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ABSTRACT In dynamic unmanned aerial vehicle (UAV) networks, localization and clustering are fun-
damental functions for cooperative control. In this article, we propose bio-inspired localization (BIL) and
clustering (BIC) schemes in UAV networks for wildfire detection and monitoring. First, we develop a
hybrid gray wolf optimization (HGWO) method and propose an energy-efficient three-dimensional BIL
algorithm based on the HGWO, which reduces localization errors, avoids flip ambiguity in bounded distance
measurement errors, and achieves high localization accuracy. In BIL, the bounding cube method is applied to
reduce the initial search space. Second, we propose an energy-efficient BIC algorithm based on the HGWO.
The BIC algorithm utilizes the gray wolf leadership hierarchy to improve clustering efficiency. We also
develop an analytical model for determining the optimal number of clusters that provide the minimum
number of transmissions. Finally, we propose a GWO-based compressive sensing (CS-GWO) algorithm
to transmit data from cluster heads (CHs) to the base station (BS). The proposed CS-GWO constructs an
efficient routing tree from CHs to the BS, thereby reducing the routing delay and the number of transmissions.
Our performance evaluation shows that the proposed BIL and BIC significantly outperform conventional
schemes in terms of various performance metrics under different scenarios.

INDEX TERMS Bio-inspired algorithm, cluster head, clustering, energy efficiency, gray wolf optimization,

localization, network lifetime, routing protocol, unmanned aerial vehicle network.

I. INTRODUCTION

Recently, a new type of ad hoc network known as fly-
ing ad hoc network (FANET) has drawn attention. Owing
to the deployment of modern communication technologies
such as sensors, artificial intelligence, low-cost Wi-Fi radio
interfaces, control technologies, battery technologies, micro-
embedded systems, and global positioning system (GPS),
there has been a significant increase in the use of unmanned
aerial vehicles (UAVs). Furthermore, UAVs have shown
potential for application in civil and military domains because
of their rapid deployment, self-organization, high flexibil-
ity, scalability, ease of acquisition, and low maintenance
costs [1], [2].
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In the last decade, wildfires have become one of the
costliest and deadliest natural disasters worldwide. Wildfires
have threatened the lives of thousands and caused significant
damage to millions of hectares of forest resources, homes,
and communication infrastructures [3]. According to a sta-
tistical review by the National Interagency Fire Center, since
2000, an annual average of 72,400 wildfires have burned an
average of 7.0 million acres [4]. Additionally, because of cli-
mate change, wildfires have become a common occurrence.
Although ground sensors, satellite imagery, and remotely
piloted vehicles are used for detecting and monitoring fires,
they are not quick and reliable. The major drawbacks of these
technologies are the delays in detecting fires and the low
accuracy of satellite images during nighttime and cloudy and
foggy weather situations. Furthermore, ground-based forest
fire suppression/management is time-consuming and costly,
as it requires ground staff and aircraft pilots.
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Recently, mini-UAVs or drones have become popular for
civil applications. Generally, a mini-UAV has a weight of up
to a few kilograms, and it is equipped with a camera, several
sensors, a wireless communication system, and GPS [5], [6].
Mini-UAVs can transmit collected data (i.e., images and
videos) to a ground station. Drone-based wildfire detection
and monitoring offers a low-cost and rapid-imaging alterna-
tive in remote areas. UAV-based networks have been tested
in several fire-monitoring missions [7]. Therefore, wildfire
detection and post-fire monitoring are considered in this
study.

In a multi-UAV network, UAV-to-UAV (U2U) and UAV-
to-base station (U2BS) information sharing is an effective
solution for high-quality network communication. Owing
to the high mobility of UAVs, UAV localization is a
major technical issue. Node localization is realized using
GPS; however, GPS suffers from an average location error
of 10-30 m [8]. In many cases, such as rural-area monitoring
under bad weather conditions, the GPS signal is insuffi-
cient or completely absent. Therefore, several methods have
been proposed to address this localization problem in UAV
networks [9]. Most of these methods, which use the distance
measurement method, are based on bilateration and trilatera-
tion [10]. However, flip ambiguity (FA) is a major problem
in distance-measurement-based localization methods [11].
A majority of existing clustering methods for UAV networks
employ GPS systems to locate node positions. However, GPS
is expensive and energy consuming. To design an energy-
efficient, flexible, and scalable clustering protocol, localiza-
tion is required.

Recently, the clustering approach has been used by
researchers to address the UAV routing problem [12].
In multi-UAV networks, clustering is used to control the
scalability and stability of networks. Because of energy lim-
itations, the network lifetime is a crucial parameter in UAV
networks. Moreover, owing to the high mobility of UAVs,
topology control is essential to reduce communication inter-
ference. The clustering mechanism solves the long-distance
communication issue, increases network scalability, prolongs
network lifetime, and increases the reliability of the entire
network. Furthermore, clustering can provide efficient and
steady routes with low communication overhead during the
route discovery and forwarding processes [13].

Recently, bio-inspired algorithms have been commonly
applied to solve the clustering problem in UAV networks.
This is because of their simplicity, effectiveness in solving
complex optimization problems, and local minimum avoid-
ance. A majority of these algorithms are inspired by animal
behavior, evolutionary concepts, and physical phenomena.
Owing to their simplicity, researchers have tried to develop
and propose new bio-inspired algorithms. In this domain,
gray wolf optimization (GWO) is a relatively new bio-
inspired algorithm. GWO is based on the hunting mecha-
nism of gray wolves (i.e., searching, tracking, encircling,
and attacking the prey). In contrast to other bio-inspired
algorithms, it considers the leadership hierarchy. For the past
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two years, researchers have employed the GWO algorithm
to solve localization [14], path planning [15], [16], topology
control [17], [18], and clustering [19] problems in different
types of networks.

A. CONTRIBUTION OF THE STUDY

In this article, an energy-efficient bio-inspired localization
(BIL) algorithm, an energy-efficient bio-inspired clustering
(BIC) algorithm, and a GWO-based compressive sensing
(CS-GWO) algorithm are proposed for application in UAV
networks to detect wildfires and for post-fire monitoring
in urban areas. The primary contributions of our study are
summarized as follows:

o« We develop a hybrid GWO (HGWO) method and
an energy-efficient, range-free distributed localization
algorithm based on HGWO for UAV networks, which
is called BIL. The bounding cube method is applied to
improve the sampling efficiency by reducing the initial
search space. The improved sampling efficiency signifi-
cantly reduces the computational cost, and rapid conver-
gence is achieved by using the boundary cube technique
owing to the reduced initial search space. In the proposed
algorithm, a bounding cube with hop count is used to
reduce the distance estimation errors.

o The proposed BIL algorithm follows an optimization
method that incorporates the essence of HGWO to detect
the optimal position of the target UAV node. In the
HGWO model, the leader wolf dynamically estimates
the location of the prey, and each wolf moves toward the
estimated location of the prey. According to the simu-
lation results, our BIL algorithm has higher localization
accuracy, lower computational cost, faster convergence,
and reduced energy consumption compared to existing
algorithms.

« We propose a clustering algorithm called BIC based on
the HGWO to prolong the network lifetime. In dynamic
UAV networks with high mobility, the cluster size and
the number of clusters considerably affect the commu-
nication performance. We also propose an analytical
model for determining the optimal number of clusters
in a network. According to our evaluation, the proposed
BIC can minimize the number of transmissions.

« In the proposed BIC, a novel approach is proposed to
select the CH based on the fitness value of the UAV.
A node with higher residual energy, additional neigh-
bors, and shorter intra-cluster distance is selected as the
CH node, which is in charge of data aggregation and
transmission.

o« We also propose the CS-GWO algorithm, which is
employed in BIC to transmit data. Within a cluster, clus-
ter members (CMs) transmit data to their CH without
using CS-GWO. Subsequently, the CH uses CS-GWO
routing to transmit the data from the CH to the BS. The
proposed CS-GWO constructs a minimum-cost routing
tree from the cluster head (CH) to the BS, thereby reduc-
ing the routing delay and the number of transmissions.
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The simulation results show that the proposed scheme
outperforms conventional protocols under various sce-
narios, indicating that BIC reduces the energy con-
sumption of UAVs and improves the data transmission
efficiency and network reliability.

« We conduct extensive simulations to evaluate the per-
formance of the proposed BIC and CS-GWO under
different scenarios. Thereafter, the performance is com-
pared with that of existing clustering protocols for UAV
networks. The simulation results show that the proposed
scheme outperforms the conventional protocols under
various scenarios; this indicates that BIC reduces the
energy consumption of UAVs and improves data trans-
mission efficiency and network reliability.

B. OUTLINE OF THE PAPER

The remainder of this article is organized as follows. The
next section provides a summary of existing related studies.
In Section III, the preliminaries including the motivation
scenario, assumptions, and GWO algorithm are introduced.
In Section IV, the proposed BIL algorithm is described
along with the network model, energy consumption model,
sampling region, building of the bounding cube, cooperative
distance estimation model, and GWO-based location opti-
mization. In Section V, the proposed BIC algorithm is pre-
sented with respect to the system model, channel modeling,
energy modeling of CHs, optimal number of clusters, clus-
tering algorithm, CH selection algorithm, and transmission-
efficient routing. In Section VI, the performance evaluation
of BIL, BIC, and CS-GWO via computer simulations is
discussed and a comparison of their performances to those of
conventional schemes is presented. Finally, the conclusions
are provided in Section VII.

Il. REVIEW OF RELATED STUDIES

Currently, owing to the availability of UAVs, UAV net-
works have attracted the attention of academic and industrial
researchers. Recently, UAVs or drones have been widely
used for wildlife applications [20]. Node localization is an
essential requirement for UAV net-works due to their high
mobility. In geographical-position-based clustering/routing,
node location information is necessary to determine the next-
hop relay node. The method via which nodes obtain their
position is known as localization. For localization, nodes
are classified into two types of anchor nodes and unknown
nodes. Anchor nodes are awarded their own position, and
unknown nodes need to determine their positions by using
the localization algorithm. However, using GPS is an easy
and simple technique to localize UAV nodes.

Localization algorithms are roughly classified into range-
based and range-free localizations. Range-based localization
algorithms measure the distance between the anchor and
unknown nodes based on actual distance or angel informa-
tion. The range-based localization requires additional hard-
ware to measure distance and angel information. However,
range-free localization algorithms estimate the distance based
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on node density in the network, hop count between nodes, and
node connectivity. Thus, range-free localization is economi-
cal and does not require additional hardware; therefore, it has
attracted attention in recent decades. In the after-math of a
calamity, existing Internet providers might often be unavail-
able due to infrastructural damages.

Trotta et al. [21] proposed a GPS-free flocking model for
UAV networks in disaster recovery scenarios. The flocking
model intended to support post-disaster rescue operations in
perilous situations where UAV nodes cannot depend on GPS.
In GPS-denied environments such as urban areas and bat-
tlefields (enemy-controlled airspace), indoor environment,
and mountain/forest area, accurate or meaningful location
information is hard to obtain. Russell ef al. [22] proposed
a cooperative localization technique, where they consid-
ered GPS-denied situations as urban areas and battlefields
(enemy-controlled airspace). She et al. [23] also proposed a
relative localization for multi-UAV networks in GPS-denied
environments. The authors in [24] considered GPS-refused
situations in UAV networks due to net-work jamming and
GPS spoofing.

The distance vector hop (DV-Hop) [25] is a popular local-
ization algorithm that estimates the distance of unknown
nodes based on the anchor nodes and hop count between the
nodes. However, the location accuracy of DV-Hop is affected
by estimation errors originating from inaccurate measure-
ment methods. Recently, bio-inspired algorithms have been
used to solve the localization problem, as they are highly
accurate and less complex. Several bio-inspired-based local-
ization algorithms have been proposed in previous studies
[26]-[30]. Rajakumar et al. [26] utilized the GWO algorithm
to address the localization problem and achieved high local-
ization accuracies in locating unknown nodes. The output
proves that the GWO-based localization (GWO-LPWSN)
performs better than the particle swarm optimization (PSO)
and modified bat algorithm, owing to its lower computa-
tional cost and higher success rate. Sharma and Kumar [27]
pro-posed a three-dimensional (3D), range-free localization
algorithm based on a genetic algorithm (GA) with improved
DV-Hop, called 3D-GAIDV-Hop. The localization accuracy
was improved by applying a generic algorithm, and the
bounding box facilitated the accurate location of the target
node. The simulation output shows that 3D-GAIDV-Hop
performs better in terms of localization accuracy and posi-
tion coverage compared to 3D-DV-Hop, 3D-GADV-Hop, and
3D-PSODV-Hop.

Cui et al. [28] used a differential evolution (DE) algo-
rithm with an improved DV-Hop-based localization algo-
rithm, called DECHDV-Hop, to localize unknown nodes.
DECHDV-Hop comprises two phases. First, the unknown
distance is estimated based on the location information
of anchor nodes and hop counts. Second, the DE is
applied instead of multilateration to estimate the location
of unknown nodes. The simulation results demonstrate that
DECHDV-Hop performs significantly better than DV-Hop,
GADV-Hop, and PSO-DV-Hop un-der different conditions.
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Raguraman et al. [29] used a hybrid-dimensionality-based
PSO called HDPSO to solve localization errors. A dimen-
sionally based estimation method was applied in HDPSO to
achieve rapid convergence. The simulation results demon-
strate that the HDPSO performs better than PSO and hybrid
PSO in terms of localization error and computational cost.
Swarm—intelligence-based 3D localization (SIL) was pro-
posed by Arafat and Moh [30] based on the modified PSO
algorithm. The SIL algorithm employed a grouping method
to achieve rapid convergence. The bounding box method was
used to reduce the initial search space of the particles.

