which satisfy the minimum data rate requirement.

A. System Dynamics and Sensing

At system time k, the true values of GRF and ASN’s

measurements are denoted as vectors xk and yk, respectively.

We apply a linear state-space model for the relation between

dynamics and measurements from sensors,

xk = Axk−1 + uk−1, (1)

yk = Hkxk + ek. (2)

In the above model, Eq. (1) is called the dynamic equation;

and Eq. (2) is referred as the measurement equation.

In the dynamic equation, system matrix A is assumed to

be time-invariant; uk−1 ∼ N (0,Σu) are the system input

at time k − 1. The spatial correlation property of the signal

over the service area is encoded in the covariance matrix

Σu with a squared-exponential covariance function, which

depends only on the Euclidean distance between two locations.

In the measurement equation, the sampling matrix Hk is de-

termined by the locations of sensors, pk =
[
p1k, . . . , pNk

]
;

and ek ∼ N (0,Σe) are the random error in measurements.

Assume that the random errors from different sensors are

independent, the variance matrix Σe is a diagonal matrix.

Given the model presented in Eq. (1) and Eq. (2), the

first task is to reconstruct the signal xk given all available

observations y1:k; and the second task is to update Hk+1,

which is determined by sensors’ next positions pk+1.

Naturally, the motion of a UAV is bounded by its speed

v. Since the service is considered to be in the urban area,

the Manhattan distance instead of the Euclidean distance is

applied in UAVs’ motion. Thus the distance of locations of

aerial node an at time stamps k and k + 1 is constrained by

||pnk , pnk+1||1 ≤ v , ∀n ∈ {1 . . . N}. (3)

For applications of environmental monitoring, the speed of

mobile sensors is configured to be a small value, because a

typical electrochemical gas sensor needs tens of seconds to

fully response with the air pollutants.

B. Connectivity Constraints

The ASN is connected via LTE base stations (BS) deployed

in the urban area. The current widely deployed LTE infrastruc-

tures has provided a good coverage for ground mobile devices

in urban area. However, the ASN might experience service

outages due to the characteristics of air-to-ground (A2G) radio

channels in urban area [1, 2]. On the other hand, usually

the air-to-air (A2A) channel has better quality since there

are higher probability of obtaining line-of-sight (LOS) links.

Therefore we apply the relay-assisted LTE communication for

ASNs in this work.

According to the Shannon-Hartley theorem, the capacity C
of a wireless channel is given by

C = B log2(1 + γ), (4)

where B is the bandwidth of wireless channel and γ is the

signal-to-interference-plus-noise ratio (SINR) defined as

γ = Prx/(Pi + Pn). (5)

In Eq. (5), Prx is the received power, Pi is the average

interference level, and Pn is the average noise level. The

received power which can be calculated via the link budget

according to the transmission power (Ptx), receiver’s antenna

gain (Grx), fading margin (Lf ) and path loss (Lp):

Prx = Ptx +Grx − Lp − Lf . (6)

Note that transmission parameters and propagation models are

different for A2G and A2A links.

To maintain the connectivity of ASNs, the channel capacity

of a node an must be greater than a minimum data rate:

Can ≥ Cmin, ∀n ∈ {1 . . . N}. (7)
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When the parameters of wireless channels are specified, the

channel capacity is partially determined by the distance be-

tween an aerial node and a relay node or a ground BS. Thus

the motion of an aerial node is constrained by the connectivity

requirement.

C. Problem Formulation
To summarize, we want to design a motion strategy for the

ASN to pursue informative measurements with respect to the

speed and connectivity constraints. We formulate this problem

as the following:

max
pk+1

f(pk+1),

s.t. ||pnk , pnk+1||1 ≤ v, ∀n,
Can

≥ Cmin , ∀n.
(8)

where pk+1 =
[
p1k+1, . . . , pnk+1

]
is the vector of decision

variables of N sensors’ next positions at time k + 1, and

f(pnk+1) is a utility function of position pnk+1. The utility

function needs to be carefully designed such that the accuracy

of signal reconstruction is improved by solving the above

problem. Details of utility function design will be presented

and evaluated in the following sections.

