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ABSTRACT

EFFICIENCY-AWARE AND ENERGY-AWARE DATA COLLECTION VIA A
UAV WITH LIMITED-CAPACITY BATTERY IN ROBOTIC WIRELESS
SENSOR NETWORKS

Giil, Omer Melih
Ph.D., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Aydan Miiserref Erkmen

December 2020, [I93] pages

This thesis investigates efficiency-aware and energy-aware data-collection problems
by an unmanned aerial vehicle (UAV) with limited-capacity battery, in a clustered
robot network. In each cluster, a cluster head (CH) robot allocates tasks to remaining
robots and collects data from them. Firstly, we consider this problem by focusing
on minimizing energy consumption of UAV coupled to minimum cost data collection
from CH robots by visiting optimal portion of CH robots. UAV decides the CH robots
to visit by considering both their locations and its battery capacity. If it cannot visit
all CH robots, each nonvisited CH robot forwards its data to another CH robot. Cost
optimization includes decision of transmission paths of transmitting robots. Optimal
approach is derived, and total energy consumption of CH robots are compared for
various numbers of clusters under different strategies. Secondly, we consider the
problem by defining the priority set of CH robots which UAV needs to visit. We
aim to minimize the total energy consumption of CH robots by visiting optimally a
portion of CH robots including priority set. Energy consumptions of CH robots under
different strategies are evaluated for various numbers of CH robots and priority sets.

Thirdly, we tackle the problem by considering not only different locations but also



different data efficiencies for different CH robots. We aim to minimize total joint cost
of energy consumption and data efficiencies of CH robots by visiting optimal set of
CH robots. Total joint costs of CH robots under different strategies are evaluated for

various numbers of CH robots.

Keywords: cluster-based routing, robotic network, energy efficient routing, unmanned

aerial vehicle (UAV), wireless sensor network (WSN).
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ROBOTIK KABLOSUZ DUYARGA AGLARINDA SINIRLI KAPASITELI
PILE SAHIP BIR iHA iLE VERIMLILIK-FARKINDA VE
ENERJIi-FARKINDA VERI TOPLAMA

Giil, Omer Melih
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Aydan Miiserref Erkmen

Aralik 2020 ,[193]sayfa

Bu tez, kiimelenen bir robot aginda sinirli kapasiteli pile sahip bir insansiz hava araci-
min (IHA) verimlilik-farkinda ve enerji-farkinda veri toplama problemleri incelemek-
tedir. Her kiimede, bir kiime bas1 (KB) robotu kalan robotlara gorevler atamakta ve
onlardan veri toplamaktadir. {1k olarak, IHA nin enerji harcamasini en aza indirerek
KB robotlardan en iyi bir kismini1 ziyaret ederek KB robotlardan en az maliyetli veri
toplamasina odaklanarak bu problemi ele almaktayiz. IHA, hem onlarin konumlarmi
hem de pil kapasitesini goz Oniinde bulundurarak ziyaret edecegi KB robotlara karar
vermektedir. Eger tiim KB robotlarini ziyaret edemezse ziyaret edilmemis bir KB ro-
bot verisini bagka bir KB robotuna ilerletmektedir. Maliyet en iyilestirmesi, ileten ro-
botlarin iletim yollarinin kararlarin1 da igcermektedir. En iyi yaklagim elde edilmis ve
KB robotlarinin toplam enerji harcamasi farkli stratejiler altinda farkli sayida kiime-
ler igin karsilagtirilmustir. Ikinci olarak, IHA’larin gezmesi gereken KB robotlaridan
olusan 6ncelik kiimesi tanimlayarak bu problemi ele almaktayiz. Oncelik kiimesini

de iceren en iyi KB robot kiimesini ziyaret ederek KB robotlarinin toplam enerji har-
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camasini minimize etmeyi hedeflemekteyiz. Farkli stratejiler altinda KB robotlarinin
toplam enerji harcamasi farkli sayida KB robot kiimeleri ve oncelik kiimeleri i¢in
degerlendirilmistir. Uciincii olarak, farkli KB robotlar icin sadece farkli konumlar
degil ayn1 zamanda farkl1 veri verimliliklerini de g6z 6niinde bulundurarak bu prob-
lemi ele almaktay1z. En iyi KB robot kiimesini ziyaret ederek KB robotlariin toplam
enerji harcamas1 ve veri verimliliklerinden olusan toplam birlesik maliyetini en aza
indirmeyi hedeflemekteyiz. Farkl stratejiler altinda KB robotlarinin toplam birlesik

maliyetleri farkli sayida KB robotlari i¢in degerlendirilmistir.

Anahtar Kelimeler: Kiime tabanli rotalama, robot aglari, enerji verimli rotalama, in-

sansiz hava arac1 (IHA), kablosuz duyarga aglar1 (KDA)
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Internet of Things (IoT) is a smart sizable communication infrastructure of uniquely
attributable wireless equipments which are able to communicate with each other via
Internet [1]. IoT has been considered as one of the most promising networking
paradigms that fill the gap between the physical and cyber world. In the IoT struc-
tures, the devices are generally equipped with wireless sensors [2] which enables
efficient data transmission and collection anywhere [3]. Wireless sensor networks
(WSNs) have numerous applications, such as smart cities [4]], structural health moni-

toring [5]], agriculture [6], frost monitoring [7]] and ambient air monitoring [8]].

For the last two decades, robotics and wireless sensor networks (WSN) have been
very well-investigated separately and so they are very well-known fields. On the other
hand, there exist many new opportunities and research directions at the junction of
these research fields which combines robot networks and WSNs in one single hybrid
network, a robotic wireless sensor network, where robot networks cooperate with
WSN to relieve individual disadvantages. There are many applications where robots
and wireless sensors help each other in the network. The survey [10] reviews robotic
applications in WSN . Distributing the sensor nodes randomly in the WSN may cause
some of the nodes to be located outside of communication range of their neighbors
or located in an area outside its node task. A mobile robot can help reposition the
nodes in optimal locations, which improves operation, lifetime, and energy efficiency
of the network greatly [[11]]. Robotics can assist in WSNs by servicing the network, in

ways such as repositioning nodes, replacing broken nodes, and recharging batteries.
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The work [12] investigates the problems of robot task allocation and fulfillment to
optimally serve WSNs such as recharging batteries and replacing broken or depleted

nodes via single-task and multi-task robots.

In [13]], the robot replaces the sensors which almost deplete their energy and send out
a help localizing signal to it by navigating the WSN based on received signal strength
indication (RSSI) from the neighbor nodes and following the route determined by the
WSN. Moreover, the robot can help collect data from sensors and fuse these data [[14]].
The robots can also be used as data mules, which is investigated as the traveling
salesman problem in [15] and with the multiple robot case in [[16]. However, data
muling can cause very long waiting times in transporting data; therefore, the work
[17] proposes a clustering method among the data mules to save time. The robot can

be used to localize sensors in WSN [18]].

Secondly, main applications of WSNs in robotics can be considered as path sens-
ing, mapping, planning, and localization of robots. The WSN help the robots choose
the optimal path and avoid dangerous areas [19]. In [20], a modified SLAM algo-
rithm is used for robots. The work [21},22] use particle filters instead of Kalman
filters in SLAM algorithm. Beside these, WSNs can provide many tools for coordi-
nating multiple robots and swarm robotics [23]]. Using robotics with WSNs makes it
easy to share real-time sensor data. Combining these technologies makes sense for a
large number of applications. Some applications of WSN using robotics can be listed
as military use, weather forecasting, health care, and transport monitoring. Besides
these, energy harvesting and low-power WSN may be another possible application
area. Furthermore, using both robotics and WSNs with internet in cyber-physical
systems (CPS) leads to the Internet of Robotic Things (IoRT), which has brought
several changes in various domains that cover several applications in challenging en-
vironments. For example, [oRT systems can be used in manufacturing industries
to execute difficult tasks such as assembling, packaging, welding, managing quality

control, and so on autonomously and remotely [24]].

For the last two decades, numerous papers have investigated the energy-efficient data
collection problem with a static sink, a fusion center, which collects data from sensor

nodes. In these papers, the network is divided into clusters where the cluster head



node collects data from the other nodes and send the data to the FC directly or in-
directly (forward the data to another cluster head node). The aim is to reduce the
energy consumption of the network and thus increase the network lifetime. Although
several papers have proposed efficient algorithms to reduce the energy consumption
for the problem with static sink, for less energy consumption of cluster head nodes,
UAV can be used to collect data from the cluster head nodes and to bring the data
to the fusion center. Using UAV has the following advantages. It can access the lo-
cations which people or land vehicles can only access with difficulty and risk. UAV
can be used when it is expensive and impractical to rent manned aerial vehicles [25].
Therefore, researchers have recently investigated the problem with a mobile sink in-
stead of the static sink in order to reduce the total energy consumption of the network
more. In the related literature considering the problem with the mobile sink, there
exist many papers which consider the consumed-energy minimization problem as a
traveling salesman problem for the cases in which the UAV has sufficient energy to
visit all or a constant portion (like half) of CH nodes for data collection. However,
to visit a constant portion of the CH nodes, the mobile sink needs a varying battery

capacity depending on the locations of the CH robots, which is not practical.