Jiang et al. [31] proposed a 3D mobile localization
algorithm by using distance-only measurements for GPS-
denied agents based on semidefinite optimization technique.
Liu et al. [32] proposed a framework for developing a
distributed 3D UAV-relative localization in UAV networks.
Node-relative position is estimated by constrained optimiza-
tion, and the performance of relative localization is improved
by utilizing the Cramer-Rao bound method. Guo et al. [33]
proposed a localization technique by the combination of dis-
tributed cooperative localization and distance-based forma-
tion control for UAV swarms in infrastructure-less GPS-free
environments. Chen et al. [34] proposed a distributed and
collaboration-based localization technique for multi-UAV
swarms to address the low-accuracy of GPS signals. In [34],
the authors utilized multidimensional scaling technique to get
the relative coordinates of UAVs with GPS signals.

Clustering is used to efficiently manage networks. Cluster-
based networks are more scalable, stable, and energy-
efficient than flat networks. Node mobility makes the design
of a clustering protocol challenging due to higher packet loss.
Lee and Teng [35] proposed an adaptive hierarchy clustering
algorithm for mobile sensor networks. The algorithm mini-
mizes sensor energy consumption as well as packet loss in the
network. Alami and Najid [36] utilized fuzzy logic to design
an energy-efficient routing protocol. In [37], the authors pro-
posed a clustering algorithm for homogeneous and hetero-
geneous networks by considering redundant data collection
mechanism for overlapping and neighboring sensor nodes.
The approach prolongs the network lifetime. Recently, UAV
is utilized in sensor networks to collect the data. In our
research, we focus on clustering and routing in the UAV-to-
UAV communication rather than the UAV-to-ground commu-
nication. In the traditional systems, sensor nodes transmit the
data to BS by multi-hop communication. In [38] and [39],
UAV collect the data from the sensor nodes in an energy-
efficient way, which reduce the energy consumption and
prolong network lifetime.

Cluster-based routing protocols for UAV networks have
been surveyed and compared in [40]. In the last two decades,
several clustering protocols have been proposed. Shi and
Luo [41] presented a weight-based mechanism for cluster-
ing, named cluster-based location-aided dynamic source rout-
ing (CBLDSR). In CBLDSR, the CH is elected based on
node energy level, low relative speed, and large number of
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neighboring nodes. Zang and Zang [42] proposed a mobility
prediction clustering algorithm for UAV net-works, which is
called MPCA, where the link expiration time is combined
with directional structure prediction. Recently, BIC mecha-
nisms have been widely employed in UAV networks.

Aadil et al. [43] presented an energy-aware cluster-based
routing (EALC) for UAV networks. The EALC addresses
the energy limitation of UAVs and the inefficient routing
in UAV networks. Khan et al. [44] proposed a BIC scheme
for FANETS, called BICSF. The BICSF is a hybrid clus-
tering protocol, which is a combination of krill herd (KH)
and glowworm swarm optimization (GSO). The node with
higher residual energy is elected as the CH, and the remaining
nodes are considered as CMs. The KH algorithm is used for
predicting cluster management. Khan ef al. [45] proposed a
self-organized-based clustering scheme (SOCS) for FANET.
SOCS is based on GSO; the GSO algorithm is used for
the cluster formation and management phases. The residual
energy and luciferin value of the UAVs are considered for the
CH election phase.

Bhandari e al. [46] proposed a location-aware k-means
UAV clustering algorithm by considering the UAV mobil-
ity and relative locations. Their location-aware clustering
scheme enhances the performance of UAV networks with
limited resources. Jin et al. [47] proposed an optimization
algorithm for an efficient and reliable UAV cluster-based
video surveillance system in the heterogeneous communi-
cation of smart cities. You et al. [48] proposed a clus-
tering scheme for UAV networks, which jointly optimizes
UAV area coverage and mobile edge computing. The authors
in [48] formulate jointly optimizing problem to maximize
the coverage efficiency in UAV networks with lower delay
and power constraints by considering the clustering, posi-
tions, and transmission power. Duan et al. [49] proposed
a flexible network architecture and dynamic scheduling
algorithm to address the fault tolerance in highly dynamic
UAV networks.

Energy-efficient mechanism is widely used in ad-hoc net-
works and mobile edge networks. Zhou and Hu [50] pro-
posed a framework to address the computation efficiency in
wireless powered mobile edge networks. In [50], the authors
considered time division multiple access and non-orthogonal
multiple access to evaluate offloading. Zhang et al. [51] pro-
posed an energy-efficient computation for UAV-aided mobile
edge computing. In [51], the authors jointly considered trans-
mission power of users and UAV trajectory to maximize
computation efficiency. In [52], the authors proposed an
energy-efficient computing for multi-UAV-aided mobile edge
networks, in which the authors jointly optimized user asso-
ciation, spectral power and resource, and UAV trajectory
scheduling. In [53], the authors studied a solar-powered UAV
communication system to address the UAV optimal trajectory
and resource allocation. In [54], the authors proposed a secure
and energy-efficient UAV communication system based on
multiple antennas.
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lll. PRELIMINARIES
In this section, the scenario and assumptions are de-scribed
as the preliminaries of our study.

A. SCENARIO

This study assumes the typical UAV network model shown
in Fig. 1. In the scenario, we assumed that communication
facilities are unavailable in remote wild areas, where formal
communication infrastructures do not exist. In this model,
we demonstrated the use of a multi-UAV network for wildfire
detection and monitoring.

Intra-cluster R
| link P Y
—=  CSlink — =

UAV chargi
platform

FIGURE 1. UAV-aided wildfire detection and monitoring: UAVs are
organized into clusters. Data from cluster member UAVs are transferred to
the BS using transmission-efficient routing.

Our proposed system utilizes the rapid mobility of UAVs
with the advantage of providing an on-demand monitor-
ing service that is faster than the current manned aircraft,
remotely controlled UAV, and satellite imagery. The proposed
system minimizes human intervention in risky wildfire areas.
The purpose of this study is to simulate a UAV network
model for wild areas. The UAVs are equipped with geo-
tagged cameras. They scout fire locations by using cameras
employing thermal imaging technology and assist the BS for
further analyses. The UAVs can constantly monitor forest
areas and observe variations in temperature to help prevent
wildfires. Light detection and ranging—equipped UAVs have
been widely used for fire prevention in previous studies [55].
The UAVs can be placed in standby mode in the BS or on
weather-resistant charging pads situated across a forest. The
UAVs can move around the forest and land automatically and
periodically on pre-installed platforms for charging.

B. ASSUMPTIONS

We considered a set of rotary mini-drones or medium-sized
drones. The speed of the UAVs is approximately 10-30 m/s.
In our proposed model, few UAVs have GPS modules, but all
UAVs have inertial measurement units that are provided for
the motion sensing of the UAV. The UAVs are equipped with
a wireless communication interface. The proposed system is
based on offline and online phases, as illustrated in Fig. 2. The
offline phase is the localization phase, where the localization
algorithm is implemented to estimate the actual position of
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Offline phase Online phase
Clustering Data transmissions
Cluster Intra-c.lufter
Localization of | =P formation Sransmissions
UAV nodes CH Inter-cluster
selection transmissions

FIGURE 2. Block diagram of the proposed system.

unknown UAV nodes. The offline phase provides an overview
of the overall network topology. After localizing the node,
the online phase is applied. The online phase contains two
subsystems: clustering and data transmission. In the cluster-
ing process, all nodes are able to recognize their neighboring
nodes, and a CH is elected for each of the defined clusters.
The data transmission subphase is used for node communica-
tion and data aggregation between CMs, CHs, and BS. Details
regarding each phase are provided in the following sections.

C. GWO MODEL

The GWO model is a novel bio-inspired optimization algo-
rithm proposed by Mirjalili ef al. [56], which mainly mim-
ics the leadership and hunting process of grey wolves in
nature. By using this model, quick seeking speed and high—
precision search can be achieved easily. The GWO algorithm
has numerous applications, as it can be easily combined with
particle engineering problems. Generally, the hunting and
searching behaviors of animals are used to mimic swarm
intelligence algorithms. However, the GWO simulates the
internal leadership hierarchy between wolves. Therefore,
during the searching process, the optimal solution can be
comprehensively assessed and selected from three solutions,
whereas other bio-inspired algorithms only provide a single
solution. Therefore, GWO can significantly shrink the prob-
ability of premature and falling into the local optimum.

In the leadership hierarchy, wolf colonies hire four sorts of
grey wolves of alpha, beta, delta, and omega. The alpha wolf
is the dominant leader and the decision maker to manage the
pack. This shows that discipline and organization in the pack
are more important than strength. Beta is the second level
leader in GWO hierarchy. The beta wolves help alphas in
decision making, and lower-level wolves follow their orders.
The beta replaces the alpha if the alpha passes away. The
omega is a lower-level wolf. The omegas must follow the
orders of the alpha and beta wolves. If the wolf is not an alpha,
beta, or omega, it is called a subordinate wolf, i.e., delta.
The delta wolves have to follow alphas and betas. The grey
wolves also exhibit another interesting social behavior known
as group hunting. The main stages of group hunting are as
follows: searching for prey, encircling the prey, and attacking
the prey. In this study, localization, clustering, CH selection,
and data transmission are inspired by the structure and hier-
archies of grey wolf packs. The similarity between the grey
wolf pack and the UAV network are presented in Table 1.
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TABLE 1. Similarity between grey wolf pack and UAV network.

UAV networks
UAV nodes

Objective function

Gray wolf packs

Grey wolf

Food placement or prey

The position of the prey in the area | Nodes do not know the cost

is not known by grey wolves. function. They detect the changes

in the values of the cost function.

Best value of the fitness function Best node known as CH

The average number of wolves per | The ideal number of nodes per
cluster is between 5 and 12.

Position of the UAVs (x, y, z)

group is between 8 and 12.

Position of the wolves

IV. ENERGY-EFFICIENT BIO-INSPIRED LOCALIZATION

In this section, the BIL algorithm for UAV networks is pro-
posed and discussed. The network model, energy model of
the proposed localization algorithm, and pro-posed HGWO-
based localization algorithm are presented in detail.

A. NETWORK MODEL

This section describes the network model and parameters
used in the BIL. N is the total number of UAV nodes and
N, is the total number of anchors. The total number of
unknown nodes is N, = N — N, and the anchor ratio is
A, = N,/ N. S, is a set of neighbor nodes within the sensing
range of a node, which is also known as the neighbor set
of the node. The transmission range or radius of each UAV
node is R (m), and D, is the deployment region in the cube
(m3). We assumed that the proposed network model is self-
organized and uniformly distributed, without a central control
for deploying UAV nodes in the network. There are N UAV
nodes, and N, anchor nodes are uniformly distributed in the
network. The anchor nodes are provided with their exact
position information at all times.

B. LOCALIZATION ENERGY CONSUMPTION

For the energy consumption model, we used the popular
energy model proposed by Heinzelman ez al. [57]. For an
unlocalized node, the transmitted and received energies are
represented by E7, and Eg,, respectively, for a data size ¥
and transmission distance d. That is,

Ere =V x E;+ W x d? x Eg, (D)
and
ERx =WV x ESs (2)

where E; and E, represent the energy dispersed in the trans-
mitter electronics circuitry and radio frequency amplifiers for
propagation loss, respectively.

C. SAMPLING REGION

In our model, two UAV nodes p and ¢ can directly communi-
cate with each other when they are within a communication
range R. Therefore, if p and g are in the communication
range R, node ¢ is a one-hop neighbor. If p and ¢ are in the
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communication range 2R, node g is a two-hop neighbor of p.
All nodes move within the maximum speed Vj,,,. Assume
that a node moves from time t—1 to time ¢ at speed V4. If the
anchor node broadcasts the scanning signals periodically,
the period T is defined as

2R
T =

Vmax ’ (3)

The process of estimating the location of unknown nodes
involves three phases: initial, prediction, and filtering phases.
Initially, there is no information regarding the location of
the target node. At the initial phase, Q sample points in
the given region are randomly selected, and the possible
location sample set is ltk = {l?, ltl, R I,Q_l}, where ltk
represents the possible location of the target node at time # and
ke{0,1,...,0—1}.

Let Ry be the maximum moving distance of the target
node at V4, speed and d(I;|l;—1) is the Euclidean distance
between the two consecutive locations /; and /; 1 of the target
node at time 7 and ¢ — 1, respectively. Hence, the target node
generates location samples through the following probability
function:

oty = | R i d Gllit) < R
tift—=1) —

. (4)
0 lf d (lt|lt—1) = Rma)c»

where p(l;|l;_1) is the probability that the location prediction
of the target node is correct. Based on the previous position,
the probability p (/;|/;—1) is used to predict the current loca-
tion of the target node.