IV. SOLUTION

In this section, we present a cooperative path planning for

ASNs. The solution is calculated at a centralized command

center which consists of two parts: the network coordinator

(NC) and the motion controller (MC). First, the NC generates

a connection scheme and calculates the motion constraints.

Thereafter the MC searches the best next locations in the

feasible locations.

A. Design of NC
There are two tasks for NC: establishing a connection

scheme for the ASN, and calculating the motion constraints

to maintain the connectivity. There are different principles for

generating the connection scheme of a wireless network. For

example, several previous works aim to maximize the network

throughput by adjusting the sensors’ positions [9]. However,

our ultimate goal is to collect informative measurements. The

maximum throughput principle will strictly limit the locations

for aerial nodes and is therefore unsuitable for our problem.

To extend the ASN’s mobility, we apply the max-min principle

for the connection management. That is, the capacity of the

worst link in the network is maximized.
Denoting the set of ground BS as {g1, . . . , gR}, the topol-

ogy of the ASN is determined by two sets of boolean decision

variables: LA2A = {l(an,an′ ) | n, n′ = 1 . . . N & n �= n′} for

A2A links and LA2G = {l(an,gr) | n = 1 . . . N, r = 1 . . . R}
for A2G links. To simplify the problem, we assume that maxi-

mum one relay node is allowed: l(an,an′ ,gr) = l(an,an′ )l(an′ ,gr)
(the connection scheme with more than 2 hops can be extended

in future works). Thus an aerial node must be connected to a

BS either directly or via one of its peers:
∑

n′

∑

r

l(an,an′ )l(an′ ,gr) +
∑

r

l(an,gr) = 1, ∀n. (9)

Algorithm 1: Network Coordinator (NC)

Input: Locations of BSs, pk =
[
p1k, . . . , pNk

]

Output: {LA2A,LA2G}, PNC
k+1 = {P1

k+1, . . . , PN
k+1}

1 ∀ an, measure C(an,g∗) and C(an,NG(an));

2 Sort {a1, a2, . . . , aN} such that

C(a1,g∗) ≤ C(a2,g∗) ≤ · · · ≤ C(aN ,g∗);

3 for n = 1:N do
4 if C(an,g∗) ≤ C(an,an′ ,g∗), ∀an′ ∈ NG(an) && an is

not a relay node then
5 l(an,an∗ ) = 1, an∗ = argmaxC(an,an′ ,g∗);

6 else
7 l(an,g∗) = 1;

8 end
9 while Constraint (3) is hold for this level do

10 Evaluate capacity of this neighbour location;

11 if Any location satisfy constraint (7) then
12 Add those locations to Pn

k+1;

13 else
14 Search next level neighours;

15 end
16 end
17 end

The capacity of a relay assisted link is determined by the

bottleneck of this communication link:

C(an,an′ ,gr) = min{C(an,an′ ), C(an′ ,gr)}. (10)

The first task of NC is therefore to determine the value for

variables L = {LA2A,LA2G} such that all nodes in the ASN

are connected and the minimum capacity is maximized:

max
L

min{CL}

s.t.

∑

n′

∑

r

l(an,an′ )l(an′ ,gr) +
∑

r

l(an,gr) = 1, ∀n,

l(an,an′ ), l(an,gr) ∈ {0, 1}.
(11)

To solve the above problem, each aerial node needs to

regularly report the channel measurements to NC. For node an,

NC finds its closest BS (g∗) and neighbour nodes. The node

an′ is said to be one of an’s neighbour nodes (an′ ∈ NG(an))
if C(an,an′ ) > C(an,g∗). The NC then sort all aerial nodes

according to the capacities of links to their closest BS:

C(aN ,g∗) ≥ C(aN−1,g∗) ≥ · · · ≥ C(a1,g∗). (12)

Starting from the node with the worst capacity with its closest

BS, the NC checks if any of its neighbours has better capacity

than the link with BS. If there exists such neighbours for an,

the NC connects an to the neighbour node which provides the

maximal capacity gain:

max
an′∈NG(an)