We investigate a data collection problem by a mobile sink, an unmanned aerial vehi-
cle (UAV) with limited battery capacity, in a robot network divided into several robot
clusters, each of which has a cluster head (CH) robot, cluster member robots which
collect data from the surrounding sensor nodes. Due to the limit on its battery capac-
ity, UAV faces a lack of energy to be able to visit all CH robots depending on their
locations and its battery capacity. This battery constraint discriminates our problem
from the classical traveling salesman problem where the UAV always has sufficient
battery capacity to visit all CH robots. However, the battery capacity of the UAV is
constant. Thus, in our problem, the UAV may generally visit a variable number of
CH nodes rather than a constant portion of the CH nodes as considered in the recent
literature. Our innovative contribution beyond current approaches considers not only
variable parametric number of nodes but an optimized CH transmission costs of non-
visited CH robots. If the UAV cannot visit all of CH robots due to the limited battery
capacity, then each CH robot not visited by the UAV forwards their data to the CH

robots. The UAV aims to minimize total energy consumption of the CH robots by



visiting a varying optimized portion of the CH robots. For this purpose, the UAV
decides which CH robots to visit by considering not only the locations of CH robots
but also its battery capacity. We also tackle the energy-aware data colllection problem

with priority set of CH robots which must be visited by the UAV.

We also tackle another problem by a UAV with limited-capacity battery in a clus-
tered robot network where each cluster consists of a cluster head (CH) robot, cluster
member robots which collects data from surrounding sensors. A cluster head (CH)
robot allocates tasks to cluster member robots. In this problem, we also consider all
of limited battery capacity of UAV, locations of CH robots and various efficiency of
data for different CH robots. Because of its limited-capacity battery, UAV cannot
guarantee for visiting each CH robot depending on location of each CH robot. The
battery limit differs our problem from travel salesman problem (TSP) in which UAV
has enough battery capacity for visiting each of CH robots which is impractical due
to fact that UAV has constant-capacity battery. Therefore, UAV may generally visit a
variable number of CH nodes rather than a constant portion of CH nodes which was
focus of the recent literature except our previous paper [[76]. Our innovative contri-
bution beyond current approaches consider not only variable parametric number of
nodes but also an optimized joint costs of energy consumptions and data efficiencies
of nonvisited CH robots. Unless UAV can travel to each CH robot because of its
constrained-capacity battery, each nonvisited CH robot forwards data to an other CH
robot through data hopping. UAV aims to minimize total joint costs of energy con-
sumptions and data efficiencies of CH robots by visiting a varying optimized portion
of CH robots. UAV decides which CH robots to visit by considering all of its battery

capacity, locations and data efficiencies of CH robots.

The proposed algorithms aim to minimize total energy consumption of nonvisited
CH robots; therefore, they consider energy consumption of CH robots while making
the decision of the CH robots to visit (energy-awareness). In addition, the recent
algorithm, EEADCS, aims to minimize total joint cost of energy consumption of
nonvisited CH robots; therefore, they consider not only energy consumption but also
data efficiencies of CH robots while making the decision of the CH robots to visit

(both energy-awareness and efficiency awareness).



In our RWSN, the sensors in different positions may collect data with different ac-
curacy. The cluster member robots which collect data from the surrounding sensors
may execute their assigned tasks with different accuracy, which can result in different
efficiency for different CM robots in the same cluster. After a cluster head (CH) col-
lects the resultant data from the CM robots in its cluster, it evaluates the data and has
a data efficiency. This data efficiency of a CH robot may be different from another
CH robot even if the evaluated data is exactly same. This difference between data
efficiency of CH robots comes from the difference between the types/structures of
CH robots. Hence, when we consider all the differences between sensors, CM robots
and CH robots, data efficiency of a CH robot may different from data efficiency of
another CH robot.

1.2 Our Contributions

The main contributions of this thesis can be summarized as follows:

e To the best of our knowledge, our work in Chapter [3|is the first work in which
the UAV considers minimizing total energy consumption of the CH robots by
visiting a varying optimized portion or all of the CH robots depending on the
constant capacity of its battery, whereas the related literature considers the min-
imum energy path for the mobile sink by visiting all or half of the CH robots/

nodes.

e We propose a two-stage solution for this problem. Our method of optimizing
the visited subset of CH, taking into account also the transmission of leftout
nonvisited CH, is derived from a traveling salesman problem when the UAV
visits a constant portion of CHs. Chapter [3] will explicitly provide this deriva-
tion and then clearly provide the innovative abilities of our approach by remov-
ing a varying portion of the CH robots from the path in order to reduce the
energy consumption of the UAV below the battery capacity of the UAV. For
this purpose, the UAV considers both the locations of CH robots and its battery
capacity along with transmission hops in energy usage of the nonvisited CH

robots. As a result, the UAV desists to visit the CH robots which consume less



energy for forwarding their data and which the UAV requires more energy to

visit.

In Chapter 3] we also find optimal data forwarding strategies for all nonvisited
CH robots by considering all possible transmission paths in each case. Here,
we consider each combination (subset) of CH robots as a separate case in which
each CH robot in this combination (subset) of CH robots looks for an optimal
transmission path to forward its data to the UAV via data hopping (via other

CH robots).

To the best of our knowledge, our work in Chapter [ is the first work where
minimizing total energy consumption of CH robots is tackled with a priority
set of CH robots (the set of CH robots which must be visited by the UAV)
by visiting a varying optimized portion of CH robots depending on its battery

capacity.

To the best of our knowledge, our work in Chapter[3]is the first work which con-
siders not only a limit on battery capacity of the UAV but also various efficiency

of data for different CH robots in the data collection problem.

Our work in Chapter [5] proposes a solution which includes a strategy for the
UAV to visit a varying optimized portion of CH robots and strategies for each

nonvisited CH robot to forward its data to the UAV.

Our work in Chapter [5]exhibits optimality of the proposed solution for the non-

visited CH robots to forward their data to UAV.

Our work in Chapter [5]exhibits optimality of the proposed solution for the UAV
to visit a varying optimized portion of CH robots to minimize the cost which
depends on not only total energy consumption of the nonvisited CH robots but

also the efficiency of data at the nonvisited CH robots.

Chapter [0 makes the sensitivity analysis of the algorithm proposed in Chapter [
with respect to hop constraints for data forwarding and evaluate its performance

for various battery capacities and various hop constraints.
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1.3 Organization

The remainder of this thesis is organized as follows.

In Chapter 2] we provide the related work about energy-aware, cluster-based routing

protocols with both static sink and mobile sink cases.

In Chapter 3] we consider energy-aware cluster-based data collection via a UAV with
limited-capacity battery in robotic wireless sensor networks. The problem definition
along with the system model are given in Section[3.1] In Section[3.2] we consider the
case in that the UAV has sufficient energy to visit all CH robots for data collection that
will help us explicitly derive our novel approach which will be the focus of Section
In Section 3.4, we provide numerical results for total energy consumption of CH

robots in different scenarios.

In Chapter[d] we consider energy-efficient data collection with priority by a UAV with
a limited-capacity battery in robotic wireless sensor networks. In Sectiond.1] we give
our problem definition and system model. Our novel approach is derived explicitly in

Section[4.2] In Sectiond.3] we make performance comparison in different scenarios.

In Chapter 5| we consider efficiency-aware and energy-aware data collection by a
UAV with a limited-capacity battery in robotic wireless sensor networks. In Section
5.1 we give our problem definition and system model. In Section[5.2] we investigate
the problem and develop our novel approach which considers not only energy con-
sumption of CH robots and UAV but also data efficiencies of CH robots. In Section

[5.3] we evaluate performances of strategies in various scenarios.

Chapter [6) makes the sensitivity analysis of the algorithm proposed in Chapter [5| with
respect to hop constraints for data forwarding and evaluate its performance for various

battery capacities and various hop constraints.

Chapter[/|concludes the thesis and provides future work.






CHAPTER 2

RELATED WORK

In this chapter, we provide the related work about energy-aware, cluster-based routing
protocols with both static sink and mobile sink cases. As we also consider difference
between efficiencies of data collected by different CH robots in Chapter [5] our prob-
lem in Chapter [5|becomes similar to orienteering problem. Therefore, we also survey

several papers considering orienteering problem.

2.1 Energy-Aware, Cluster-Based Routing Protocols with Static Sink

Power consumed by the sensors has a significant influence on the network lifetime.
If a sensor node sends data directly to the base station, the energy consumed in this
transmission is much greater than the energy consumed in inter-sensor communica-
tion since the distance between the base station and a sensor is generally much greater
than the distance between two neighboring sensors. To deal with this problem, many
cluster-based routing protocols have been proposed for the last two decades. These
protocols first divide the WSNs into regions—"clusters"—then, a cluster head is se-
lected in each cluster to collect data from the other sensors in its cluster and send data
to the base station. To distribute the extra power consumption of being cluster head,
each cluster-head sensor leaves this responsibility to another sensor in the cluster after

a while.

In the work [26,27], the authors propose a cluster-based protocol, low-energy adaptive
clustering hierarchy (LEACH), which makes randomized rotation of cluster-heads to
equally distribute the energy consumption among the sensors in the same cluster.