The target node filters the sampling point according to the
information obtained from the one-hop and two-hop anchor
nodes of the target node. For anchor node a, sampling par-
ticle /, one-hop anchor nodes set S,1, and two-hop anchor
nodes set S,2, the filter condition of sampling particle [ at
time ¢ can be expressed as

filter (z;’) - [va € Sa.d (z;’, a) < R]
n [va €Sn.R<d (lf, a) < ZR]. (5)

D. BUILDING THE BOUNDING CUBE

Assume that p is a random unknown node; the neighbor
nodes of node p have positions denoted as Ag,, ..., Ak,
for some m > 0. The coordinates of Ay, are denoted as
Ay = [xi, yi, 71T € R3, where (xi, i, zi) € {1,2,...,n}. For
integers | <a<b<nl<c<d<nandl <e<f <n,
the cubic region [a, b] x [c,d] X [e,f] € D, denotes the
coordination of (i, j, k), where a < i < b,c <j < d, and
e < k < f. The bounding cube zone (BC;) for (x;, yi, zi)
coordinates is computed as

BC; = [x;—R, x;+R]x[y;—R, yi+R] x [z;—R, zi+R].
©6)

Equation (6) represents the communication region of
anchor Ag,. Then, for arandom unknown node p € BC;, for all
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1 <i < m, and therefore,
m
peD,N ﬂi:l BC;. @)
Equation (7) can be constructed for (x;, y;, z;) as follows:
BC; N BC; N BCx
= [max (x,-, Xj, xk) — R, min (xi, Xj, xk) + R]

x [max (yi, yj, yx) — R. min (yi, yj, v ) + R]

x[max (z, zj, z¢) — R, min (z;, 7, zx) + Rl.  (8)
Thus,
peED,Nxy —R,x_+R] x[yy+ —R,y- +R]

X [z+ —R,z—+R], (9)
where x; = max(xy, ..., Xy,), and x_ = min(xy, ..., Xy),
and similarly for (y;, z;)’s. For D,, = [1, n] x [1, n] x [1, n],
the estimated position p is expressed as

p € [max(xy — R, 1), min(x_ + R, n)]
X [max(y+ — R, 1), min(y_ + R, n)]
X [max(z4+ — R, 1), min(z— + R, n)]. (10)
The communication region of node p for the coordinates of
(x, v, 2) can be represented as
BC (-xﬂyaz) = [-x —R,X+R] X D’_R,Y"'R]
x[z—=R,z+RIND,. (11)

From (10) and (11),

BC (x,y,7) = [max(x — R, 1), min(x + R, n)]
X [max(y — R, 1), min(y + R, n)]
X [max(z — R, 1), min(z + R, n)]. (12)
Assuming that a UAV node has n number of one-hop anchors,
the bounding box can be built as
Xmin = max;_; {x; — R},

Ymin = max?:[ {yi — R},

Xmax = mini_; {x; + R}, (13)
Ymax = min?:] {yi+R}, (14
and

Zmin = max;_; {zi — R},  Zmax = min}_ {z; + R},  (15)

where (x;, y;, z;) are the coordinates of the i-th anchor node,
Xmin and X4 denote the upper bound and lower bound of x
direction, respectively, and Yuin, Yimax> Zmin and Zyq, denote
those for y and z coordinates. For two-hop anchor nodes,
the size is reduced by replacing R with 2R in (13)—(15). The
position of the previous time and the maximum speed of the
node affect the prediction position.

Assume that B; and B,, are the lower and upper boundaries
of N, respectively. The feasible region of N, is defined
as FR,. As depicted in Fig. 3a, the overlapping space
(intersection) between the bounding cube FR,, consists of the
maximum of the low coordinates and the minimum of the
high coordinates of the bounding cube and is expressed as

m
FR, =(,_, BCi = [Bi. B.]. (16)
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FIGURE 3. Bounding cube method for UAV localization: (a) intersection
case and (b) pseudo-intersection case.

Here, B; = [max (x; —d;), max (y; — d;) , max (z; — a1’
and B, = [min(x; +d;),min(y; +d;), min (z; + d)]7,
where d; is the estimate of the distance from the unknown
node to anchor Ay,. During the pseudo-intersection, there
should be no intersection between all bounding cubes, as pre-
sented in Fig. 3(b).

Assume that B; = [x7,y;, z)7 and B, = (X, Yu, zu]T
are the lower and upper bounds of the deployed region,
respectively. The bounding cube for the pseudo-intersection
obeys the following conditions:

(B, B,] = l:f{xl <xi —di}, set{x; = x; — di} (17)

if{xy > x; +di},  set{x, = x; +d;}.
Similarly, for the y and z coordinates, B; and B, are denoted
asf{yr <yi—di,z <zi—di}and {y, > yi+di, z1 > zi +di},
respectively. For [{x, < xi}, {vu < 1}, {zu < z}], the values
of [x7, xu], [y1, yul , [21, zu] are changed.

E. COOPERATIVE DISTANCE ESTIMATION

Assume that the coordinates of the estimated and real posi-
tions of the unknown node are defined as (Xj, Yei, Zei) and
(xri, ¥ri» 2ri), respectively. The localization error is defined as
the distance between the real and estimated locations of the
unknown node.

eui = /et = 30 + Ot =y + Gt — 2P (18)

The position estimation of a particular unknown node can
be formulated as an optimization problem. This optimization
problem can be solved by minimizing the objective function.
For a noisy measure distance (c’l?j) between an unknown node
N; and anchor node A}, the objective function of the localiza-
tion error can be expressed as

K

1 ~
f (e yeis i) = = 3 (d = i) (19)

k=1
where K is the number of neighboring nodes and dj; can be
expressed as

dij = \/ (Xei — Xaj)* + Vei — Yaj)? + (Zei — 249)*.  (20)

The multihop algorithm is economical and does not require
distance measurement devices. As displayed in Fig. 4, N; is
the target node, whose coordinates are (x;, y, ). Ax;» Aky>
and Ay, are three anchor nodes that are the neighbors of

18655



IEEE Access

M. Y. Arafat, S. Moh: Bio-Inspired Approaches for Energy-Efficient Localization and Clustering in UAV Networks

Ak, = (X3, Y3 Z13)

Akl = (xklvyklrzkl)

hyne ia,

1

ey
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2
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Ak, = (X0 Vior Zk2

FIGURE 4. Feasible region with hop count in UAV localization.

N;. The coordinates of Ag,,Ak,, and A, are (Xg1, Yr1, 2k1),
(Xk2, Yk2, 7k2), and (xx3, Y&3, 2k3), respectively. The maximum
hop counts for the three anchor nodes are hy s, ho n:, and
h3 n: respectively. The feasible region for N; is shown in the
inner cube of Fig. 4.

The feasible region is constructed with a radius of R x h; n,
where h; n; is the hop count from a particular anchor node
i = ., 3). The feasible region can be bounded by
bounding cubes, which are defined as follows:

Hmax = Ma ,' 1 {xi - J
= min_ {x; +Rxh,,w}, (21)

ymax:m i=1 {)’z }
i Nt ) (22)

and

Imax = MAX;_y { '_RxhiNt} = 2t = Zmax
= min 1{Zz+RXtht} (23)

Localization is an iterative procedure. An unknown node
has three anchor nodes that are first localized. The local-
ized unknown node helps anchors to localize other unknown
nodes. This process is repeated until all unknown nodes are
localized. The initial search space of the network is fixed
using Algorithm 1.

The anchor node broadcasts its locations. Then, the bound-
ing cube method is applied to improve sampling efficiency
by reducing the initial search space. An improved sam-
pling efficiency significantly reduces computational cost,
and fast convergence is achieved by using the boundary
cube technique due to the reduced initial search space.
In Algorithm 1, the unknown node has three anchor nodes
that have intersections between each other and are localized
by lines 3 to 8. The feasible regions are obtained by using the
bounding cube method. In the case of pseudo-intersections
(no intersections between the anchors), the search space
is defined by lines 9 to 12. Finally, the bounding cube
with hop count is used to reduce distance-estimation errors.
In Step 4, we used hop counting for localizing the remaining
unknown nodes. If the unknown node has three neighbor
nodes, the search space of the target node is defined in
lines 16-21.
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Algorithm 1 Find the Search Space of a Network

Input: Unknown node N,, anchor node N,, transmission
range R, deployed region D,, and node maximum velocity

Vmax

Output: Search space

Procedure

1: Step 1: Initialize N;, N, R, and V4.

2: Step 2: Anchor node broadcasts its location information.
3: Step 3: Measure the distance between neighbor nodes using
(19).

4: for all unknown UAV nodes N,, do

5:  if an unknown node has K > 3 neighbor anchors, then

6: if anchors have an intersection between each other,
then

7 Obtain the search space using (8)

8: Call localization Algorithm 2

9: else no intersections (pseudo-intersection) between
anchor nodes

10: Obtain the search space using (16)—(17)

11: Call localization Algorithm 2

12: end if

13:  endif

14: end for

15: Step 4: If an unknown node is not localized, then

16: if an unknown node has K > 3 neighbor
anchors, then

17: Obtain the search space of each target node
according to (21)—(23)

18: Call localization Algorithm 2

19: end if

20: end if

21: Until no unknown nodes can be localized
22: end procedure

F. BIO-INSPIRED LOCALIZATION ESTIMATION

The GWO model is a novel bio-inspired optimization algo-
rithm. The proposed localization is based on GWO. The
main inspiration of the GWO algorithm is derived from the
strict social hierarchy and social collaborative behavior of
gray wolves during hunting. The population of gray wolves
divided into subgroups during hunting is referred to as grades.
In GWO, every gray wolf (alpha («), beta (8), delta (§), and
omega (w)) represents a role in the optimization process.

To mathematically model the social grade of wolves,
we considered the fittest solutions when designing the GWO.
The best solution is considered as an « wolf, and this is the
outcome of the optimization process. Consequently, the sec-
ond, third, and fourth fittest solutions are referred to as 8,
8, and w, respectively. The hunting behavior of gray wolves
involves three steps: finding, encircling, and attacking the
prey. As this predatory approach is very effective, the mathe-
matical model of the GWO is developed as follows:

The population of W wolves is denoted as U =
[Ug,..., Uy, ..., Uw]. The position of the wth wolf in
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dimensional solution s;;ace d can be represented as U,, =

[UL,...., U9, ..., UR] . The predatory process of the gray
wolf behavior can be defined as

UL (r+ 1) =U8 (1) — A . @

ch Ul (1) — UL (1)

where t is the current iteration, U;f is the position of the
prey in dimension d, and Afv ‘Cg . U[d, () — [va (t)‘ is the
size of the encirclement. A? and C¢ are coefficient vectors
represented by

Al =2¢.r—e (25)
and
Cl =21, (26)

where r; and r, are random numbers between [0, 1], and
variables e (decreasing linearly from 2 to 0) are the functions
of the iteration steps:

t
e=2——, 27)

where 1,4, is the maximum iteration. From (24)—(27),
the exploitation and exploration can be concurrently con-
firmed, which are known as local search and global search,
respectively.

In the prediction phase, gray wolves usually kI}OW the posi-

tion of the prey U, = [UIE R Ug, A Ug] . However,

the desired position is unknown to us throughout the opti-
mization process. Generally, Uy, Ug, and Us are near the
potential position of the prey («, 8, and §). For every iteration,
assume that the desired position can be updated based on
these positions:

Ul 4+ 1) =Us 1) — AL, |Ch, - UL () - UL )],
(28)

Ulp(+ 1) = Uf (0 — AL 4 |Gl 5 - U (0 — UL ()]
(29)

s+ 1) =0 0 —adsfcd, v o - vl
(30

1
d _ ! d

e @t+1) = p Zkea,ﬂ,SUW'k(t +1), 31)

where k represents the three wolves «, 8, and §, and k = 3.
The conventional GWO searching technique is based on
group communication and social learning. However, in con-
ventional GWO, the individual experiences of wolves are
ignored, and only the global best position is considered.
To explore the best position, the personal best historical
positions are considered. In our proposed HGWO, a wolf
individual memory is added. The PSO algorithm is as follows:

k

1
d
T3 E Zkea’ﬂ’a(Uw,best

1
U e+1)=n-— Zkea’ﬁ’a Ul t+ 1) +m

—U¢ (1), (32)

VOLUME 9, 2021

where 11 and 1, denote the social and individual learning
factors of gray wolves, respectively, r3 is arandom value with
range [0, 1], and va’ pese TEPTESENLS the personal historical best
solution of the wth wolf. In (32), the update of the position of
the wolf is inspired by the PSO algorithm.

In this step, the “greedy choice” approach of DE is applied
to the selection operation. After the mutation operation,
the crossover operation is performed by the individual wolf
U4 (¢ + 1), and the completely new position U‘fv’new t+1
can be expressed as

Uy @) f (Ul e @€+ 1) > F WUy ()
and ry < F,

Us e (1 + 1),
othewise,

U @+1)=

(33)

where U, (f) is the position of the Ilast iteration,
va’ new (t + 1) represents the new position, and r4 is arandom
value with range [0, 1]. In the DE algorithm, the principle of
existence of the fittest value is implemented with a probability
of F, . Equation (33) expresses that if the new position of the
wolf based on (32) is worse than that of the last generation,
it will be abandoned. The results converge to the optimal solu-
tion when the greedy method is used. In addition, the position
of the wolf is refined, thereby reducing the possibility of FA in
the position estimation. The step-by-step process of HGWO
is presented in Algorithm 2.