C(an,g∗) − C(an,an′ ,g∗). (13)

If there is no such neighbour node or an has been assigned

as a relay node at current system time k, the NC connects an
to its closest BS.
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The second task for NC is to calculate the mobility con-

straint for each node. This task is accomplished by estimating

the channel quality of feasible next locations based on wireless

propagation models. Specifically, for an aerial node an, the NC

performs a breadth-first search (BFS) with the current location

pnk as the root. If a neighbour location of pnk satisfies the

minimum capacity requirements, the NC adds this neighbour

node to the feasible set; otherwise the NC marked it as checked

and continue with next level neighbours. The search terminates

until the constraint (3) does not hold any more. Algorithm 1

summarize the procedure of network coordination.

B. Design of MC

After the NC generates feasible next positions, the MC

needs to select the position such that the signal reconstruction

have better accuracy. To achieve that, the utility function

f(pk+1) in problem (8) needs to be carefully designed.

Since the system model specified by Eq. (1) and Eq. (2)

is a linear Gaussian system, we apply the Kalman Filter

(KF) to reconstruct the signal from available measurements.

Specifically, we want to recursively calculate the filtering and

predictive distributions of x:

p(xk+1|y1:k) = N (m−
k+1,Q

−
k+1), (14)

p(xk+1|y1:k+1) = N (mk+1,Qk+1), (15)

where m−
k+1 and Q−k+1 is the predictive mean and covariance

matrix of next time k + 1; mk+1 and Qk+1 is the estimated

mean and covariance matrix when the measurements at k+1
are available. We refer readers to book [10] for detailed

equations of closed form solution of N (m−
k+1,Q

−
k+1) and

N (mk+1,Qk+1).
Several previous works (e.g., [6, 11]) suggest that there

are different principles for designing the utility function. One

principle is the maximum uncertainty, meaning that the sensors

are moving towards to locations where the uncertainties are

maximal. This approach has a disadvantage of driving sensors

to the edge of service area and thus only utilize part of a

sensor’s coverage. Another principle is the maximal mutual

information (MI). This approach aims to find the set of

locations which, if provide measurements, reveals the most

uncertainty of the entire random field.

However, those principles are previously examined only in

the unconstrained scenario. It is of great interest to compare

their performances under the connectivity and energy con-

straints. In light of previous discussions, we design two utility

functions as the following:

1. Entropy utility function:

fE(pk+1) = h(Hk+1xk+1 | y1:k), ∀n, (16)

2. MI utility function:

fMI(pk+1) = I(xk+1; Hk+1xk+1 | y1:k), ∀n, (17)

where h(·) is the differential entropy, I(; ) is the mutual

information, and sensing matrix Hk+1 is determined by pk+1.

As it is discussed in [11], maximization of either entropy

Algorithm 2: Motion Controller (MC) with fMI(·)
Input: yk, mk, Qk, and PNC

k+1

Output: pk+1, m−
k+1, and Q−k+1

1 Calculate Eq. (14) and Eq. (15) with KF;

2 while {1, . . . , N} \ N ∗ �= ∅ do
3 Find the value of hn∗

k+1 for sensor n∗ which

maximize Eq. (20);

4 N ∗ = N ∗ ∪ n∗;
5 end

utility function or mutual information utility function is NP-

complete. In the following we present approximated solutions

based on the greedy algorithm.

1) Maximum Entropy: Consider the Markov property of

the linear Gaussian system in Eq. (1) and Eq. (2), the Entropy

utility function can be simplified as

fE(pk+1) = h(Hk+1xk+1|yk)

=
1

2
log(2πeσ2

Hk+1xk+1|yk
),

(18)

meaning that the entropy of Hk+1xk+1 is a monotonic in-

creasing function of its variances conditioning on previous

measurements yk [11]. Therefore, maximizing the Entropy

utility function is equivalent to find a set of locations in GRF

with maximal variances. Those locations can be found via

searching for the N -largest elements in diag(Qk+1).
2) Maximum Information: Similarly, based on the Markov

property and definition of mutual information, the MI utility

function can be simplified as

fMI(pk+1) = I(Hk+1xk+1;xk+1|yk)