LEACH assumes that all sensors are homogeneous (have same properties), energy-
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limited (but still enough to send data to base station/fusion center for many times),
and immobile (static); the base station is far from the sensors (the reason why the
authors suggest cluster-based routing policies). LEACH uses localized coordination
for enabling robustness and scalability in dynamic networks. Under LEACH, the
cluster head sensors collect data from the remaining sensor nodes and reduce their
amount of data by aggregating them. As the amount of data transmitted to the base
station decrease, the power consumpton decreases. In LEACH protocol, each cluster
head schedules the sensors via TDMA for the intra-cluster data collection and differ-
ent CDMA is used for inter-cluster traffic to prevent the data transmissions from the
interference. LEACH reduces the energy consumption eight times and increases the
network lifetime two times compared to the previous protocols of direct transmission,
minimum transmission energy, multi-hop routing, and static clustering. Here, the au-
thors considers the network lifetime as the number of rounds when first node dies and
the number of rounds when first node dies, separately. Then, the authors derived the

lifetime results of all policies for different amounts of initial energy numerically.

In [28]], the authors propose a new protocol, leader election with load balancing en-
ergy (LELE). This protocol considers the remaining energy of the sensors and the
distances between the sensors while LEACH do not consider these two factors and
make decisions based only on the probability and a threshold limit. However, LELE
protocol neglects the fact that learning the battery states of each neighboring sensor
brings another additional energy consumption. In the work [29]], the authors propose
a cluster head election protocol which do not use location information or localiza-
tion methods. In this work, the mobility of the sensors is modelled with the mobil-
ity model of Random Walk with Reflection (or Brownian Motion) [30], which was
described mathematically first by Einstein in 1926 [31]]. The protocol selects the op-
timal cluster head by using the updated information of the network topology which
has Random Walk mobility model. However, this mobility models cannot be applied
to many robotic wireless sensor networks because the cluster member robots move
toward a target to complete a task assigned by the cluster head and their path to ex-
ecute the assigned tasks may be different than the mobility models. The papers [32]
and [33]] propose a low-complexity cluster-based routing algorithm, Hybrid Energy

Efficient Distributed (HEED). It can be considered as an extended version of tradi-
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tional LEACH [12], [27]]. Primary concern of HEED protocol is the remaining en-
ergy in the sensors. It considers network topology features like inter-sensor distances,
sensor degree (hop) as secondary parameters. The secondary ones are just used for
breaking tie between two sensors while selecting cluster head to evenly distribute
the power among the sensors in the cluster. However, setting a hierarchy between
remained energy and other parameters cannot guarantee optimality and even near-
optimality in mobile wireless sensor networks such as multi-robot systems where the
distances between sensors dynamically change depending on the changing position

of the sensors (or robots).

In the work [34]], the authors consider that a cluster-head spends more energy than
the others while it collects data from cluster members, fuses data to decrease its size,
or transmits the aggregated data to a base station. Regarding each sensor as an ant
and each cluster as a nest in this work, the authors propose a novel clustering mech-
anism based on ANTCLUST [35] where clusters are organized in a distributed and
energy-efficient way through local communication among neighboring sensor nodes.
It is numerically shown that the ANTCLUST based algorithm can collect data from
more than 80% of the sensors longer than LEACH by over 25% and it also extends
the network lifetime 150% compared with LEACH. In the work [36]], the authors
propose a cluster-based routing protocol, stable cluster head election (SCHE). SCHE
differs from LEACH such that SCHE does not change the cluster heads in each round
whereas the traditional LEACH changes the cluster heads in each round. Thus, SCHE
reduces energy consumption very much compared with the LEACH (up to 90%).

In the paper [37]], the authors propose a cluster head election protocol, advanced
LEACH (ALEACH). LEACH makes decisions independent from the energy remained
(present energy condition) in sensors, which is an important drawback of LEACH.
ALEACH overcomes this problem by introducing two terms, general probability and
current probability, in the threshold equation. In the work [38], the authors propose
an energy-efficient routing protocol, time-based LEACH (TB-LEACH) which just
changes the cluster head election. Thus, it improves the cluster partition and forms
uniform and balanced clusters. In the work [39]], the authors propose an energy-aware
routing protocol, distributed and energy-efficient self organization (DEESO). Elect-

ing the cluster head is adjusted to the remained energy in the battery of sensors. It is
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a completely distributed approach and adaptive channel assignment (ACA) is applied
for addressing the on-off mode changes of sensors in the network topology. Thus,
it increases the network lifetime and transmits three times more data compared with

LEACH.

In the work [40]], the authors propose a clustering protocol, LEACH-IMP. This proto-
col determines the optimal cluster heads by considering the positions of the sensors.
By keeping the cluster head constant, LEACH-IMP is much more energy efficient
than LEACH. In the work [41]], the authors propose an energy-aware routing pro-
tocol. Different from LEACH [26] and LEACH-F [27]], this protocol uses dynamic
round times; in other words, it changes the round times depending on the remained
energy of the sensors. Thus, this protocol consumes considerably less energy and in-
creases the network lifetime compared with LEACH and LEACH-F. In the paper [42],
the authors propose a new routing protocol, two-step cluster head selection (TSCHS)
routing protocol. TSCHS aims to solve an important problem of LEACH, the variabil-
ity of the number of cluster heads. This protocol has two stages to select the cluster
heads. In the work [43], the authors propose an energy-aware routing protocol, mod-
ified LEACH (ModLEACH). Different from the LEACH, ModLEACH introduces an
efficient cluster head replacement scheme with dual transmission power levels which
are used for decreasing interference and collisions. Thus, ModLEACH decreases

packet drop ratio.

In the papers [44], [45]], the authors propose heterogeneous cluster-based routing pro-
tocols for the wireless sensors networks where some sensors are more powerful than
the other sensors (heterogeneity of the power levels in different sensors). In the pa-
per [44], Stable Election Protocol (SEP) is proposed. SEP selects the cluster heads
with an approach based on a weighted election probability. Advanced sensors which
have additional energy forces them to be elected as cluster heads. In the paper [45],
distributed energy-efficient clustering (DEEC) is proposed. This protocol selects the
cluster heads via a probability function depending on the ratio between the remained
energy of each sensor and the average energy in the wireless sensor network. If a
sensor has high remained energy, then it is more likely to be selected as a cluster

head.
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In the paper [46]], the authors propose an energy-aware multi-hop routing (EAMR)
protocol for a WSN. EAMR distinguishes from the former energy-aware routing pro-
tocols since EAMR reduces the excessive overhead commonly seen in many routing
protocols by employing all fixed clustering, multi-hop routing and threshold based
cluster head selection mechanisms together. Reducing the overhead prolongs the
lifetime as energy consumption in the sensor nodes can be decreased via an energy-
efficient protocol. Moreover, implementing relay nodes allows all of the received data
in the cluster to be transmitted thru inter cluster transmissions. On the other hand, the
main consideration in mobile wireless sensor networks not always take into account
the energy consumption. However, it has still an important influence on the network
lifetime since those energy resources can be easily replaced or rechargeable by the
users or the operators. Hence, a higher concern is given in those networks to quality
of service such as higher performances. However, energy efficiency is a very critical
performance metric in mobile wireless sensor networks, imminently determining the

network lifetime [47]].

The work [48]] presents a literature survey of the energy-aware routing protocols pro-

posed for the routing problem in mobility case, i. e., the sensor nodes are mobile.

In the paper [49], the authors exhibit that that many minimum energy routing pro-
tocols could fail unless they consider the routing overhead involved and mobility of
the sensors. They propose a simple energy-aware routing protocol, Progressive En-
ergy Efficient Routing (PEER) protocol, so as to improve the performance in mobility
scenarios. The energy-aware routing protocol, PEER, has considerably better perfor-

mance than that of a normal energy-based routing protocol.

In the paper [50], the authors design a heterogeneous mobile adhoc network (MANET)
which consists of traditional and mobile nodes with limited energy and a few control-
lable mobile relay nodes with more abundant energy resources. The authors propose
a framework for relay deployment that predicts mobility of the nodes and operates
in tandem with the underlying MANET routing protocol to define the mobility of
the relay nodes optimally. Together with the solutions, they present two cases for
the relay deployment problem to achieve different goals. Case 1, named Min-Total,

aims to minimize the total energy consumed across all the traditional nodes for trans-
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mitting data, whereas the goal in case 2, named Min-Max, is to minimize the max-
imum energy consumed by a traditional node for transmitting data. The solutions
also prioritise individual nodes depending on remaining energy profiles and contex-
tual significance. They investigate the performance of the proposed framework under
different mobility prediction schemes. When the relay nodes constitute a small frac-
tion of the total nodes in the network, the proposed framework results in significant
energy savings. Furthermore, we observed that while both the schemes have their po-
tential advantages, the differences between these two optimization schemes become
more obvious in larger networks. The main drawback of that paper is that its mobility
prediction scheme considers no acceleration for cluster member robots which can be
quite common in robotic wireless sensor networks due to the forces for connectivity
maintenance, collision and obstacle avoidance, task allocation and friction. In the pa-
per [S1], the authors propose an energy efficient routing protocol, an Energy-Efficient
Optimized Link State Routing (EE-OLSR). As a proactive protocol, OLSR [52] finds
a route between two nodes in the network in very quickly. However, it spends lots of
resources while selecting the Multi Point Relays and exchanging the information of
topology control. The authors modified the multi point relay selection mechanism in
the OLSR protocol so as to extend the network lifetime without losses from through-
put, end-to-end delay or overhead. Moreover, they show that extinguishing the energy
consumption caused by overhearing can extend the network lifetime without com-
promising the operation of OLSR. In the paper [53]], the authors propose an energy
efficient and robust location service. Thus, they can do hierarchical geographic clus-
tering structure and considers energy during the election of cluster leader. Moreover,
this localization service is adaptive to mobility due to the mobility prediction model
using classical Kalman filter. They proposed a protocol in which the location servers
estimate the locations of the mobile sensors based on the last location information
The performance of the proposed protocol is evaluated. The main drawbacks of this
work are only considering the distances of sensor nodes to the center of the cluster
and considering the lowest mobility among the nodes while electing a cluster head

among the nodes.