According to Algorithm 2, the HGWO algorithm initial-
izes the related parameters in lines 1-3. In HGWO, the first
position of the UAV node is measured based on the Euclidian
distance in lines 4—7. After that, grey wolf fitness value is uti-
lized to determine the next UAV position in lines 8-22. Next,
the algorithm reiterates the proposed hunting operations of
the gray wolf in lines 8-22 until the maximum iteration is
reached or the other ending criterion is fulfilled. The pro-
posed algorithm searches for the positions of Uy, Ug, and Us.
In HGWO, we applied PSO to the individual memories of
each search agent. In the second phase, we utilized PSO to
calculate each wolf fitness value and compared it with the
previous fitness value in line 15. The experience of each
search agent was used to determine the optimal position.
Finally, we applied DE algorithm to check the optimality of
the previous position in line 16. The DE algorithm redefines
the position and eliminates the FA error.

V. ENERGY-EFFICIENT BIO-INSPIRED CLUSTERING
Clustering is essential in UAV networks to efficiently man-
age the network topology. In this section, we mathemati-
cally model the proposed clustering scheme. Furthermore,
we analyze and describe the proposed clustering scheme, CH
election, and data transmission phase.

A. SYSTEM MODEL
In the clustering scheme, multiple UAV groups are formed
and deployed to the wild area [58]. Assume that a number
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Algorithm 2 UAV Localization Based on HGWO

Input: Population size V¥V, maximum number of iterations
(tmax), dimension (d), and coefficientsrq, ro, r3, and r4.
Output: Optimal position of the unknown node

/* Initialization*/

1: Initialize the gray wolf pack U = [Uy, ..., Uy, ..., Uy].
2: Initialize the GWO parameters (e, A9, C4).

3: Initialize the fitness value (Uy, Ug, Us).

/* Computation*//*

4: while (¢ < t,,4,) do

5: for each wolf w = I: W do

6: Update the current search agent position using
(19)

7: end for

*HGWO loop*/

8: for each wolf w = I: W do

9: Evaluate the fitness value and update

(Uq, Ug, Us)

10: Obtain the variable ¢ based on (27).

11: end for

12: for each wolf w = 1: W do

13: Calculate Aﬁ and Cv‘vl based on (25)-26)

14: Update the position of wolf w by (28)—(31)

15: Redefine the position of wolf w by (32)

16: Evaluate whether the new position of wolf w is
acceptable by (33)

17: end for

18w=w+1

19:t =t+1

21: end while
22: Terminate the process and output the optimal position by
U

of UAVs Uy are deployed in the area. The set of clusters Cy
is defined as {Csl, R C‘ﬁ"’}, where M is the number of clus-
ters. The set of UAVs is defined as N = {U;, Us..., Ui}
The network graph is presented as G(V, £), where V is the
set of vertices of Uy UAVs, and £ represents the set of
edges. Assume that two UAV's (U; andUj) are neighbors when
(U;, U; € &) are contingent on a minimum threshold value of
the signal-to-noise ratio (SNR) between U; andU; [59]. The
3D coordinates of U; at time ¢ are defined as (x;**”, y¥@¥, h/®").
The distance between two UAVs (U; andUj) is defined as
follows:

dV{U; (1), U (1)}
— \/(xiuav _ xjua\))2 + (y?av _ yjt'm\/)z + (hlyav _ hjl:ta\/)z.
(34

B. CHANNEL MODEL

In this subsection, the channel model for the UAV is pre-
sented. First, we present the U2U channel model. When U;
transmits the signals toUj, the received power at U; from U;
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can be expressed as in [60]:
Pii/i,j = Pi»jpf,jdi,_jy’ (35)

where P;; is the transmitted power from U; to Uj, p§ j is
the power gain of the small-scale fading channel, d; ; is the
distance between U; from U}, and y represents the mean path
loss exponent. The SNR value from U; to Uj is expressed as

g 1=y
Pijp;d;

N (36)

SNRy,; =
where Ng is the additive white Gaussian noise. The U2U
channels are generally controlled by a line-of-sight (LoS)
link. For this reason, the path loss between U; to U; can be
considered as a free space propagation, which is presented as
follows:

L, = 20logd; ; + 20logfy + 20log(47/.),  (37)
where fj is the carrier frequency of the U2U channel, and c is
the speed of light.

Second, we present the U2BS channel model. For the
U2BS channel mode, we consider that communication links
are either LoS or non-line-of-sight (NLoS), based on some
probability. The probability parameters are the UAV’s altitude
and elevation angle between the UAV and the BS. Assuming
that U; has an altitude #; and BS has a distance ry, ps from
the estimated position of the UAV, the probability of LoS is
given by

LoS
PU?,Bs(rU,-,BS)

1
= , (33)
[r? o—d?.
14+ - exp(—qbl;&arctan% — )

where dy, gs is the distance between U; and BS, and 1 and
¢ are the environment-dependent parameters. The path loss
between U; and BS can be written as

Ly, 8s (ru;.Bs du;.ss)

drfru, s\ °
= (7 {QLOSP%](::SBS (ru,.Bs)
+ onLos(1 = pigs (ruiss )Y (39)

where f is the carrier frequency, c is the speed of light, ¢ is
the path loss exponent, and 7,5 and onr,s are the additional
losses due to the LoS and NLoS links, respectively.

C. ENERGY CONSUMPTION OF CLUSTER HEADS

The node energy consumption is based on signal transmission
and reception. The energy model used in this study is the
same as that in [3]. The free-space multipath fading channel
model, which is based on the distance between the transmitter
and receiver is used. If the distance is d (Euclidean distance
between the transmitter and receiver), and the distance thresh-
old is dy, for transmitting /-bit data, the energy consumption
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is designated as

(Eetec + 1 - &f d2) x 1, d < dy

40
(Eelec+l'8fs'd4) x 1, d=>dp, “0)

Erc(l,d) = {

where E,j. denotes the parameters of electronic energy con-
sumption depending on the energy dissipated per bit to run the
transmitter or the receiver. f;-d* and &f; -d* are the amplifier
energies under the two communication modes depending on
the distance between the transmitter and receiver, respec-
tively. The energy consumption for receiving /-bit messages
can be calculated as

ERy (l) =

The energy consumption of UAVs is based on their flights
and communications with other UAVs and the BS. The energy
consumed during flight depends on the flying and motion, and
it can be represented as

3
Epy = —2(mm;g) , 42)
\ 27plinyp

where my,, is the mass of UAVs, g and p are the earth gravity
and air density, respectively, while p} and r, are the number
of propellers and radii, respectively.

Assume that the average energy consumed per cluster is Ec
for an average number of cluster C, and the average number
of nodes per cluster is %, where N is the total number of
nodes. The average energy for one round is

Ei, =8 x C X Eg, (43)

Eglec x 1. (41)

where ¢f represents the quality of the communication chan-
nel. The average energy consumption per cluster is expressed
as

N
EC = ECH + FC? <E — 1) ECMﬁv + (1 — F)C‘E

N
X E —1 ECMmp

N N
~ Ecy + FC‘E <E) ECMfJ + - F)C§ (E) ECM,,,,,,
(44)
where Ecp represents the energy dissipated by the CH, Eca,
and Ecpy,,, are the energy dissipated by the CM nodes in the
free space and multipath amplification models, respectively,
and I" and (1 — I'') are the fractions of the member node that

transmit using the free space model and the multipath model,
respectively. Ecy is given as

Ecy = Erx (l) + Eaggflot + ETxfamp(L d)
N N
= C§ (E) Eeicc + C‘f <E> Eagg + lgmpngv (45)

where dpg is the average distance from the CH to the BS.
Ecmy, and Ecp,,,, can be defined as

ECMf.s = Erx (I, d) = Erx—ciec (1) + ETx—amp (I, d)
= Eetec + 1 - ¢f; - diy, (46)
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= Erx (l, d) = ETx—clec (l) + ETXfump (l: d)
= Eeiec +1 - ¢f; - diyy,, (47)
where dcpy, and dch,,, are the average distances from the CM

to their corresponding CH in the free space and multipath
models, respectively. For the case of d > dy from (40),

substituting (45), (46), and (47), we obtain
N N 4
EC = Cf E l- Eelec + Cf E lEagg + lSmdeS

N N
+ FC‘E (E) [ Egjec + FC§ <E) L-efs- déHfé

N N
e (XY E, _mes (X
+(1 F)cr<c)l Eelec + (1 F)Cr<c>l

cgfy - dy . (48)

mp

E CM, mp

Substituting (43) into (48), we obtain

Ey = Cg N - 1Q2Eciec + Eqge +
Cr

——empdgs
T) émp - dey,,)- (49)

D. OPTIMAL NUMBER OF CLUSTERS

In general, the total energy consumption is determined by
the number of clusters in the network. An optimal number
of clusters can reduce the energy consumption and balance
the network. We determined the optimal number of clusters
via mathematical modeling. According to the basic geometric
relationship, the volumes of the 3D cubic network region can
be represented as

Ve=MxMxM = M>, (50)

where M is the length of the cube. The average cluster region
C in the network can be expressed as
M3

Ve= . (51)

The 3D cluster region with node distribution can be repre-
sented as fxyg (x, y, h). Let the CH position be the center of
mass of the cluster region. The free space estimated value of
the node distances to the CH can be calculated as

dCHf /// x? -I-y + hz)fxm (x,y, h) dxdydh
= /ff r fRQQj (r, 6, 9) r? sin (¥) drd6d
= / / / r*frog (r, 0) sin (9) drd0d . (52)
By assuming that the region of the cluster is spherical, and
freg (r, 8, ) is the constant of the cluster region, the radius

of the sphere and node density are expressed as (53) and (54),
respectively.

M3 4 f 3
1 C
Jrop (r,0,0) = 7 = m (54
c
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Equation (52) can be rewritten as

2 =
E[dgHﬁ] - / / / ek r —sm (%) drd0dy
2M2
_ 55
10(Jﬁ) 43

Substituting (55) in (49), we obtain the optimal number of
clusters for the network:

8Elr
=0. 56
- (56)
1
4\5 efy M>
Copt = | = I'eCN) — 57
w=(5m) ram 2506 on

The probability of selecting the optimal number of CHs can
be calculated as

1
Copt _( 4 >/5( 1 >/5 ef, M? )3,5
TN~ \3n? TN ) emp dig

(58)

CH opt —

E. CLUSTERING ALGORITHM

In this subsection, the clustering in UAV networks is pre-
sented. The proposed clustering is based on the HGWO
algorithm. In HGWO clustering, the aim is to partition N
nodes into predetermined or optimal C,p clusters. During
clustering, the proximate nodes are assigned to the cluster
with the nearest mean using Euclidean distance. This ensures
a low transmission range to reduce energy consumption.
However, it is difficult to determine the location in high-
mobility scenarios. To address this issue, the node distance
is measured using the proposed HGWO algorithm. First,
we group the UAV nodes based on their geographical loca-
tions by minimizing the sum of the squared errors as in (59).

X;,Ch = arg min ||[Ui (Cch ||2, (59)

where X; ¢, is the uniqueness of the wolf-to-cluster associa-
tion, Ch is the set of wolves that are associated with the clus-
ter Cy,, and [Ud ; 8 the position of wolf U; in dimensiond. If the
new position (refer to (32)) of the gray wolf is beyond the
search bounds, (60) moves the wolves toward the exceeded
bound. It is more precisely represented as

U, () + € x U =T, (o),
ifIUfV,i(t+l) > U?
(z) Ul +ex L =TL ;).
lf (z+ 1) <L

d
Ut +1) =

(60)

where U? and L¢ are the upper and lower boundaries of the
search area, respectively, and ¢ is a random number in [0, 1].
In the HGWO clustering, the position of the alpha wolf is the
centroid of the cluster. The HGWO-based clustering scheme
is described in Algorithm 3.

Algorithm 3 first initializes the parameters (lines 1-3).
It assigns each node or wolf to a certain group based on the
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Algorithm 3 UAV Clustering Based on HGWO

Input: Number of clusters C,,, and number of wolf packs U
Output: Final centroid positions of clusters C,, m =
1,2,....M

/* Initialization Phase*/

1: Initialize the position of wolf pack U =
[Ug,..., Uy, ..., Owl.

2: Initialize the GWO parameters (e, Ad C d)

3: Initialize the number of clusters C,,, < .

/* Computation*/

4: repeat

5. Cpu <« C),

6: foreachwolfw=1,2,...,Wdo

7: for each cluster Copy = {C1,C2, ..., Cp, ..., Ci}
do

8: Update the wolf-to-cluster association using (1).
9: end for

10: end for

11: while (r = 1 to t,,,4,) do
12:  foreach wolf w =1to W do

13: for each wolf, d = 1 to D do

14: Update the position of each wolf defined by
(31).

15: Redefine the position of wolf w using (32).