= h(xk+1|yk)− h(xk+1|Hk+1xk+1,yk),
(19)

which can be interpreted as the information gain (or reduced

GRF’s entropy) when observing Hk+1xk+1. As the motion of

one sensor will change the entropy of entire GRF and hence

affect the decision of its peers, it is generally difficult to find

the global optimal solution even for one-step path planning

with N sensors. An solution based on greedy algorithm [11]

is presented as the following. Let N ∗ be the set of sensors

which have already updated their positions for time k + 1,

∀n ∈ {1, . . . , N} \ N ∗, we try to find the value of hn∗
k+1 (the

n∗-th row of sensing matrix Hk+1) that maximizes

I(xk+1; {hN∗∪n∗
k+1 xk+1})− I(xk+1; {hN∗

k+1xk+1})
=(h({hN∗∪n∗

k+1 xk+1})− h({hN∗∪n∗
k+1 xk+1}|xk+1))−

(h({hN∗
k+1xk+1})− h({hN∗

k+1xk+1}|xk+1))

=h(hn∗
k+1xk+1|{hN∗

k+1xk+1})−
h(hn∗

k+1xk+1|xk+1 \ {hN∗∪n∗
k+1 xk+1})

∝ σn∗ −Σn∗,N∗ΣN∗,N∗ΣN∗,n∗

σn∗ −Σn∗,N∗∪n∗ΣN∗∪n∗,N∗∪n∗ΣN∗∪n∗,n∗
,

(20)

where in the numerator, σn∗ is the variance of random variable

hn∗
k+1xk+1, Σn∗,N∗ is the covariance matrix of hn∗

k+1xk+1 and
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(a) fE(·) and unconstrained (b) fE(·) and one-hop connection (c) fE(·) and multi-hop connection

(d) fMI(·) and unconstrained (e) fMI(·) and one-hop connection (f) fMI(·) and multi-hop connection

Fig. 1: The impact of constraints on sensors’ motion. The initial positions, trajectories, and final positions are showed with red circles, red
solid lines, and black diamonds, respectively. The A2G & A2A links are showed with black solid and dash lines, respectively.

random variables hN
∗

k+1xk+1, and ΣN∗,N∗ is the covariance

matrix of hN
∗

k+1xk+1; in the denominator, Σn∗,N∗∪n∗ is the

covariance matrix of hn∗
k+1xk+1 and the set difference between

the entire GRF (xk+1) and the observations (including the one

from sensor n∗). Note that the covariance matrices Σn∗,N∗ ,

ΣN∗,N∗ , and Σn∗,N∗∪n∗ can be constructed from the co-

variance matrix Qk+1 produced by Kalman filter in Eq. (15).

Thereafter, the algorithm updates set N ∗ by adding sensor n∗.
The MC repeats the procedure until all sensors have updated

their position for time k + 1. The procedure of MC with MI

utility function is presented in Algorithm 2.

To summarize, after obtaining the feasible set of positions

from NC, the MC returns the next position for each sensor to

maximize either the entropy or mutual information gain.

V. SIMULATION

In this section, the solution proposed in the previous section

is examined via simulations. We compare the performances

of two different utility functions in three scenarios: uncon-

strained, one-hop, and multi-hop. The metric of average root

mean square error (RMSE) is applied for service time from

k = 1 to K:

Average RMSE =
1

K

K∑

k=1

√
E[(mk − xk)2] (21)

where mk is the estimation given by Eq.(15). A list of sim-

ulation parameters is shown in Table I. The spatial resolution

is the distance between two adjacent locations; and the time

resolutions is the difference between time stamps k and k+1.