Although the protocols with static sink give good results, by visiting cluster heads, the

mobile sink reduces the distance between itself and the cluster heads which transmits
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data to the mobile sink. The decrease in the transmission distance between the mobile
sink and cluster head nodes results in decrease in total energy consumption of the
network and so increase in network lifetime. Therefore, the protocols with mobile
sink have been investigated and preferred more in recent years. We consider the
problem with mobile sink as well. In the next section, the protocols with mobile sink

are surveyed.

2.2 Energy-Aware, Cluster-Based Routing Protocols with Mobile Sink

Collecting data using mobile sink provides an effective solution to the energy-hole
problemlﬂin WSN, which may be faced in WSNs with static sink where sensor nodes
forward their data towards static sink. The approaches using mobile sink for this
problem can be divided into two main categories: direct and rendezvous approaches.
With direct approaches, the mobile sink collects data from each node based on one
hop distance metrics. With rendezvous approach, the mobile sink travels just a limited
number of nodes named as rendezvous points (RP) and establishes the local routing
for data collection from all other nodes to primary sensor nodes [55]. In our prob-
lem, the UAV collects data from the CH robots; therefore, the papers considering the
problem with mobile sink are closer to our work than the ones tackling the problem
with static sink. In this section, we survey the main existing approaches in the related

literature considering the data collection problem with mobile sinks.

In [56]], an energy-aware path construction (EAPC) policy is proposed for collect-
ing data based on environmental monitoring. With EAPC, the mobile sink chooses
a suitable set of locations for collecting data and plans a path for collecting data;
then, it starts data collection from the points burdened with data. In terms of energy
consumption and network lifetime, EAPC is more efficient than weighted rendezvous
points (WRP) policy, which assigns a weight to each sensor and considers the nodes

with the highest weight as data collection points [57].

In the paper [58], first, the number of clusters is determined and the whole sensor field

! The distance between the static sink and sensors is much larger than the distance between sensors. Therefore,
the CH sensors especially the ones closer to static sink consumes very much energy to transmit the aggregated
data to the static sink. This is the energy-hole problem.
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is divided into sectors with the number of clusters angularly (cluster-forming phase).
In each cluster, by considering the ratio of residual energy of a sensor node to its
distance to the sink as the weight of that sensor, the algorithm calculates the weights
of cluster members and selects a cluster head (CH). Member nodes search for the
optimal scenario by calculating energy consumption of different routing paths. Then,
CHs form connections for intercluster communication via a greedy policy. The pro-
posed algorithm performs better than two algorithms (considering the similar prob-
lems), the energy-efficient cluster-based dynamic routing algorithm (ECDRA) [59]
and the cluster-chain mobile agent routing (CCMAR) [60]. The work [61] considers
a network which consists of static sensor nodes distributed uniformly randomly and
a mobile sink with unlimited battery capacity. The authors propose the MIEEPB-DT
protocol which combines direct transmission (DT) protocol with the mobile sink im-
proved energy-efficient power-efficient gathering in sensor information system-based
routing protocol (MIEEPB) [[62]] for the efficient usage of the limited energy of nodes.
MIEEPB-DT performs better than DT and MIEEPB for network lifetime and energy

efficiency.

The paper [63] considers a data collection problem in WSNs via a mobile sink with
unlimited battery capacity. An energy-efficient trajectory planning (EETP) technique
is proposed using multi-objective particle swarm optimization (MOPSO) for balanc-
ing the load of rendezvous nodes and shortening the path of the mobile sink. EETP
performs much better than WRP [57], CB in terms of energy consumption, and thus
network lifetime. The work [65] considers a network where a mobile sink collects
data from sensor nodes by using rendezvous points (RP). It has already been proven
that meta-heuristics such as particle swarm optimization (PSO) shows a feasible and
promising performance for forming the trajectory. The work [65] proposes a PSO-
based RPs selection (PSO-RPS) technique which outperforms against the methods in
related literature in terms of trajectory length. In [66], a hyperheuristic framework is
proposed and it can construct high-level heuristics automatically for path planning by

using the genetic algorithm. This algorithm prolongs the network lifetime.

The paper [67] proposes a cluster-based data collection protocol where the optimal
cluster heads are selected to reduce energy consumption. The optimal path a mobile

sink plans the optimal path by ant colony optimization (ACO) algorithm [68]- [70].
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The mobile sink with unlimited battery capacity plans an efficient path for data col-
lection along with the cluster centroid. The proposed method is analyzed in terms
of lifetime and energy usage. The paper [/1] proposes a five-stage solution for the
cluster-based routing problem. First, the network is divided into multiple regions
by quad tree combined binary tree policy. Secondly, the authors carry out weight-
based cluster head selection (WCHS) method to select a cluster head in each parti-
tion. Then, it uses a novel pair-based sink relocation scheme (PSRS) for relocating
the sink node. After then, the authors execute a destination-oriented directed acyclic
graph (DODAG)-based route adjustment by considering three rules. Finally, type-2
fuzzy-based adaptive medium access (MAC) scheduling is used. This protocol de-
creases energy consumption up to 20% and so extends the network lifetime up to
30% compared with Grid Routing (GR) [72] and Query-Driven Virtual Grid based
Data Dissemination (QDVGDD) [[73]] methods.

The paper [[74]] proposes a joint density-aware and energy-limited path construction
algorithm for data collection (DEDC) aiming to select as much as possible appro-
priate anchors under the path length constraint for prolonging the network lifetime.
Initially, the proposed DEDC determines the grid size according to the path length
constraint, partitions the monitoring region into several grids, and identifies the grids
to be balance or unbalance grids. Based on the partitioned grids, the proposed DEDC
constructs a regular path and then further adjusts the path segments for these unbal-
anced grids. The regular path construction and path adjustment aim to construct a
path passing through as more as possible anchors for balancing the forwarding loads
and prolonging the network lifetime. Performance evaluations reveal that the pro-
posed DEDC outperforms existing data collection mechanisms in terms of energy

consumption, network lifetime, and SD energy consumptions.

The paper [75] proposes two data collection policies for cluster-based WSN: (1)
WSN-oriented and (2) UAV-oriented. In the WSN-oriented approach, nodes within
each cluster member (CM), send information to their cluster head (CH) and for rec-
ollection, the UAV visits all CHs. As the UAV visits many CHs, the flight time is
increased. In the UAV-Oriented approach, all CHs send data from their CMs to a
sink node (the CH chosen by the UAV as sink); hence, the UAV only visits this node,

reducing the flying time but with a higher system energy cost (total energy consump-
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tion). To find the most suitable scheme for different monitoring conditions in terms
of the average energy consumption and the buffer capacity of the system, the authors
develop a mathematical model that considers both the dynamics of the WSN along

with the UAV.

In the related literature, the papers investigate the problem without considering any
limit on the battery capacity of the mobile sink. They consider the problem with
a mobile sink visiting a constant portion of cluster heads like visiting half of them.
However, visiting a constant portion of CH nodes requires varying battery capacity
of the mobile sink depending on the topology of the network, which is impossible
for the UAV (battery capacity of the mobile sink cannot vary). In this chapter, we
fill this gap in the literature by considering the limited-capacity battery for the UAV.
In our innovative approach, by choosing an energy optimally varying portion of the
CH robots to visit, the UAV with finite constant-capacity battery aims to minimize
total energy consumption of the nonvisited CH robots that will be transmitting data
by multiple hops through other nonvisited CH to a visited CH robot. In our work
[76]], deciding the subset of CH robots to visit depends on not only the locations of
CH robots but also its battery capacity. Please notice that as we consider a RWSN
instead of WSN, the UAV cannot form the clusters or assign robots as CH robot in
our problem. The UAV can only choose a subset or all of CH robots to visit and thus,

it collects data from them.

2.3 The related work with orienteering problem

We consider not only a limit on battery capacity of the UAV but also the differences
between data efficiencies of different CH robots in the data collection problem. There-
fore, our problem is similar to the reward maximization problem with limited path
length which is the classical orienteering problem (OP), first introduced in [77]. Con-

sequently, we survey the recent work on the orienteering problem. E]

OP combines selecting a group of nodes and finding shortest path between those se-

2 Tn orienteering problem, the competitor/collector tries to maximize the total profit collected score there is no
cost for the remained scores which are not collected by the competitor/collector. On the other hand, orienteering
problem does not consider data forwarding strategies at all, which differs our problem much from orienteering
problem.
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lected nodes [78]. It aims to maximize total reward by choosing some nodes where
because of the limited time resource, the mobile sink cannot visit all available nodes.
Travelling Salesman Problem considers finding shortest path between a group of
nodes. On the other hand, Knapsack Problem considers maximizing the total col-
lected profit by choosing from a set of non-divisible projects or tasks (CH robots in
our problem) under a fixed budget such as battery capacity of UAV. As a result, OP
combines Travelling Salesman Problem and Knapsack Problem [[79]]. Due to this sim-
ilarity between our problem and orienteering problem, we survey the recent work on

the orienteering problem.