16: Evaluate the new position of wolf w defined by
(60).

17: Update the values of (e, Ad (O dy.

18: Calculate the fitness of each gray wolf.

19: Update UW « va,ﬂ, and Uﬁ/’a

20: end for

21:  end for

22: t=t+1

23: end while
24: Return Uﬁ, o
position*/

25: until (C,, = C,,) /*no change in the cluster centroids*/

/*the position of alpha is the final centroid

geographical locations of the wolves (lines 6-9). Thereafter,
the HGWO algorithm is applied to fix the centroid of the clus-
ter. The proposed algorithm estimates the potential location of
the wolf by using (31) (lines 11-14). The individual position
experience of the wolf is applied using (32) to obtain the opti-
mal location (line 15). Finally, the wolf position is determined
using the search bounds (line 16). After the iteration reaches
the maximum number, the algorithm returns to the position
of alpha, which is the final centroid of the cluster.

F. CLUSTER HEAD SELECTION

This subsection describes the application of HGWO for
selecting CHs in the network. The proposed CH selection
process is presented in Algorithm 4. In the GWO algorithm,
the three best solutions are alpha, beta, and delta (in that
sequence) and they have the best idea of the prey location.
In the first round, the positions of the wolves are updated
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Algorithm 4 CH Selection Based on HGWO

Input: Clusters C,, and number of nodes U

Output: Cluster head CH,;,, where m = 1,2,..., M.

/* Initialization phase*/

1: Initialize the position of the wolf pack U =
[Ur,...,Up, ..., Up].

2: Initialize the GWO parameters (e, A%, C4).

3: Calculate the fitness (F') of each gray wolf.

4: Choose the three best solutions [va’a, U‘fv’ 8 and Uf’;’ 5
/* Computation*/

5: while ( + + < t;4r), do

6: for each search agent, do

7: Update the position of the current search agent.
8: if round = O then

9: Update the position using (28)—(31).

10: else

11: Update the position using (61)—(73). /*apply
cases 1-4%/

12: end if

13:  end for

14:  Update (e, A?, C9).

15:  Calculate the fitness (F) of all search agents.
16:  Update UZ ,, UY, 4, and UY

17: t=t+1

18: end while

19: return CHs

according to (28)—(31). Subsequently, the positions of the
wolves are updated based on the fitness values. The process
of measuring the fitness value is as follows:

For case 1:
Do = |Gl x (Fa = F), 1)
va,ﬂ = ‘C\f\j/,ﬂ X (F;‘} - Fw) s (62)
D5 =|Cls x (Fs = F). (©3)
Therefore,
Ul = Fo— AL, x D}, (64)
Ul g = Fp — AL 5 x DY 4. (65)
Us s = Fs — AL 5 x DY, (66)
1

d _ d

Up e+ =+ ka’ﬁyaww’k, (67)

where D? is the vector that depends on the location of the
prey, and F is the fitness value of the wolf.

For case 2:
U, = |Fy — Fyl, (68)
Ul g = |Fg — Ful. (69)
Ud 5 = |Fs — Ful, (70)
1
d _ d
Upe+ =23 Uk (71)
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For case 3:
Fo—Fw
d 1 Fa=Fo
Ue+h=c" (72)
where k is the iteration and F, is the worst fitness value.
For case 4:
F,—F
U (e +1) = |=2—2|. 73
d@+ 1) ‘ s (73)

For the selection of CHs, several fitness functions are
considered, and our goal is to maximize the fitness function.
In our model fitness, the functions are intra-cluster distance
(ICD), number of neighbors (NoN), and residual power of the
UAVs (RP).

F (i) = coefy x ICD + coefo x NoN + coefs x RP,  (74)

where coef1, coefa, and coefs are 0.2, 0.3, and 0.5, respec-
tively. The coefficients are chosen based on priority. The
average distance between the UAV nodes and the initial CH
is the fitness coefficient ICD, which is defined as

o= 3" v, - cn 75
= 32,y 1Un = CHul). (75)

where |U— CH,,|| is the distance between the UAV node U to
CH,,, and N, is the total number of UAV nodes in the cluster.
The second fitness function NoN is calculated as

M3
NoN=R= [———, (76)
4/3” X Copt

where R is the radius and C,, is the optimal cluster (see (57).
The third fitness function is calculated as follows:

1
RP= —/—«—, 77
3 it ErCHy, "
where ERCH,, is the current residual energy level of CH,,,
and I < m < M. The detailed process of CH selection is
presented in Algorithm 4.

The position of the wolf pack and the GWO parameters are
initialized at the beginning of Algorithm 4 in lines 1-2. The
algorithm measures the fitness of the wolves and chooses the
three-best wolves based on higher fitness value in lines 3—4.
At the initial phase, wolves’ fitness value is calculated based
on equations (28)—(31) in lines 5-9. After that, the algo-
rithm utilizes case 1—4 to measure the wolves’ fitness value
in line 11. The formula for calculating the fitness value
is defined in equation (18) in line 15. The detailed pro-
cedure of the optimization stages in HGWO is provided
in lines 16-19.

G. TRANSMISSION-EFFICIENT ROUTING

In this subsection, we present the transmission-efficient
routing protocol for UAV networks. In this study,
a transmission-efficient routing denotes routing with a min-
imum number of transmissions. A majority of the data
transmission schemes for UAV networks are single-hop or
multihop-based methods. However, the existing schemes are
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disadvantageous because of their considerable delays and
large number of transmissions, which cause the battery of
UAVs to drain quickly. In this article, we propose a GWO-
based CS scheme named CS-GWO for UAV networks. This
scheme significantly reduces the number of data transmis-
sions and balances the traffic load of the entire network. The
CM nodes transmit data to the CH in the same cluster without
using CS-GWO.

The CHs employ CS-GWO routing to transmit data to
the BS or to the nearest CH. In CS-GWO, we constructed
a minimum-cost algorithm that connects all CHs to the BS,
where the cost is represented by the number of hops. The CHs
use this backbone routing path to transmit data to the BS.
The backbone routing path is updated based on node fitness,
as proposed in GWO. In our algorithm, which is inspired by
GWO, we classified all nodes into three categories: alpha,
beta, and delta. The backbone tree is constructed using the
three types of nodes. An example of the proposed routing
scheme is presented in Fig. 5.

o
ADN Data :é;/
: W transmission/
oS
/ s oy
AN
o <
~r B AN
P Easny
/ Coacy
------ # Transmission path Z DEixt A
i=1 BS
FIGURE 5. Example of transmission-efficient routing.
Assume that the original data X = [x1, xp, ..., xn )T have

a K-sparse symbol of matrix &, where ® is a M x N matrix.
In addition, assume that the CH is aware of the projection
vectors of all nodes within the cluster. A measurement coeffi-
cient @;; can be randomly generated to identify noden;. Thus,
it is easy to identify nodes in the network and generate a
measurement matrix for the CHs. Matrix ® can be divided
into several submatrices for each cluster. Assume that ®Ci is
a submatrix of cluster i, CH; is the cluster head, and the data
vector of cluster CH; isx€i. Therefore, the collection data x&i
from CMs with a cluster of submatrices can be defined as
®CixCi As depicted in Fig. 5, the UAV nodes are divided into
four clusters and cluster heads. CH;, CHy, CH3, and CH4 are
connected to the BS through a backbone tree. Vector x can
be decomposed into [xCl ,xC2 xC3, xc4]T, and matrix @ is
defined as [®C1, @2, 3, @C4]. The projections of all data
in the network, which are generated from the clusters, can be
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Algorithm 5 CS-GWO Routing

Input: CS matrix &4y, measurement vector x, joint spar-
sity K, set limiting parameter S;, stopping criterion €2, and
wolfset U = [Uy,...,U,, ..., Uy]

Output: Estimated solution set x’

/* Initialization*/ 1: Initialize support set R, stopping crite-
rion 2, and estimated solution x’ = .

2: Initialize gray wolf population matrix U;xx with random
integers between [1, N].

3: Initialize (Uy, Ug, Us) as vector (1 x K) with all its com-
ponents equal to 0.

4: Initialize Lf}:;l = L;Jj;z = L;jsg = 00.

5: Initialize iteration ¢ = 1 and allow maximum iteration
number #,4x.

/* Computation and reconstruction*/

6: while (f <ty || LT}, > ©) do

best
7 for each wolf w = 1: W do
8: Update the wolves’ positions
9: end for

10:  for each row i of matrix U;wx
12: Create a search set C, where C = RU{Rowiof U« g }

13: I = {indices of the K largest magnitude entries in
DCx
14: L=9

15: Calculate fitness f (L) using (79)
16:  if (LT} > £ (L)) then

best
17: [Uoz =7
18:  elseif (LT} <f (L)) && (LiF), > f (L)) then
19: Lli:v:‘l =f(L)andUg =1

200 elseif (L)) < f(L)&& (LIZ:;}Z <
S (L)) && (Lizly > f (L)) then

21: Ll =f@andUs =1
22: end if

23: SetR=1

24:  end for

25: Update (e, A%, C9).
26: for each search agent, do

27: Update the position of the current search agent by
(31).

28: end for

29: t=t+1

30: end while
31: return x’

defined as
y = dx

xC

=[290%, 6%, 0% X!

’ ’ X 3

xC4

4G

= Zi:l PCixCi, (78)

The CS-GWO routing is presented in Algorithm 3.
A support set Z, which represents ®7 columns, is initialized

VOLUME 9, 2021



M. Y. Arafat, S. Moh: Bio-Inspired Approaches for Energy-Efficient Localization and Clustering in UAV Networks

IEEE Access

at the start of the algorithm. Assume that the search agents
(positions of the wolves) are defined as matrix U;x;, where
i is the number of wolves, and j is the joint sparsity K.
Each matrix has a randomly selected integer [1, N], where
N represents the number of columns in ®. Uy, Ug, and
Us are the three best wolves represented in vector (1 x K)
(lines 1-4). The three best fitness values are initialized in
line 4. Thereafter, the initialized parameters are updated at
all positions. For each row i in matrix U, a search set C is
created, where C = R U {Row#i of U;xx}. Subsequently,
a submatrix @ is created from the CS matrix ® (lines 6-12).
At line 13, a submatrix L is created, where L = &' is the
column of matrix ®. The cost function, which is measured
using the fitness value f (L), is expressed as follows:

J L) =L Px—xl2. (79

The best wolves are found using lines 15-23, where
L;y:;il, LLZ;Z, and LLZFS% are the three best solutions. Finally,
the positions of the wolves are updated based on (30).

H. COMPUTATIONAL COMPLEXITY

The computational or time complexity of proposed HGWO
is represented as O(W * d * tqy), Wwhere W is the size of
the population, d the dimension of the optimization problem
to be solved, and #,,, the maximum number of iterations.
The time complexity of HGWO contains the three phases
of O(population initialization) 4 O(calculation of the fitness
value for entire population) + O(updating the population
position). In the first phase, HGWO have the complexity
of OOW x* d). Second, the time complexity of fitness value
of entire population is OOV % d * t,,,). Finally, updating
the population position contains the two parts of O(position
update during crossover operation) and O(position update
during mutation). Hence, the computational complexity of the
third phase is OOV *d * t,,4x ). Therefore, total computational
complexity of HGWO is OOV xd + W s d * tyqc + W x d %
Imax) = O(tiax + DW * d).

In the BIL algorithm, HGWO algorithm dominates and,
thus, the computational complexity of BIL is the same as that
of HGWO. That is, the computational complexity of BIL is
O((2tyax + DW % d). The BIC and CS-GWO algorithms
have the same time complexity. In the initialization phase,
the algorithm requires O(WV % d) time to calculate the control
parameters. After that, the algorithm requires OOV x d) to
update three best solutions in each iteration. For the max-
imum number of iterations, the total time complexity is
OW *d * tiyayx).

VI. PERFORMANCE EVALUATION

We conducted extensive simulations using MATLAB [61]
to evaluate the performance of the proposed BIL and
BIC under different scenarios. First, we investigated the
performance of BIL and compared it with those of the
DV-Hop, GWO-LPWSN, 3D-GAIDV-Hop, DECHDV-Hop,
and HDPSO algorithms. Then, the performance of BIC was
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TABLE 2. Simulation parameters.

Parameter Value
Simulator MATLAB
Network area 1000 m x 1000 m
Height of UAVs 125-200 m
UAV transmission range (R) 250 m
Sensing range of UAVs 250 m
Desired value of neighboring distance 115m
Speed 10-30 m/s
Carrier frequency U2U 2.4 GHz
UAYV transmission power 0.5W
UAV flying power 300 W
Path loss under LoS 1dB
Path loss under NLoS 20 dB
SINR threshold -7 dB
Environmental parameters (3 and ¢) 1,0.5
MAC protocol 1EEE 802.11n
Maximum number of UAVs 100
Number of ground stations 1
Initial energy of node 5]
Transmitter/Receiver electronics 50 nJ/bit
Transmitter amplifier (free space) 100 pJ/bit
Transmitter amplifier (multipath) 0.010 pJ/bit
Traffic type CBR
CBR rate 2 Mbps
Number of rounds 1000
Traffic load 5 messages/s
Message size 250 kB
Maximum number of iterations Variable

evaluated and compared with those of CBLADSR, MPCA,
EALC, BICSF, and SOCS.