We plot Fig. 1 as an example of trajectories given by two

utility functions in three scenarios, where ASN size is N = 9

TABLE I: Simulation Parameters

Category Parameter Value

System Spatial resolution (m) 0.3 km

Time resolution (k) 5 min

UAV speed (v) 3.6 km-per-hour

Radio [12] Ptx for BS / ASN 40 dBm / 23 dBm

Grx for BS / ASN 11.5 dBi / 0 dBi

Receiver noise floor (Pn) -115 dBm

Interference margin (Pi) 8 dB

Fading margin (Lf ) 10 dB

Bandwidth (B) 10 MHz

Minimum uplink capacity (Cmin) 1 Mbit/s

and GRF size is M2 = 322. The statistic results of average

RMSE of signal reconstruction with an ASN from size N = 6
to N = 18 are presented in Fig. 2.

A. Comparing Mobility Strategies in Three Scenarios

1) The Unconstrained Scenario: Under the unconstrained

scenario, UAV-carried sensors are allowed to move to any

locations within the service area. As illustrated in Fig. 1a,

the maximum entropy strategy pushes most of the sensors to

the edges of the service area. On the other hand, as illustrated

in Fig. 1d, with the maximum mutual information strategy

sensors are more evenly distributed. In fact, after a number

of iterations, the ASN stabilized at locations which gives

an approximate Centroidal Voronoi tessellation (CVT) of the

service area. As a results in Fig. 2, the average RMSE given

by the MI strategy (blue dash line with cross marker) is much

lower than the the average RMSE given by the max entropy
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Fig. 2: Average RMSEs given by mobility functions fE(·) and fMI(·)
with different constraints and number of sensors.

strategy (blue solid line with cross marker).

2) The One-hop Scenario: With the one-hop connectivity

constraints, the motion range of the ASN is strictly limited by

the communication range of the base station. In this case, there

is almost no difference in the results given by two strategies

(Fig. 1b and Fig. 1e). No significant gain of average RMSE is

achieved by increasing number of sensors from 6 to 18 (the

lines with circle marker in Fig. 2).

3) The Multi-hop Scenario: As illustrated in Fig. 1c, the

mobility of the ASN is extended significantly. For the max

entropy strategy, since the sensors are not able to move to

the edge of service area, the average RMSE (solid line with

diamond marker in Fig. 2 is actually lower than the same

strategy in the unconstrained scenario. However, we know

that if the communication range allows the sensors to move

to the edges, the performance of maximum entropy in multi-

hop scenario will converge to its performance in unconstrained

scenario. For the MI strategy, the ASN is distributed more

evenly (Fig. 1f): three sensors are connected to the BS directly

in the first tier; each first tire sensor serves as a relay nodes

for other two sensors. As a results, the average RMSE given

by MI strategy in multi-hop scenario (dash line with diamond

marker) is the second lowest of all cases.

B. Gain of Performance by Allowing Multi-hop

As seen from the Fig. 2, in case of ASN’s mobility is

constrained by the connectivity requirements, the difference

between two mobility strategies (max entropy and mutual

information) is actually minor. On the other hand, we obtain

larger performance gain by relaxing the constraint via enabling

UAV-to-UAV communications in LTE networks. Our design of

NC gives the connection scheme which allows UAVs to pursue

more informative measurements and maintain the connectivity

at the same time.

VI. CONCLUSIONS AND FUTURE WORKS

In this paper we discussed the path planning for ASNs

with connectivity constraints. As it is discussed in previous

literatures, in the unconstrained scenario, the maximum mutual

information strategy achieved lower RMSE than the maximum

entropy strategy. However, we discovered that with the connec-

tivity constrained, the gain of applying better mobility strategy

is minor and it is more important to relax the constraints.

By applying the proposed network coordination scheme, we

extend the ASN’s mobility via allowing relaying for UAV to

base station links. The gain of ASN’s coverage with the multi-

hop communication is significant as the simulation shows.

Future research efforts are required for developing reliable

ASN applications. When multiple constraints (e.g., energy and

connectivity) coexist, k-step path planning is required to avoid

driving UAVs to locations where there might be no feasible

next positions due to insufficient energy or communication

failure. Another interesting problem is to design distributed

mechanism for UAVs to exchange data and update their

positions, which improves the robustness and scalability of

the system.
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