As a recent work which considers the UAV trajectory design problem as OP, in the
work [80], a UAV flies over multiple locations and serves as many users as possible in
limited time. Optimal trajectory design problem was defined as a mixed-integer linear
programming in that paper which suggests and propose a greedy poliy by considering
the problem as an OP. It is numerically shown that proposed algorithm is fast and a

near-optimal solution.

The paper [81] proposes Strengthened Particle Swarm Optimization (StPSO) by mod-
ifying pioneering-particles which achieves the swarm’s experience. Each pioneer-
particle is processed in two steps, initiating an external local search and assign-
ing a random velocity. By introducting two steps of modification, the exploration
mechanism of PSO is further improved and premature convergence can be avoided.
Two sub-variants by only including one of two possible steps, namely Diversifica-
tion Strengthened PSO and Intensification Strengthened PSO, are also introduced.
[82] proposes Discrete Strengthened PSO (DStPSO) which focuses on modifying

pioneering-particles achieving optimality via Reduced Variable Neighborhood Search.

[83] investigates OP for undirected and directed graphs. It proposes a (2 + 9)-
approximation algorithm and an O (log20 PT) approximation algorithm for undi-
rected graphs and directed graphs, respectively. [84]] develops Multi-Level VNS (ML-
VNS) which solves certain identical instances concurrently by reducing computa-
tional and search resources. Three sets of large-sized OP instances are used for com-
paring with ML-VNS against Tabu Search (TS) [85] and Probabilistic Solution Dis-
covery Algorithm (PSDA) [86]. In addition to using the set of instances in [[86], they

19



generate new instances with larger number of nodes. PSDA is only applied to the new
instance sets. ML-VNS achieves better the solution quality than both PSDA and TS
for all sets of instances. Nevetheless, ML-VNS has more computational complexity

than TS.

[87] proposes a method based on Path Relinking (PR) and Greedy Randomized
Adaptive Search Procedure (GRASP) strategies [[88]. This work explores various
constructive methods and two neighborhoods in the local search of GRASP. PR is
then adapted in the context of GRASP. [89] proposes Memetic-GRASP by combining
GRASP, evolutionary algorithm and two local search procedures. Memetic-GRASP

solves only 87 benchmark instances [90,91].

In our innovative approach in this thesis, by choosing an efficiency and energy-
optimally varying portion of the CH robots to visit, the UAV with finite constant-
capacity battery aims to minimize the joint cost of data efficiencies and energy con-
sumption of the nonvisited CH robots which send data via other nonvisited CH robots
until a visited CH robot. In our work, deciding the subset of CH robots to visit
depends on not only locations of CH robots and its battery capacity but also data

efficiencies of CH robots.
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CHAPTER 3

ENERGY-AWARE CLUSTER-BASED DATA COLLECTION BY A UAV
WITH A LIMITED-CAPACITY BATTERY IN ROBOTIC WIRELESS
SENSOR NETWORKS

3.1 System Model and Problem Definition

This section focuses on defining our problem and generates our system approach.
Table [3.1] summarizes the notation and symbols commonly used in this chapter for

ease of reference.

3.1.1 Motivation and Problem Definition

We will present here a motivating scenario and formulate the problem based on this
motivation. We interchangeably use robot, node, and sensor in the rest of this chap-
ter. We consider a robotic network which consists of M clusters of mobile robots,
an unmanned aerial vehicle (UAV) with limited battery capacity and the fusion center
where the UAV charges its battery. The responsibility of the robotic network is to col-
lect data from the sensors which monitor environmental changes such as temperature,

humidity, noise, etc.

Each cluster has a cluster head (CH) robot which allocates tasks to the remaining
robots in the cluster. The remaining robots execute the tasks assigned to them (such
as monitoring the environment and detecting unusual cases) and send the resultant
data (obtained using their sensors) to the CH robot in its cluster. The responsibility of
a CH robot is to collect data from the robots in its cluster and then transmit data to the

UAV directly or indirectly (by sending its data to another CH robot to forward to the
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Table 3.1: Symbols and Notation

Places Explanations
M The number of all CH robots
S The index set of all CH robots
& The position of the CH robot ¢
&o The initial position of the UAV
Eyav(i,j) The energy consumed by the UAV for the path

from CH robot i to CH robot j

Cuav The constant ratio between the energy consumption

of the UAV and the distance it travels

Ecy(i,j)  The energy consumed by CH robot i to transmit data to CH robot j

Cen The ratio between energy consumption of a CH robot and the square

of length of the path it forwarded its data

(&, &) The linear path from CH robot ¢ to CH robot j
P The set of all possible paths between the CH robots
s The strategy, the set of the linear paths followed by the UAV for
the data collection
Efav Energy consumption of the UAV under strategy m
U; The data forwarding strategy of CH robot ¢ not visited by the UAV
u The set of all data forwarding strategies for all CH robots
ET(u;) Energy consumption of CH robot ¢ under strategies m, u;
E% o (u;) Energy consumption of all CH robots under strategies 7, u

UAV). In this network, UAV visits some of the CH robots or all of them depending on
their locations and the battery capacity of the UAV. Please see Figure If the UAV
cannot visit all of CH robots due to its limited battery capacity, then the CH robots
which are not visited by the UAV send their data to one of neighboring CH through

multiple hops via other nonvisited CH neighbors.

The index set of all CH robots in the network is denoted by S = {1,2,--- ,M}. In

the multi-robot system, each CH robot collects data from the remaining robots (in its
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Figure 3.1: The whole multi-robot system includes a fusion center (FC) and five
clusters of robots around FC. Red dots are the cluster head (CH) robots whereas the
orange ones are the remaining robots which collects (environmental monitoring) data
from the sensors (the black dots) in their cluster and send their data to the CH robot
of their cluster. There are 19 robots in total and the UAV in the system. The UAV
initially stands on the FC to charge its battery. After the UAV collects data from all
CH robots directly or indirectly, it returns to FC to send all data to FC and recharge
its battery for the next path.

cluster) to aggregate and transmit to the UAV. Each robot in that cluster aggregates
data from the sensors surrounding it and the resultant data after executing the task

assigned to it by the CH robot. The battery capacity of the UAV is denoted by B.

A CH robot spends significant energy for data aggregation and transmission to the
UAV or the neighboring CH robot. If a CH robot moves like the remaining robots
in its cluster, then the energy level of the CH robot will decrease below the critical
energy level quickly. Falling below the critical level fast causes frequent CH elec-
tion which is a very time and energy consuming process. It may also cause a CH
robot which allocates tasks very efficiently to leave being CH robot a result of ineffi-

cient energy consumption due to moving like other robots in the cluster. Hence, it is
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reasonable to make the following assumption.

Assumption 1. A CH robot does not move during its CH mission to avoid additional

energy consumption. E]

Remark 1. From Assumption|l| each robot in that cluster aggregates data from the
sensors surrounding it and the resultant data after executing the task assigned to it by
the CH robot. Therefore, the sensors and the robots except CH robots and the UAV

will not be shown in the following figures except Figure|3.1]

Initially, we aim to focus on the distances for calculating the costs of energy con-

sumption. Therefore, we make the following assumption.

Assumption 2. Each CH robot sends the same amount of data without latency to the

UAV (directly or indirectly by forwarding its data).

The positions of the CH robots and initial position of the UAV are denoted by using
Cartesian coordinates. The position (vertice of the network) of the CH robot ¢ (of the

A

cluster 7) is denoted by &; = (x;,y;). The initial position of the UAV is denoted by
& = (0, Yo)-

From the related literature, it is assumed that the energy consumption of the UAV
is proportional to the distance it travels. To illustrate, the energy consumed by the

UAV from CH robot i to CH robot j is denoted by Ey 4y (4, j) and this energy cost is
defined as

Eyav(i,j) = Cuavl& =&l
= CUAV\/(%‘ — ;)% + (v — y;)? (3.1)

where Cp 4y is the constant ratio between the energy consumption of the UAV and
the distance it travels, which represents the direct proportionality. On the other hand,
from the related literature, it is assumed that the energy consumption (for data trans-

mission) of a CH robot is proportional to the square of the distance between itself and

1" Despite the motivation given for this assumption, CH robots may need to move in some scenarios while

performing the CH mission. In this case, the mobility for CH robots need to be considered in the system model.
2 Although we assume that the homogeneity (same amount) of transmitted data for each CH robot, CH robots
may send data in different amount and different efficiency.
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the next hop. (The next hop may be a neighboring CH robot or the UAV depending
on the path the UAV for data collection.)

To illustrate, the energy consumed by the CH robot ¢ to transmit data to CH robot j is
denoted by E¢y (i, j) and this energy cost is defined as

Ecu(i,j) £ Ceonll& — &7
= Con (i —2))° + (yi — y;)?] 3.2)

where C'cpy is the constant ratio between the energy consumption of a CH robot and
the square of distance between it and the next hop (neighboring robot), which repre-
sents the quadratic proportionality (From Assumption [2| the amount of data to send

is same for each CH robot in a round. Therefore, Coy is constant for each CH robot).

In the related literature, it is assumed that the robots or nodes have sufficient energy
to transmit their data to the FC which is the initial position of the UAV. During the
path, it is very probable that the UAV may pass through a closer point for each CH
robot. In the worst case, the UAV can collect data from some CH robots when it is
standing on the FC (the initial position of the UAV). Therefore, we make the following

assumption in this work.

Assumption 3. A CH robot has sufficient energy to transmit its data directly to the

UAV when the UAV stands at its initial position before starting to its trajectory.