A. SIMULATION ENVIRONMENT

In our simulation, an area of 1000 m x 1000 m was con-
sidered, where the UAVs were uniformly distributed in the
network. The altitude range of the UAVs was approximately
125-200 m. The BS was placed beyond the simulation area.
The minimum and maximum mobility’s of the UAVs ranged
from 10 to 30 m/s. The simulation parameters are summarized
in Table 2.

In the first phase, we evaluated the performance of the
BIL algorithm in terms of the performance metrics for local-
ization such as accuracy of localization, mean localization
error (MLE), and algorithm convergence cost. The methods
for calculating the localization error, MLE, and localization
success ratio were the same as those in [30]. In the second
phase, we compared our proposed BIC algorithm with other
algorithms. The performance metrics used are the number of
clusters, cluster building time, and energy consumption. The
performance metrics were observed by varying the number of
nodes and rounds.

B. SIMULATION RESULTS AND DISCUSSION

ON LOCALIZATION

In this subsection, the performance of the BIL algorithm
is analyzed, and the results of the comparison with other
localization algorithms are discussed. The data are summa-
rized in Table 3, where a few key parameters for localiza-
tion performance, such as the maximum localization error,
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TABLE 3. Comparison results in terms of localization error.

Method Total number Number of ~ Number of Maximum Minimum Mean Localization Time Iterations
of nodes unknown anchor localization localization  localization error  success rate required per required
(unknown + nodes nodes error (m) error (m) (m) (%) node (ms)
anchor)
BIL 150 120 30 1.51 0.15 0.32 98.23 44 28
DV-Hop 150 120 30 9.72 3.25 4.96 55.53 110 88
GWO- 150 120 30 7.35 3.05 3.38 80.74 58 33
LPWSN
GAIDV- 150 120 30 5.87 247 3.12 78.43 89 52
Hop
DECHD 150 120 30 5.11 2.39 2.71 83.22 78 43
V-Hop
HDPSO 150 120 30 391 135 1.65 85.12 61 35
minimum localization error, and MLE, are also presented. S — -
The comparison results show that the proposed BIL has 1 = Jl\_f’* 3 -‘°'°&03°' o
a more efficient performance than the other algorithms. l 7 :,“v"n A S VAR iy
Table 3 also presents the comparison results of the algorithm | ”-{ a i ‘, ;:'1: ;, |
efficiency in terms of the number of iterations required to | ol SR '“:'w.a;‘ i
achieve the goal, time taken to localize each node, and per- 1‘ e = A
centage value of the localization success rate. From Table 3, R % <

it is evident that the proposed BIL can localize a larger num-
ber of nodes within a shorter time. In addition, the proposed
approach achieves higher localization rate compared to other
algorithms by considering the hop count.

The BIL performs better than other algorithms when iden-
tifying the location of the unknown nodes. The bounding cube
method reduces the initial search space, thereby reducing
the localization time as well as the computing time required
for localization. In addition, due to the leadership and hunt-
ing mechanisms, HGWO helps to identify unknown nodes.
Besides, HGWO optimizes the coordinates of the unknown
nodes. To enhance the performance of the local searches
(when the unknown node is near the anchor node) and the
global searches (when the unknown node is far away from
the anchor node), the parameter “‘e” is decreased gradually.

Owing to the mobility of the UAVs, the positions of UAV
nodes, network topology, and frequency change constantly.
Fig. 6(a) depicts the positions of the UAV nodes at time
t + 1, where the black asterisks (%) indicate the anchor
nodes, and the red circles (o) represent the unknown nodes.
Fig. 6(b) illustrates the node connectivity between anchors
and unknown nodes at time 74 1. The localization error at time
t 4 1 is presented in Fig. 6(c), where the straight blue lines
denote the localization errors at a distance from the actual
position to the estimated position.

To reduce the localization error, we applied the bounding
cube method to increase the sampling efficiency. A higher
sampling efficiency reduces the node localization error, size
of the searching region, and number of iterations. Thus,
the proposed BIL consumes less energy. In our proposed
algorithm, we applied sample filtering to significantly reduce
FA. During the distance estimation, as shown in Fig. 6(c),
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FIGURE 6. (a) Node position at time £ + 7, (b) node connectivity at time
t + 1, and (c) node localization error at time t + 7, when using the BIL
algorithm.

" —-%-BIL
——DV-Hop
GWO-LPWSN
—k— GAIDV-Hop
—+—DECHDV-Hop
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Mean localization error (m)

Number of unknown UAV nodes

FIGURE 7. MLE vs. number of unknown UAV nodes.

the BIL algorithm has fewer localization errors and locates
the nodes at higher accuracy than the other methods.

1) MLE VS. NUMBER OF UNKNOWN UAV NODES
As depicted in Fig. 7, an increase in the number of nodes
reduces the localization error. Furthermore, it increases the
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Mean localization error (m)
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FIGURE 8. MLE vs. number of anchor nodes.

number of reference points, thereby facilitating the localiza-
tion of additional nodes with fewer errors. Moreover, after
an unknown node is localized, it can be used to localize the
remaining unknown nodes. It can be observed from Fig. 7 that
BIL has the lowest MLE among all algorithms.

2) MLE VS. NUMBER OF ANCHOR UAV NODES

As depicted in Fig. 8, as the number of anchor nodes
increases, the MLE decreases. As the anchor nodes increase,
the reference points of the unknown nodes also increase,
and the distance between the anchor and unknown nodes
is reduced. The bounding cube scheme increases the highly
valid samples and, thus, the localization accuracy is increased
in the BIL algorithm. Thus, the MLE is reduced for all
algorithms; however, among the six algorithms, the MLE of
BIL is the lowest for all cases.

150

--#-—BIL
——&— DV-Hop

5 140 - A~ GWO-LPWSN
£ —%— GAIDV-Hop

| —+— DECHDV-Hop
HDPSO

T

20 40 60 80 100 120 140
Number of nodes

FIGURE 9. Localization energy consumption vs. number of UAV nodes.

3) LOCALIZATION ENERGY CONSUMPTION VS.

NUMBER OF NODES

Fig. 9 shows that the proposed BIL consumes less energy
for node localization compared to other algorithms. This is
because BIL requires fewer anchor nodes to localize a large
number of unknown nodes. The anchor nodes transmit their
position information to unknown nodes only when they are
within the sensing range. In other algorithms, the anchor
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nodes transmit position information whenever they are within
the communication range. For BIL, communication cost is
calculated by the number of transmitted control packets to
localize the entire network. Each anchor node broadcast
its location. In BIL, however, node location upgrade, loca-
tion optimization, and hop count calculation are processed
at target nodes. Therefore, energy consumption is signifi-
cantly reduced for localization in BIL. In addition, because
the HGWO algorithm quickly converges, the BIL algorithm
requires less energy than the other algorithms.

C. SIMULATION RESULTS AND DISCUSSION

ON CLUSTERING

The performance of BIC was evaluated and compared with
those of other BIC protocols, namely, CBLADSR, MPCA,
EALC, BICSF, and SOCS. The results of the comparison are
presented in this subsection.

1) NUMBER OF CLUSTERS VS. TOTAL NUMBER OF

UAV NODES

In the clustering method, network energy consumption is
depends on the number of clusters in the network. The opti-
mal number of clusters may reduce the energy consumption
in the network. Therefore, it is essential to determine the
optimal number of clusters in a network. Fig. 10 presents the
relationship between the number of clusters and the number
of nodes.

35

—e—BIC
—&— CBLADSR
MPCA
EALC
| —— BICSF
—+—80CS

20 40 60 80 100 120 140
Number of nodes

N [
3 S

N
S

Number of clusters

FIGURE 10. Number of clusters vs. number of UAV nodes.

The optimal number of clusters is the main factor that
reduces energy consumption. In this study, we analytically
modeled the optimal number of clusters, which ensures min-
imal energy consumption in the network. If the cluster size is
significantly large, the number of intra-cluster transmissions
will be large. However, if the cluster size is significantly
small, the number of clusters will be large. Hence, if the
number of clusters is not optimal, a few nodes may not join
the cluster. This may increase the number of clusters due
to the single-node cluster problem. For optimal clustering,
it is necessary that a node should only be in one cluster. Our
proposed clustering scheme prevents single-node clusters and
optimizes the network topology. Therefore, the BIC performs
better than the other clustering algorithms.
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FIGURE 11. Cluster building time vs. number of UAV nodes.

2) CLUSTER BUILDING TIME VS. TOTAL NUMBER

OF UAV NODES

In the clustering process, every node broadcasts its position
and energy level at the beginning of each round, and each CH
node broadcasts message to introduce itself in the network.
In BIC, therefore, the number of transmitted control packets
depends on the selection of CH and the distance between
nodes and BS. The cluster building time, which refers to the
time taken by the clustering algorithm for cluster formation
and CH selection, contributes to the computational complex-
ity of the clustering algorithm. A long cluster building time
consumes additional energy, thereby reducing the network
lifetime. Due to the energy limitation of UAVs, it is necessary
to build up a cluster within a short period of time. As shown
in Fig. 11, as the number of nodes in the network increases,
the time taken by the clustering algorithm to build the cluster
increases. In HGWO, we utilized PSO algorithm to avoid
the wolf pack being trapped in local optima. As a result,
more suitable CH and relay nodes are selected, which make
BIC more energy efficient. Therefore, our proposed scheme
performs better than the other algorithms due to its shorter
cluster building time, which reduces the route selection delay.
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FIGURE 12. Number of living nodes vs. rounds.

3) NUMBER OF LIVING NODES VS. ROUNDS

Fig. 12 shows the variation curve of the living rate of nodes
and the network life cycle. After each cycle, a few UAVs
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die because of the drainage of their battery power. From
Fig. 12, we can observe that the number of living nodes of
BIL is maintained longer and is more stable than those of
other algorithms. Furthermore, the proposed BIL consumes
the least amount of energy among the six algorithms.

4) TOTAL ENERGY CONSUMPTION VS. ROUNDS

Fig. 13 depicts the variation curve of energy consumption
and rounds. Compared to the other algorithms, the slopes
of the BIC curve are smaller, which indicate that the dying
process of the nodes is comparatively milder. However, as the
number of rounds increases, the energy consumption of BIC
decreases because of the optimal clustering and selection of
the optimal number of CHs.
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FIGURE 13. Total energy consumption vs. rounds.

D. SIMULATION RESULTS AND DISCUSSION ON ROUTING
In this subsection, we report the performance of the proposed
CS-GWO routing. The UAV nodes were organized into clus-
ters, and each cluster has a CH, which is indicated by the solid
squares in Fig. 14. The blue links indicate the shortest routing
path (backbone tree) for inter-cluster transmission links from
CHs to the BS.

In most of the existing cluster-based routing algorithms,
each cluster head (CH) node transmits data to the base station
(BS) or to the nearest CH. In dynamic UAV networks, links
between CHs may be long and thus need more power to
transmit the data. Also, maintaining links between CHs is a
difficult task due to high mobility. Our proposed CS-GWO
utilizes relay nodes to transmit data to other CHs and the
BS, which reduces the load from CH and prolongs the CH
lifetime. Besides, in the existing clustering methods, the CH
node near to the BS dies early due to the shortest path routing,
which makes routing hole problem. In our approach, we uti-
lize CM nodes as relays, which transfer the data to the BS and
achieve energy balancing between the UAV nodes.

1) NUMBER OF TRANSMISSIONS VS. NUMBER
OF UAV NODES

Fig. 15 compares our scheme of clustering without CS
and the shortest path tree (SPT) in terms of the number
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FIGURE 14. CS-GWO data transmission method.
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FIGURE 15. Number of transmissions vs. number of UAV nodes.

of transmissions. The number of transmissions in our scheme
is significantly lower than those in other methods. In the
proposed method, data were compressed using the CS tech-
nique at the CHs, thereby reducing the number of transmis-
sions. The transmission of inter-cluster data proceeds through
the backbone routing tree. The transmissions in our scheme
are significantly lower than those in clustering without CS.
In addition, the number of transmissions in our method is
evidently smaller than that in SPT. This is because our scheme
is based on the cluster structure, in which nodes transmit their
data to the CH and the CH is located around the center of the
cluster. Contrarily, in PST, the UAV nodes transmit their data
to the nodes near the BS.

VII. CONCLUSION

In this article, we have proposed the BIL and BIC algorithms
in UAV networks for wildfire detection and monitoring appli-
cations in remote areas. In BIL, the initial search space is
limited by using the bounding cube method, thereby increas-
ing the sampling efficiency and reducing the computational
cost. The developed HGWO algorithm is incorporated to
determine the actual location of unknown nodes. The sim-
ulation results show that BIL is superior in terms of various
performance metrics under different scenarios compared to
the conventional schemes. The proposed BIC is inspired by
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the gray wolf leadership hierarchy and focuses on improving
energy efficiency. It reduces energy consumption by consid-
ering various issues such as the number of clusters, cluster
size, cluster stability, and number of transmissions. We have
also developed an analytical model for determining the opti-
mal number of clusters. The HGWO algorithm optimizes the
formation of UAV clusters and the selection of CH. The sim-
ulation results show that BIC achieves a significant perfor-
mance improvement in terms of cluster building time, number
of clusters, cluster lifetime, and energy consumption. Finally,
we have proposed the CS-GWO routing, which reduces the
number of transmissions in UAV networks.

Our study has a limitation because the proposed approach
is based on multi-hop communication, where nodes are in
remote area and the BS is out of node transmission range.
In our approach, we have proposed CS links in multi-
hop communication to reduce the UAV nodes’ transmis-
sion power. Due to multi-hop communication, the proposed
approach may increase the number of hops to transmit the
data from CM to BS.

The use of multiple antennas can be adopted to improve the
performance of UAV networks even though there are some
burden on cost and complexity. We are going to consider the
use of multiple antennas as a future work.

ACKNOWLEDGMENT

The authors thank the editor and anonymous referees for
their constructive comments for improving the quality of this
article.

REFERENCES

[1] M. Y. Arafat and S. Moh, “Location-aided delay tolerant routing proto-
col in UAV networks for post-disaster operation,” IEEE Access, vol. 6,
pp. 59891-59906, 2018, doi: 10.1109/access.2018.2875739.

[2] M.Y. Arafat and S. Moh, “Routing protocols for unmanned aerial vehicle
networks: A survey,” IEEE Access, vol. 7, pp. 99694-99720, 2019, doi: 10.
1109/ACCESS.2019.2930813.

[3] D. S. Thomas, D. T. Butry, S. W. Gilbert, D. H. Webb, and J. F. Fung,
“The costs and losses of wildfires,” Nat. Institute Standard Technol.
(NIST), Gaithersburg, MD, USA, Tech. Rep. 1215, 2017.

[4] K. Hoover and L. A. Hanson. (2019). Wildfire Statistics 2019 | Centre
for Research on the Epidemiology of Disasters. Federal Assistance for
Wildfire Response and Recovery. Accessed: May 26, 2019. [Online].
Available: https:/fas.org/sgp/crs/misc/IF10244.pdf

[S] N. H. Motlagh, T. Taleb, and O. Arouk, “Low-altitude unmanned aerial
vehicles-based Internet of Things services: Comprehensive survey and
future perspectives,” IEEE Internet Things J., vol. 3, no. 6, pp. 899-922,
Dec. 2016, doi: 10.1109/ji0t.2016.2612119.

[6] M. Y. Arafat, S. Poudel, and S. Moh, “Medium access control protocols
for flying ad hoc networks: A review,” IEEE Sensors J., vol. 21, no. 4,
pp. 4097-4121, Feb. 2021, doi: 10.1109/jsen.2020.3034600.

[7] Z. Lin, H. H. T. Liu, and M. Wotton, “Kalman filter-based large-scale
wildfire monitoring with a system of UAVs,” IEEE Trans. Ind. Electron.,
vol. 66, no. 1, pp. 606-615, Jan. 2019, doi: 10.1109/tie.2018.2823658.

[8] Q. Guo, Y. Zhang, J. Lloret, B. Kantarci, and W. K. G. Seah, “A local-
ization method avoiding flip ambiguities for micro-UAVs with bounded
distance measurement errors,” IEEE Trans. Mobile Comput., vol. 18, no. 8,
pp. 1718-1730, Aug. 2019, doi: 10.1109/tmc.2018.2865462.

[9] FE. Khelifi, A. Bradai, K. Singh, and M. Atri, “Localization and energy-
efficient data routing for unmanned aerial vehicles: Fuzzy-logic-based
approach,” IEEE Commun. Mag., vol. 56, no. 4, pp. 129-133, Apr. 2018,
doi: 10.1109/mcom.2018.1700453.

18667


http://dx.doi.org/10.1109/access.2018.2875739
http://dx.doi.org/10.1109/ACCESS.2019.2930813
http://dx.doi.org/10.1109/ACCESS.2019.2930813
http://dx.doi.org/10.1109/jiot.2016.2612119
http://dx.doi.org/10.1109/jsen.2020.3034600
http://dx.doi.org/10.1109/tie.2018.2823658
http://dx.doi.org/10.1109/tmc.2018.2865462
http://dx.doi.org/10.1109/mcom.2018.1700453

IEEE Access

M. Y. Arafat, S. Moh: Bio-Inspired Approaches for Energy-Efficient Localization and Clustering in UAV Networks

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

A. Boukerche and E. Nakamura, ““Localization systems for wireless sensor
networks,” IEEE Wireless Commun., vol. 14, no. 6, pp. 6-12, Dec. 2007,
doi: 10.1109/mwc.2007.4407221.

S. Yang, D. Enqing, L. Wei, and P. Xue, “An iterative method of process-
ing node flip ambiguity in wireless sensor networks node localization,”
in Proc. Int. Conf. Inf. Netw. (ICOIN), Jan. 2016, pp. 92-97, doi: 10.
1109/icoin.2016.7427094.

M. Y. Arafat, M. A. Habib, and S. Moh, ‘‘Routing protocols for UAV-aided
wireless sensor networks,” Appl. Sci., vol. 10, no. 12, p. 4077, Jun. 2020,
doi: 10.3390/app10124077.

A. A. Khan, M. Abolhasan, and W. Ni, “An evolutionary game theo-
retic approach for stable and optimized clustering in VANETSs,” IEEE
Trans. Veh. Technol., vol. 67, no. 5, pp. 4501-4513, May 2018, doi: 10.
1109/tvt.2018.2790391.

W. Zhang, G. Han, X. Wang, M. Guizani, K. Fan, and L. Shu, “A node
location algorithm based on node movement prediction in underwater
acoustic sensor networks,” IEEE Trans. Veh. Technol., vol. 69, no. 3,
pp. 3166-3178, Mar. 2020, doi: 10.1109/tvt.2019.2963406.

S. Zhang, Y. Zhou, Z. Li, and W. Pan, “Grey wolf optimizer for
unmanned combat aerial vehicle path planning,” Adv. Eng. Softw.,
vol. 99, pp.121-136, Sep. 2016, doi: 10.1016/j.advengsoft.2016.
05.015.

R. Dewangan, A. Shukla, and W. Godfrey, “Three dimensional path plan-
ning using grey wolf optimizer for UAVs,” Appl. Intell., vol. 49, no. 6,
pp. 2201-2217, 2019, doi: 10.1007/s10489-018-1384-y.

K. Albina and S. G. Lee, “Hybrid stochastic exploration using grey
wolf optimizer and coordinated multi-robot exploration algorithms,”
IEEE Access, vol. 7, pp. 14246-14255, 2019, doi: 10.1109/access.2019.
2894524.

Y. Wang, T. Zhang, Z. Cai, J. Zhao, and K. Wu, “Multi-UAV coor-
dination control by chaotic grey wolf optimization based distributed
MPC with event-triggered strategy,” Chin. J. Aeronaut., vol. 33, no. 11,
pp. 2877-2897, Nov. 2020, doi: 10.1016/j.cja.2020.04.028.

M. Fahad, F. Aadil, K. Muhammad, Zahoor-ur-Rehman, S. Khan,
P. A. Shah, J. Lloret, H. Wang, J. W. Lee, and I. Mehmood, *“Grey wolf
optimization based clustering algorithm for vehicular ad-hoc networks,”
Comput. Elect. Eng., vol. 70, pp. 853-870, Aug. 2018, doi: 10.1016/j.
compeleceng.2018.01.002.

L. Merino, F. Caballero, J. R. Martinez-de-Dios, I. Maza, and A. Ollero,
“An unmanned aircraft system for automatic forest fire monitoring and
measurement,” J. Intell. Robot. Syst., vol. 65, nos. 1-4, pp. 533-548,
Jan. 2012, doi: 10.1007/s10846-011-9560-x.

A. Trotta, L. Montecchiari, M. D. Felice, and L. Bononi, “A GPS-
free flocking model for aerial mesh deployments in disaster-recovery
scenarios,” IEEE Access, vol. 8, pp. 91558-91573, 2020, doi: 10.1109/
access.2020.2994466.

J. S. Russell, M. Ye, B. D. O. Anderson, H. Hmam, and P. Sarunic,
“Cooperative localization of a GPS-denied UAV using direction-of-arrival
measurements,” IEEE Trans. Aerosp. Electron. Syst., vol. 56, no. 3,
pp. 1966-1978, Jun. 2020, doi: 10.1109/taes.2019.2942704.

F. She, Y. Zhang, D. Shi, H. Zhou, X. Ren, and T. Xu, “Enhanced rel-
ative localization based on persistent excitation for multi-UAVs in GPS-
denied environments,” IEEE Access, vol. 8, pp. 148136-148148, 2020,
doi: 10.1109/access.2020.3015593.

A. Eldosouky, A. Ferdowsi, and W. Saad, “Drones in distress: A game-
theoretic countermeasure for protecting UAVs against GPS spoofing,”
IEEE Internet Things J., vol. 7, no. 4, pp.2840-2854, Apr. 2020,
doi: 10.1109/ji0t.2019.2963337.

D. Niculescu, “DV based positioning in ad hoc networks,”
Telecommun. Syst., vol. 22, nos. 1-4, pp.267-280, 2003, doi:
10.1023/a:1023403323460.

R. Rajakumar, J. Amudhavel, P. Dhavachelvan, and T. Vengattaraman,
“GWO-LPWSN: Grey wolf optimization algorithm for node localiza-
tion problem in wireless sensor networks,” J. Comput. Netw. Commun.,
vol. 2017, pp. 1-10, Mar. 2017, doi: 10.1155/2017/7348141.

G. Sharma and A. Kumar, “Improved range-free localization for three-
dimensional wireless sensor networks using genetic algorithm,” Comput.
Electr. Eng., vol. 72, pp. 808—827, Nov. 2018, doi: 10.1016/j.compeleceng.
2017.12.036.

L. Cui, C. Xu, G. Li, Z. Ming, Y. Feng, and N. Lu, “A high accurate
localization algorithm with DV-hop and differential evolution for wire-
less sensor network,” Appl. Soft Comput., vol. 68, pp. 39-52, Jul. 2018,
doi: 10.1016/j.as0¢.2018.03.036.

18668

(29]

(30]

(31]

(32]

(33]

(34]

[35]

(36]

(37]

(38]

(391

[40]

(41]

(42]

[43]

(44]

(45]

(46]

[47]

(48]

P. Raguraman, M. Ramasundaram, and V. Balakrishnan, “Localization
in wireless sensor networks: A dimension based pruning approach in
3D environments,” Appl. Soft Comput., vol. 68, pp. 219-232, Jul. 2018,
doi: 10.1016/j.as0¢.2018.03.039.

M. Y. Arafat and S. Moh, “Localization and clustering based on swarm
intelligence in UAV networks for emergency communications,” IEEE
Internet Things J., vol. 6, no. 5, pp. 8958-8976, Oct. 2019, doi: 10.
1109/ji0t.2019.2925567.

B. Jiang, B. D. O. Anderson, and H. Hmam, “3-D relative localiza-
tion of mobile systems using distance-only measurements via semidef-
inite optimization,” IEEE Trans. Aerosp. Electron. Syst., vol. 56, no. 3,
pp. 1903-1916, Jun. 2020, doi: 10.1109/taes.2019.2935926.

Y. Liu, Y. Wang, J. Wang, and Y. Shen, “Distributed 3D relative
localization of UAVSs,” IEEE Trans. Veh. Technol., vol. 69, no. 10,
pp. 11756-11770, Oct. 2020, doi: 10.1109/tvt.2020.3017162.

K. Guo, X. Li, and L. Xie, “Ultra-wideband and odometry-based cooper-
ative relative localization with application to multi-UAV formation con-
trol,” IEEE Trans. Cybern., vol. 50, no. 6, pp. 2590-2603, Jun. 2020,
doi: 10.1109/tcyb.2019.2905570.

R. Chen, B. Yang, and W. Zhang, “Distributed and collaborative local-
ization for swarming UAVS,” IEEE Internet Things J., early access,
Nov. 10, 2020, doi: 10.1109/ji0t.2020.3037192.

J.-S. Lee and C.-L. Teng, “An enhanced hierarchical clustering approach
for mobile sensor networks using fuzzy inference systems,” IEEE Inter-
net Things J., vol. 4, no. 4, pp. 1095-1103, Aug. 2017, doi: 10.1109/
jiot.2017.2711248.

H. El Alami and A. Najid, “Energy-efficient fuzzy logic cluster head
selection in wireless sensor networks,” in Proc. Int. Conf. Inf. Technol.
Organizations Develop. (IT40D), Fez, Morocco, Mar. 2016, pp. 1-7,
doi: 10.1109/it40d.2016.7479300.

H. El Alami and A. Najid, “ECH: An enhanced clustering hierar-
chy approach to maximize lifetime of wireless sensor networks,” IEEE
Access, vol. 7, pp.107142-107153, 2019, doi: 10.1109/access.2019.
2933052.

C. Lin, G. Han, X. Qi, J. Du, T. Xu, and M. Martinez-Garcia, “‘Energy-
optimal data collection for UAV-aided industrial WSN-based agricul-
tural monitoring system: A clustering compressed sampling approach,”
1IEEE Trans. Ind. Informat., early access, Sep. 30, 2020, doi: 10.1109/
1ii.2020.3027840.