Data transmission rate while communicating with the UAV is constant for all CH
robots because this is more energy efficient from the fact that data transmission rate

is a concave function of data transmission power.

Assumption 4. A CH robot transmits data to the UAV or another CH robot with

constant rate.

In other words, if a CH robot ¢ consumes «; units energy to transmit [, bits and «y
units energy to transmit 3, bits, then a CH robot ¢ consumes o + aw units energy
to transmit [3; + (3, bits. Depending on the battery capacity of the UAV, it may visit
a portion of CH robots instead of all CH robots due to the lack of energy. As this
problem considers efficient energy usage of the UAV beside the CH robots, we make

the following assumption.
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Assumption 5. The UAV visits each CH robot at most once.

Under these assumptions, we will define the problem more precisely in the following

subsection.

3.1.2 Our Problem Approach Formulation

In this work, the UAV aims to plan such a path that it can complete with the energy
in its full battery. Although each CH robot has sufficient energy to transmit their
data in one round, it is not desired that the CH robots spend much energy for this
data transmission. The UAV aims to minimize the total energy consumption of the CH

robots by planning the path through which it visits the CH robots.

Definition 1 (Path Set, P). Let’s define the path set as the set of all M x (M + 1)
the linear paths between the positions of the M CH robots and the initial position of
the UAV which are denoted by

P = {p(&,&),p(&0: &) - p(&0.En)s - 0(E &), - p(Enr Eim1) ) (B3)

where p(&;., ;) is the linear path (edge of the network) from CH robot i to CH robot
Jjifi # 0and j # 0) and the length of p(&;,&;) is equals to ||&; — &;||. (Notice that
p(&o,&;) is the linear path (edge of the network) from the initial position of the UAV
to CH robot j and p(&;, &) is the linear path from CH robot i to the initial position of
the UAV.)

Definition 2 (Strategy of the UAV, 7). Let us define the strategy of the UAV as the
set of the linear paths followed by the UAV for the data collection, which is a subset
of the path set, i.e., 1 C P.

Definition 3 (Data forwarding strategy of CH robot 7, u;). Let us define the data
forwarding strategy of CH robot i as the set of the linear paths followed by the CH
robot 1 for forwarding data to a CH robot on the route (visited by the UAV). Notice
that u; = 0 for all CH robot i visited by the UAV. The data forwarding strategy is a

subset of the path set, i. e., u; C P.

Definition 4 (The set of data forwarding strategies of CH robots, u). Let us define

the set of data forwarding strategies of CH robots as the set of all data forwarding
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strategies of CH robots such that v = {uy,us,...,uy}, where u; = () for all CH
robot 1 visited by the UAV.

Definition 5 (Indicator function). The indicator function is a binary function which

takes a value of 1 for true event A, i. e.,

A 1 if event A is true
Iay = . _ (3.4)
0 if event A is false
Definition 6 (Energy consumption of the UAV under strategy m, EJ; ,y/). Let us
define energy consumption of the UAV under strategy m as the total energy consumed
by the UAV whenever the strategy m is applied, i.e.,
M M
Efay = [Z > Epav(i,j)I {p(@-@-)ew}] (3.5)

j=1 i=1
From Equation (4.1)), Equation (3.5) yields

M M
Z Z Cravl§i — é-j”[{p(fi,éj)eﬂ}] : (3.6)

j=1 i=1

s i
UAV —

Remark 2. Notice that if a CH robot 1 is not visited by the UAV, then

M
Y Ipegen = 0. (3.7)
j=1

Definition 7 (Energy consumption of CH robot i under strategy , u;, ET(u;)).
Using the data forwarding strategy u;, a CH robot © not visited by the UAV under
strategy T consumes ET (u;). If a CH robot i is visited by the UAV under strategy T,

ET(u;) = 0 (no need for data forwarding strategy).

Definition 8 (Total energy consumption of all CH robots under strategies 7, u,
E% o (w)). Let us define energy consumption of all CH robots under strategy 7 as the

total energy consumed by all CH robots whenever the strategy m is applied, i. e.,

M M
Ehon(u) 2 | Ef (u) (1 - Zl{p(fiygj)ew})] : (3.8)
j=1

i=1

Under Assumptions we formulate our approach precisely as in Problem

Problem 1. Minimizing total energy consumption of CH robots via a UAV with limited-

capacity battery

min  E7p(u)

u,T

s.t. Ef,. <B
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3.2 Sufficient Battery Capacity to Visit All CH Robots

In this section, we consider the case in that the UAV has sufficient energy to visit
all CH robots for data collection. First, we will consider the problem as a traveling
salesman problem and then look for the shortest path. Thus, we can obtain a lower

bound for the amount of energy which the UAV needs to be able to visit all CH robots.

Definition 9 (Minimum battery capacity for the UAV to visit all CH robots,
Brgsp). The energy required for visiting all CH robots under the optimum strategy
in the traveling salesman problem is the minimum battery capacity for the UAV to

visit all CH robots.

To find this minimum battery capacity to visit all CH robots, we consider the problem
as the classical traveling salesman problem. To find a robust optimal solution for the

traveling salesman problem at hand, we consider the following remark.

Remark 3. In a multirobot network system, one actually deals with hundreds of
robots at most, which implies that at most tens of CH robots exist in the network.
Roughly speaking, square root of the number of robots can be taken in this process to

find the number of CH robots approximately.

From Remark [3] we can find optimal solution for the TSP by using common tech-
niques in the literature, like the genetic algorithm (GA) or the particle swarm opti-
mization algorithm (PSO). We use GA to solve TSP. Thus, for our network including
the UAV and CH robots, we apply GA as optimal solution E] in case the UAV has

sufficient battery capacity to visit all CH robots for data collection.

3.3 Our Novel Approach: Total Energy Minimization Problem

The main novelty in this chapter comes from the case investigated in this section. Al-

though there exist many papers considering the first case described in Section[3.2] to

3 As in our scenarios, we consider scenarios with tens of CH robots and related literature consider 5% of

sensor nodes as CH sensors (not more than 1000 sensors so at most 50 sensors become CH nodes). As we consider
robots which have much less number than sensors, the number of all robots in our system can be considered as
200 robots at most (which implies 10 CH robots at most). In this case, genetic algorithm can give optimal solution
when UAV consider to visit all CH robots in a combination of CH robots in our scenarios (the robot scenarios
with at most 10-CH robot).
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date, there exists no paper considering the limited-capacity battery considered in this
section.(In the related literature, the second case is considered as visiting a constant
portion of the cluster heads, like visiting half of them. However, for visiting constant
portion of the cluster heads, the UAV needs a varying battery capacity depending on

the locations of the CH robots, which is not practical.)

In order to motivate our novelty, the UAV has insufficient battery capacity to visit all
CH robots. In this case, by choosing an energy optimally varying portion of the CH
robots to visit, the UAV aims to minimize total energy consumption of the nonvisited
CH robots that will be transmitting data by multiple hops through other nonvisited
CH until a visited CH node. Therefore, we will focus on minimizing energy con-
sumption of each nonvisited CH robot under strategy 7. In the next subsection, we
will investigate optimal strategies for the nonvisited CH robots to forward their data

to another CH robot until a visited CH robot.

3.3.1 Optimal Data Forwarding Strategy of CH Robots

If a CH robot ¢ is visited by the UAYV, then there is no need for the data forwarding
strategy and so u; = (). On the other hand, if a CH robot i is not visited by the
UAY, then it should look for the shortest path to each CH robot and take the minimum
of all shortest paths. From Equation (3.2)), the squares of the distances between the
neighboring CH robots are considered to calculate the shortest path between the CH
robots. Thus, we can derive optimal data forwarding strategy for each CH robot.
Please notice that each of the nonvisited CH robots considers each of the visited CH
robots visited by the UAV as a possible target CH robot to find the optimal data

forwarding strategy for itself.

Definition 10 (Minimum energy consumption of CH robot i not visited under
strategy m, ). Let us define minimum energy consumption of CH robot i not visited
by the UAV under strategy T, i. e.,

i = min E7 (u;) (3.9)

Us

for a CH robot i not visited by the UAV where u; is data forwarding strategy of CH

robot i.
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The following example is given to better understand Definition [10]

Example 1. Let us consider the multirobot system in Figure where the UAV col-

lects data from 6 CH robots by only visiting two of them under strategy .

Under the strategy m, the UAV visits CH 1 and CH 2 (they are on the route) so
ET(uy) = E3°(ug) = 0. Therefore, v° = v5° = 0.

If CH 3 chooses CH 1 to forward its data under strategy us, then its energy consump-
tion will be minimum, i. e., v5° = Coy||&3 — & ||* = 25 for Ccg = 1 from Equation
(B-2). Similarly, if CH 5 chooses CH 2 to forward its data under strategy us, then
its energy consumption will be minimums, i. e., v = Ceoyl|& — &|* = 225 for

Ceon = 1 from Equation (3.2)).

If CH 4 forwards its data directly to CH 2, E}°(uy) = Ccgllés — &||? = 400 for
Ccn = 1 from Equation (3.2). If CH 4 forwards its data directly to CH 1, E7°(u4) =
Cenllés — &> = 225 for Con = 1 from Equation (3.2). If CH 4 forwards its data
first to CH 5 then forwards it to CH 2, E]°(uy) = Ceonl||lés — &||* + ||& — &?] =
494225 = 274 for Cog = 1 from Equation (3.2). If CH 4 forwards its data first to CH
3 then forwards itto CH 1, E;°(uy) = Cogl||&4—&]|*+||&3—&1]]?] = 100425 = 125
for Ccp = 1 from Equation (3.2)). Hence, 7;° = 125.