J. Liu, P. Tong, X. Wang, B. Bai, and H. Dai, “UAV-aided data collec-
tion for information freshness in wireless sensor networks,” IEEE Trans.
Wireless Commun., early access, Dec. 8, 2020, doi: 10.1109/twc.2020.
3041750.

M. Y. Arafat and S. Moh, “A survey on cluster-based routing protocols
for unmanned aerial vehicle networks,” IEEE Access, vol. 7, pp. 498-516,
2019, doi: 10.1109/access.2018.2885539.

N. Shi and X. Luo, “A novel cluster-based location-aided routing protocol
for UAV fleet networks,” Int. J. Digit. Content Technol. Appl., vol. 6,
no. 18, pp. 376-383, Oct. 2012, doi: 10.4156/jdcta.vol6.issuel8.45.

C. Zang and S. Zang, “Mobility prediction clustering algorithm for
UAV networking,” in Proc. IEEE GLOBECOM Workshops (GC Wkshps),
Dec. 2011, pp. 1158-1161, doi: 10.1109/glocomw.2011.6162360.

F. Aadil, A. Raza, M. Khan, M. Magsood, I. Mehmood, and S. Rho,
“Energy aware cluster-based routing in flying ad-hoc networks,” Sensors,
vol. 18, no. 5, p. 1413, May 2018, doi: 10.3390/s18051413.

A. Khan, F. Aftab, and Z. Zhang, ‘“‘BICSF: Bio-inspired clustering scheme
for FANETS,” IEEE Access, vol. 7, pp. 31446-31456, 2019, doi: 10.1109/
access.2019.2902940.

A. Khan, F. Aftab, and Z. Zhang, ““Self-organization based clustering
scheme for FANETS using glowworm swarm optimization,” Phys. Com-
mun., vol. 36, Oct. 2019, Art. no. 100769, doi: 10.1016/j.phycom.2019.
100769.

S. Bhandari, X. Wang, and R. Lee, “Mobility and location-aware
stable clustering scheme for UAV networks,” IEEE Access, vol. 8,
pp. 106364-106372, 2020, doi: 10.1109/access.2020.3000222.

Y. Jin, Z. Qian, and W. Yang, “UAV cluster-based video surveillance
system optimization in heterogeneous communication of smart cities,”
IEEE Access, vol. 8, pp. 55654-55664, 2020, doi: 10.1109/access.2020.
2981647.

W. You, C. Dong, X. Cheng, X. Zhu, Q. Wu, and G. Chen, “Joint opti-
mization of area coverage and mobile-edge computing with clustering for
FANETS,” IEEE Internet Things J., vol. 8, no. 2, pp. 695-707, Jan. 2021,
doi: 10.1109/ji0t.2020.3006891.

VOLUME 9, 2021


http://dx.doi.org/10.1109/mwc.2007.4407221
http://dx.doi.org/10.1109/icoin.2016.7427094
http://dx.doi.org/10.1109/icoin.2016.7427094
http://dx.doi.org/10.3390/app10124077
http://dx.doi.org/10.1109/tvt.2018.2790391
http://dx.doi.org/10.1109/tvt.2018.2790391
http://dx.doi.org/10.1109/tvt.2019.2963406
http://dx.doi.org/10.1016/j.advengsoft.2016.05.015
http://dx.doi.org/10.1016/j.advengsoft.2016.05.015
http://dx.doi.org/10.1007/s10489-018-1384-y
http://dx.doi.org/10.1109/access.2019.2894524
http://dx.doi.org/10.1109/access.2019.2894524
http://dx.doi.org/10.1016/j.cja.2020.04.028
http://dx.doi.org/10.1016/j.compeleceng.2018.01.002
http://dx.doi.org/10.1016/j.compeleceng.2018.01.002
http://dx.doi.org/10.1007/s10846-011-9560-x
http://dx.doi.org/10.1109/access.2020.2994466
http://dx.doi.org/10.1109/access.2020.2994466
http://dx.doi.org/10.1109/taes.2019.2942704
http://dx.doi.org/10.1109/access.2020.3015593
http://dx.doi.org/10.1109/jiot.2019.2963337
http://dx.doi.org/10.1023/a:1023403323460
http://dx.doi.org/10.1155/2017/7348141
http://dx.doi.org/10.1016/j.compeleceng.2017.12.036
http://dx.doi.org/10.1016/j.compeleceng.2017.12.036
http://dx.doi.org/10.1016/j.asoc.2018.03.036
http://dx.doi.org/10.1016/j.asoc.2018.03.039
http://dx.doi.org/10.1109/jiot.2019.2925567
http://dx.doi.org/10.1109/jiot.2019.2925567
http://dx.doi.org/10.1109/taes.2019.2935926
http://dx.doi.org/10.1109/tvt.2020.3017162
http://dx.doi.org/10.1109/tcyb.2019.2905570
http://dx.doi.org/10.1109/jiot.2020.3037192
http://dx.doi.org/10.1109/jiot.2017.2711248
http://dx.doi.org/10.1109/jiot.2017.2711248
http://dx.doi.org/10.1109/it4od.2016.7479300
http://dx.doi.org/10.1109/access.2019.2933052
http://dx.doi.org/10.1109/access.2019.2933052
http://dx.doi.org/10.1109/tii.2020.3027840
http://dx.doi.org/10.1109/tii.2020.3027840
http://dx.doi.org/10.1109/twc.2020.3041750
http://dx.doi.org/10.1109/twc.2020.3041750
http://dx.doi.org/10.1109/access.2018.2885539
http://dx.doi.org/10.4156/jdcta.vol6.issue18.45
http://dx.doi.org/10.1109/glocomw.2011.6162360
http://dx.doi.org/10.3390/s18051413
http://dx.doi.org/10.1109/access.2019.2902940
http://dx.doi.org/10.1109/access.2019.2902940
http://dx.doi.org/10.1016/j.phycom.2019.100769
http://dx.doi.org/10.1016/j.phycom.2019.100769
http://dx.doi.org/10.1109/access.2020.3000222
http://dx.doi.org/10.1109/access.2020.2981647
http://dx.doi.org/10.1109/access.2020.2981647
http://dx.doi.org/10.1109/jiot.2020.3006891

. Arafat, S. Moh: Bio-Inspired Approaches for Energy-Efficient Localization and Clustering in UAV Networks

IEEE Access

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

T. Duan, W. Wang, T. Wang, X. Chen, and X. Li, “Dynamic tasks
scheduling model of UAV cluster based on flexible network architecture,”
IEEE Access, vol. 8, pp. 115448-115460, 2020, doi: 10.1109/access.2020.
3002594.

F. Zhou and R. Q. Hu, “Computation efficiency maximization in wireless-
powered mobile edge computing networks,” IEEE Trans. Wireless Com-
mun., vol. 19, no. 5, pp. 3170-3184, May 2020, doi: 10.1109/twc.2020.
2970920.

X. Zhang, Y. Zhong, P. Liu, F. Zhou, and Y. Wang, “Resource allo-
cation for a UAV-enabled mobile-edge computing system: Computation
efficiency maximization,” IEEE Access, vol. 7, pp. 113345-113354,2019,
doi: 10.1109/access.2019.2935217.

J. Zhang, L. Zhou, F. Zhou, B.-C. Seet, H. Zhang, Z. Cai, and J. Wei,
“Computation-efficient offloading and trajectory scheduling for multi-
UAV assisted mobile edge computing,” IEEE Trans. Veh. Technol., vol. 69,
no. 2, pp. 2114-2125, Feb. 2020, doi: 10.1109/tvt.2019.2960103.

Y. Sun, D. Xu, D. W. K. Ng, L. Dai, and R. Schober, “Optimal 3D-
trajectory design and resource allocation for solar-powered UAV commu-
nication systems,” IEEE Trans. Commun., vol. 67, no. 6, pp. 4281-4298,
Jun. 2019, doi: 10.1109/tcomm.2019.2900630.

Y. Cai, Z. Wei, R. Li, D. W. K. Ng, and J. Yuan, “Joint trajectory and
resource allocation design for energy-efficient secure UAV communication
systems,” IEEE Trans. Commun., vol. 68, no. 7, pp. 4536-4553, Jul. 2020,
doi: 10.1109/tcomm.2020.2982152.

D. W. Casbeer, D. B. Kingston, R. W. Beard, and T. W. McLain, “Coop-
erative forest fire surveillance using a team of small unmanned air vehi-
cles,” Int. J. Syst. Sci., vol. 37, no. 6, pp. 351-360, May 2006, doi: 10.
1080/00207720500438480.

S. Mirjalili, S. M. Mirjalili, and A. Lewis, “Grey wolf optimizer,” Adv.
Eng. Softw., vol. 69, pp. 46-61, Mar. 2014, doi: 10.1016/j.advengsoft.2013.
12.007.

W. B. Heinzelman, A. P. Chandrakasan, and H. Balakrishnan,
“An application-specific protocol architecture for wireless microsensor
networks,” IEEE Trans. Wireless Commun., vol. 1, no. 4, pp. 660-670,
Oct. 2002, doi: 10.1109/twc.2002.804190.

H. X. Pham, H. M. La, D. Feil-Seifer, and M. C. Deans, “A distributed
control framework of multiple unmanned aerial vehicles for dynamic
wildfire tracking,” IEEE Trans. Syst., Man, Cybern. Syst., vol. 50, no. 4,
pp. 1537-1548, Apr. 2020, doi: 10.1109/tsmc.2018.2815988.

H. Duan, Q. Luo, Y. Shi, and G. Ma, “Hybrid particle swarm optimization
and genetic algorithm for multi-UAV formation reconfiguration,” IEEE
Comput. Intell. Mag., vol. 8, no. 3, pp. 16-27, Aug. 2013, doi: 10.1109/
mci.2013.2264577.

N. Xing, Q. Zong, L. Dou, B. Tian, and Q. Wang, “A game theoretic
approach for mobility prediction clustering in unmanned aerial vehicle
networks,” IEEE Trans. Veh. Technol., vol. 68, no. 10, pp. 9963-9973,
Oct. 2019, doi: 10.1109/tvt.2019.2936894.

(2019). MathWorks—Makers of MATLAB and Simulink. Accessed:
Jan. 11, 2019. [Online]. Available: https://www.mathworks.com

VOLUME 9, 2021

MUHAMMAD YEASIR ARAFAT received the
B.Sc. degree in electronics and telecommunication
engineering and the M.Sc. degree in computer
networks and communication from Indepen-
dent University, Bangladesh, in 2011 and 2014,
respectively, and the Ph.D. degree in computer
engineering from Chosun University, South Korea,
in 2020. From 2011 to 2016, he has worked
as the Systems Manager with Amber IT Ltd.,
Bangladesh. Since 2017, he has been a member
with the Mobile Computmg Laboratory, Chosun University. Since Novem-
ber 2020, he has been an Assistant Professor with the Department of Com-
puter Engineering, Chosun University. His current research interests include
ad hoc networks, unmanned aerial vehicle networks, and cognitive radio
sensor networks, with a focus on network architectures and protocols. He was
the Korean Government Scholarship Program (KGSP) Grantee and received
the Minister Award from the Ministry of Education, South Korea, for his
excellent study.

SANGMAN MOH (Member, IEEE) received the
M.S. degree in computer science from Yonsei Uni-
versity, South Korea, in 1991, and the Ph.D. degree
in computer engineering from the Korea Advanced
Institute of Science and Technology (KAIST),
South Korea, in 2002. Since late 2002, he has
been a Professor with the Department of Computer
Engineering, Chosun University, South Korea.
From 2006 to 2007, he was on leave at Cleve-
land State University, USA. Until 2002, he was

atl

with the Electronics and Telecommunications Research Institute (ETRI),
South Korea, where he has been serving as the Project Leader, since 1991.
His research interests include mobile computing and networking, ad hoc
and sensor networks, cognitive radio networks, and parallel and distributed
computing systems. He is a member of ACM, IEICE, KIISE, IEIE, KIPS,
KICS, KMMS, IEMEK, KISM, and KPEA.

18669


http://dx.doi.org/10.1109/access.2020.3002594
http://dx.doi.org/10.1109/access.2020.3002594
http://dx.doi.org/10.1109/twc.2020.2970920
http://dx.doi.org/10.1109/twc.2020.2970920
http://dx.doi.org/10.1109/access.2019.2935217
http://dx.doi.org/10.1109/tvt.2019.2960103
http://dx.doi.org/10.1109/tcomm.2019.2900630
http://dx.doi.org/10.1109/tcomm.2020.2982152
http://dx.doi.org/10.1080/00207720500438480
http://dx.doi.org/10.1080/00207720500438480
http://dx.doi.org/10.1016/j.advengsoft.2013.12.007
http://dx.doi.org/10.1016/j.advengsoft.2013.12.007
http://dx.doi.org/10.1109/twc.2002.804190
http://dx.doi.org/10.1109/tsmc.2018.2815988
http://dx.doi.org/10.1109/mci.2013.2264577
http://dx.doi.org/10.1109/mci.2013.2264577
http://dx.doi.org/10.1109/tvt.2019.2936894