If CH 6 forwards its data directly to CH 2, E§°(ug) = Ccpllés — &l = 409 for
Ceon = 1from Equation (3.2). If CH 6 forwards its data first to CH 5 then to forwards
CH 2, EP(us) = Conllés — &2 + 16 — &Y) = 100 + 225 = 325 for Cogy = 1
from Equation (3.2). On the other hand, if CH 6 forwards its data directly to CH 1,
E (ug) = Cenl|és—E&1||* = 884 for Coyr = 1 from Equation (3.2)). If CH 6 forwards
its data first to CH 5 then forwards it to CH I, E°(ug) = Conl||& — &> + ||1&5 —
&1)1?] = 1004400 = 500 for Ceyr = 1 from Equation (3.2). If CH 6 forwards its data
first to CH 4 then forwards it to CH 1, E5°(ug) = Con|||& — &4l|* + ||é4 — &1]|?] =
233 4 225 = 458 for Cog = 1 from Equation (3.2). If CH 6 forwards its data first
to CH 5, then forwards it to CH 4 and finally then forwards it to CH 1, E§°(ug) =
Ceonlllés — &7 + (1€ — &l + 1€ — & [|*] = 100 + 49 + 225 = 374 for Con = 1
from Equation (3.2). If CH 6 forwards its data first to CH 5, then forwards it to CH
4, after then forwards it to CH 3 and finally then forwards it to CH 1, E{°(ug) =
Conlll€s = &I1° + 116 — &all* + 164 = &1 + [1€s — &[|*] = 100+ 49+ 100 + 25 = 274
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or Cog = 1 from Equation (3.2). Hence, v;° = 274.
S q Ve

CH6 .

CH4

O ® cHs

CH3

CH1 CH2

UAV
FC

Figure 3.2: The whole multi-robot system consists of a fusion center (FC) where
the UAV starts its route and six clusters of robots around FC. The red circles show
the locations of the six cluster head (CH) robots in their robot cluster. The UAV
uses the strategy my for the data collection. With respect to this initial position of
the UAV at & = (0,0), the positions of the CH robots are (&1, &s,&3,84,&5,8) =
((—16,12),(9,16), (—13,16), (—7,24), (0,24), (6,32)) units.

Following remarks will be useful for proposing the data forwarding strategy for CH

robots.

Remark 4. In Example|l} notice that the best data forwarding strategy for CH 6 is to
forward its data to CH 1 (the visited CH robot farther to CH 6) using CH 5, CH 4, or
CH 3 instead of forwarding its data to CH 2 (the closer CH robot farther to CH 6).

Remark 5. The data forwarding strategy of a CH robot i not visited by the UAV, u;,
depends only on the positions of the CH robots, both the CH robots on the trajectory
of the UAV and the ones not on the trajectory of the UAV. Notice that u; does not

depend on the order by which the UAV visits those CH robots. As an example, data
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forwarding strategies for a CH robot i is same for following two cases: 1) the UAV

visits CH robots p, q, r, s in order, 2) the UAV visits CH robots q, p, s, r, in order
(i ¢ {p,q,7,5})

By the motivation from Remark [5| we make the following definition to propose the

data forwarding strategy for CH robots more precisely.

Definition 11 (K -element combinations of the CH robots). Let SX be a K -element
subset of the M-element set of all CH robots, i. e., SX C S and |SK| = K for 1 <
a < (%) Let S (B) be the set of all feasible K -element combinations which can be
visited by the UAV with battery capacity B. SX(j) represents as the j' element in

the combination SX.

From Remark {4, the data forwarding strategy needs to consider the sum of squares
of distances between CH robots instead of the sum of distances between CH robots.
From Remark[5] the data forwarding strategy depends only on the positions of the CH
robots not visited by the UAV and the ones visited by the UAV whereas the strategy
does not depend on the order in which the UAV visits them. Thus, Remark [ and
Remark [5| provide us the motivation to propose optimal data forwarding strategy for

a CH robot, Algorithm|l| by using Definition

Remark 6. Finding a shortest path is feasible in real time. Here instead of finding a
short path to only one visited CH robot, whereas each nonvisited CH robot consider
finding one shortest path to each visited CH robot. After finding all shortest paths,
each nonvisited CH robot chooses the visited CH robot which can be reached via the
minimum of the shortest paths from that nonvisited CH robot. Hence, Algorithm 1 is

feasible in real-time.

Generally shortest path algorithms with single input-single output has a computa-
tional complexity of O(V + E) where V denotes the number of vertices (a visited CH
robot and the nonvisited CH robots in our case) and E denotes the edge between the
vertices. If UAV visits K CH robots, then V=M — K +1and E = V(V — 1) and
soV + E = V?). Therefore, the shortest path algorithms with single nonvisited CH
robot-single visited CH robot has a computational complexity of O(V + E) = O(V?)
= O((M — K + 1)?). In our shortest path algorithm, each of M — K nonvisited CH
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Algorithm 1 Multi Shortest Path Data Forwarding Strategy (MSPDES)
Initialization: Assume that the UAV chose a K -element combination from M CH

robots, SX, to look for a trajectory to visit all CH robots in that combination. |SX|
is cardinality of the set SXX. Given the combination SX, data forwarding strategy
is formed as follows.
Algorithm:
fori=1:Mdo
# Comment: If CH robot i is on the trajectory of the UAV
if i € SX then
# Comment: No need to forward data to another CH robot
u;=0and~ =0
else
# Comment: Calculate shortest paths for all CH robot on the trajectory
of the UAV.
for j =1:|SK| do
Fnd shortest path (minimum energy path strategy for data forwarding)
from the position of CH robot i to the position of CH robot SX (7).
end for
Compare it with the shortest path to origin (initial position of the UAV)
and choose the shorter one. Find the optimal strategy u; = arg min E7 (u;) by
comparing the energy cost of the best strategy for each destinati(u;n, SE(4).
end if
end for

Output: The optimal data forwarding strategy u} for each CH robot i given S
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robot considers each of K visited CH robot as target and take the minimum of the K
shortest path (one for one visited CH robot). Hence, computational complexity of our

shortest path algorithm is O(K x (M — K +1)?%).

3.3.2 Optimal Strategy for the UAV

As it is exhibited in the previous section, if the UAV has sufficient battery capacity
to visit all CH robots, then Problem 1| can be considered as a TSP problem and an
optimal strategy can be obtained by common techniques in the literature. On the other
hand, if the UAV has a battery capacity less than Brgp, then considering Problem 1]

as a TSP problem does not guarantee to obtain an optimal strategy.

In this case, we need to consider not only the energy consumption of the UAV below
its battery capacity but also the minimum energy consumption of the nonvisited CH
robots and the data forwarding strategies for the nonvisited CH robots (These strate-
gies are investigated in the previous subsection.) This is shown as in the following

proposition. Let 7* denote the optimal strategy for Problem [I]

Proposition 1. For B < Brgp, m1§p does not necessarily imply the optimality con-
dition for the Problem |l} where T'¢} is the strategy by which the TSP can visit the

maximum number of CH robots.

Proof. This proposition will be proved by a counter example system in Figures [3.3]
and In this example, we take the initial position of the UAV as &, = (0,0). With
respect to this initial position, the positions of the CH robots are ({1, &2, &3, &y, Es,
&) = ((—16,12),(9,16), (—13,16), (—7,24), (0,24), (6, 32)).

With respect to these positions, we obtain the distance between the CH robots. ||&; —

Gl = 5, 1€ = &ll = 10, 16 = &l = 7, (1§ — &ll = 15, [ — & = 10,
II€1 — &5l = 20, ||€0 — &1| = 20, ||€0 — &2|| = 15 where & is the initial point of route
(trajectory) of UAV.

Assume that B = 70 and let’s investigate the cost of the following two strategies, 7

as shown in Figure [3.3]and 75 as shown in Figure[3.4]
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Figure 3.3: The whole multi-robot system consists of a fusion center (FC) where
the UAV starts its route and 6 cluster of robots around FC. The red circles show
the locations of the cluster head (CH) robots in their robot cluster. The UAV uses
the strategy m, for the data collection. With respect to this initial position of the
UAV at & = (0,0), the positions of the CH robots are (&i,&2,&3,84,85,8) =
((—16,12),(9,16),(—13,16), (—7,24), (0,24), (6, 32)) units.

T = {p(fo,51),]3(51,53),]7(53,54),]9(54,52),]9(52,50)} (310)
g = {p(fo,51),]9(51,55),17(55,52)7?(52,50)} (311)

The UAV consumes the following energies under these two strategies.

Efay = 6o = &ll + 116 — &l + 1165 — &ll + 1164 — &l + 162 — &ll(3.12)
Eiyy = 6o =&l + 16 = &l + 16 — &l + 1€ — &l (3.13)

From Equations (3.12) and (3.13), E['y,, = E[*y, = 70 which equals to the battery
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Figure 3.4: The whole multi-robot system consists of a fusion center (FC) where
the UAV starts its route and 6 cluster of robots around FC. The red circles show
the locations of the cluster head (CH) robots in their robot cluster. The UAV uses
the strategy Ty for the data collection. With respect to this initial position of the
UAV at § = (0,0), the positions of the CH robots are (&i,&s,&3,84,85,8) =
((—16,12),(9,16),(—13,16), (—7,24), (0,24), (6, 32)) units.

capacity of the UAV, B. In this case, m; = 7w g5 because it visits maximum number

of CH robots, 4.
Let’s compare the cost of these two strategies m; and 7, for Problem |}

The total energy consumption of the CH robots under the strategy 7 is

6

Eien = Z

i=1
.~ (3.15)

= & —&ll? + [I& — &ll® + 116 — &l (3.16)

6
il (1 _ Z J{I,(fi@)@l})] , (3.14)

J=1
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The total energy consumption of the CH robots under the strategy 7 is

6
N (1 — Z J{I,(gi,gj)eﬂz})] : (3.17)

6

Eien = Z

i=1 j=1
= %+ (3.18)
= & =&al*+ 116 — &l + 1156 — &I (3.19)
From Equations (3.16) and (3.19),
Eren — Bty = &6 =&l — 16— &l?
BT > BT (3.20)

As it can be seen from Figure 7o = m* for Problem [I] Remind that m; = 755
is the optimal strategy for the TSP which aims to visit the maximum number of CH

robots, 4 in this example. From Equation (3.20),

E5E > Eoy (3.21)

which yields 77'¢% cannot achieve optimality in this example. Hence, it is proved. [

As the UAV with battery capacity B < Brgp does not have sufficient energy to visit
all CH robots, it needs to desist from visiting some of the CH robots. The problem is
to choose a subset of CH robots to desist from visiting them such that the total energy
consumption of those unvisited CH robots will be minimum. The following remark

will be useful in analyzing the desisting process.

Remark 7. To solve the problem for the UAV with battery capacity B < Brgp, (Let
us remind that from Definition[9], Brsp is the minimum energy required for the UAV
to visit all CH robots.) our strategy will start at a point B = Brgp, then the strategy
will decrease the energy consumption of the UAV by desisting from visiting some CH

robots. The decrease needs to be at least Brsp — B.
The following lemma is useful to search for a path after desisting from visiting a set
of CH robots.

Lemma 1. Assume that the UAV with battery capacity By can follow an optimal route

such that it visit CH robot 1, j, and k successively on the optimal route by which the
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CH1 CH3

Figure 3.5: The whole multi-robot system consists of a fusion center (FC) where
the UAV starts its route and 7 cluster head (CH) robots around FC. The red circles
show the locations of the cluster head (CH) robots in their robot cluster. The UAV
uses an optimal strategy such that it visits CH I, CH 2, CH 3, CH 4, CH 5, CH
6, and CH 7 in order (The path has a length of 244 m). With respect to the initial
position at £, = (0, 0), the positions of the CH robots are ({1, &2, &3, &4, &5, &6, &7) =
((24,—32), (48, —-25),(72,—32),(72,7), (48,0), (48, 25), (24, 32)) m.

UAV visits K < M CH robots (B is the minimum energy required to follow that
path). If the battery capacity of UAV decreased slightly such that Bo < By and the
UAV decided to desist from visiting CH robot j, simply visiting CH robot k just after
visiting CH robot i (the direct line from CH robot i to CH robot j would not guarantee

optimality to plan a route with the remaining K — 1 CH robots except CH robot j).

Proof. The proof will be done by contradiction. Consider a multi-robot system in
Figure [3.5] which consists of a fusion center (FC) where the UAV starts its route
and 7 cluster head (CH) robots around FC. The red circles show the locations of
the cluster head (CH) robots in their robot cluster (to focus on the CH robots, the
other robots are not shown in Figures 3.5H3.7). It is assumed that the initial po-
sition of the UAV, the position of the fusion center is § = (0,0). With respect
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to this initial position, the positions of the CH robots are (&1, &2, &3, &4, &5, 86, 87) =
(24, —32), (48, —25), (72, —32), (72, 7), (48, 0), (48, 25), (24, 32)) m. The UAV uses
an optimal strategy such that it visits CH 1, CH2,CH 3, CH 4, CH 5, CH 6 and CH 7

in order. To follow that route, the UAV needs exactly the following amount of energy

Efsv = Euav(0,1)+ Eyav(1,2) + Epav(2,3) + Evav(3,4) + Epav(4,5)
Eyav(5,6) + Eyav(6,7) + Eyav(7,0)
Cuav X [[[€o — &Il + [[& — ol + €2 — &l + 1163 — &all + (164 — &5

165 = &oll + [1€6 — &7ll + [1€7 — Sl
Cyav X [40 + 25 + 25 4 39 + 25 + 25 + 25 + 40]

_|_

+

244 x CUAV (322)

From Equations (3.22)), if B < 244 x Cyay, then the UAV needs to desist from
visiting at least one CH robot. Assume that the UAV decided to desist from visiting
CH 3 and then search for an optimal route to visit all CH robots except CH 3.

Consider a multi-robot system in Figure [3.6) which is the same system in Figure 3.5

The UAV uses a strategy such that it visits CH 1, CH 2, CH 4, CH 5, CH 6, and
CH 7 in order. In this strategy, instead of visiting CH 3, the UAV visits CH 4 just
after visiting CH 2 (reconstructing the route with a direct line from CH 2 to CH 4) To

follow that route, the UAV needs exactly the following amount of energy

El.v = Euav(0,1) + Eyav(1,2) + Eyav(2,4) + Eyav(4,5) + Eyav(5,6)
+ EUAV(67 7) + EUAV(77 O)
= Cuav x [[|I€o — &l + 160 — &Il + [[§2 — &all + 1€ — &5l + (165 — &l

+ 16 — &l + 1€ — &oll]
Cuay X [40 4+ 25 + 40 + 25 + 25 + 25 + 40]

220 x Cyav (3.23)

Consider a multi-robot system in Figure [3.7| which is the same system in Figure [3.5]
The UAV uses a strategy such that it visits CH 1, CH 2, CH 5, CH 4, CH 6, and CH 7

in order. To follow that route, the UAV needs exactly the following amount of energy
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CH1 CH3 ¢

Figure 3.6: The whole multi-robot system consists of a fusion center (FC) where
the UAV starts its route and 7 cluster head (CH) robots around FC. The red circles
show the locations of the cluster head (CH) robots in their robot cluster. The UAV
uses an optimal strategy such that it visits CH I, CH 2, CH 4, CH 5, CH 6, and
CH 7 in order (The path has a length of 220 m). With respect to the initial po-
sition at &, = (0,0), the positions of the CH robots are (&1, &2, &3, &4, 85,86, 87) =
((24,—32), (48, —-25),(72,—-32),(72,7), (48,0), (48, 25), (24, 32)) m.

El v =Euav(0,1)+ Epav(1,2) + Eyav(2,5) + Evav(5,4) + Eyav(4,6)
+ Eyav(6,7)+ Eyav(7,0)
=Cuav % [[[&o = &l + 116 — &l + &2 = &l + 1€ — &ll + (1€ — &l
+ €6 — &Il + 1€ — &oll]
=Cpav X [40 + 25 + 25+ 25 + 30 + 25 + 40]
— 210 x Cyay (3.24)

From Equations (3.23) and (3.24), using a direct line from CH 2 to CH 4 does not pro-

vide the optimal route for visiting all CH robots except CH 3. By this contradiction,

the lemma is proved. [
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CH1 CH3 4

Figure 3.7: The whole multi-robot system consists of a fusion center (FC) where
the UAV starts its route and 7 cluster head (CH) robots around FC. The red circles
show the locations of the cluster head (CH) robots in their robot cluster. The UAV
uses an optimal strategy such that it visits CH 1, CH 2, CH 5, CH 4, CH 6 and
CH 7 in order (The path has a length of 210 m). With respect to the initial po-
sition at £, = (0,0), the positions of the CH robots are (&1, &2, &3, &4, 85,86, 87) =
((24,—32), (48, —25),(72,—32),(72,7), (48,0), (48, 25), (24, 32)) m.

From Remark [5] The data forwarding strategy of a CH robot not visited by the UAV
depends only on the positions of the CH robots on the trajectory of the UAV and the
ones not on the trajectory of the UAV. The data forwarding strategies do not depend
on the order in which the UAV visits them. This need to be considered for finding
optimal data forwarding strategies. From Lemma (1} if the UAV desists to visit a CH
robot 7, instead of simply passing from the previous CH robot i to the next CH robot k
according to the visiting order (7, j, k are the consecutive CH robots according to the
order), the UAV needs to consider the path planning problem again as a TSP problem
for finding the optimal path (trajectory). Therefore, the UAV can find the optimal
path only considering path planning problem as a TSP problem for each combination
of CH robots from Definition [[T] Thus, Remark [5| and Lemma [I] provide us the
motivation to propose Algorithm [2|by using Definition
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Algorithm 2 Genetic Algorithm with Minimum Energy for Data Forwarding Strategy

(GAMEDEFS)
Initialize: Battery capacity of the UAV is insufficient for visiting all CH robots,

i.e., B < Brgp.
Algorithm:
for K = (M —1):1do
# Comment: Choose K CH robots and desist from visiting other CH robots.
Find all (z\Ig) combinations of the CH robots.
# Comment: For each of the (]\Ig ) combinations of CH robots.
fora=1: (%) do
# Comment: Check whether the UAV can find a route to visit all CH robots in
the combination SX.
if min E7; 4, < B for SX then
#WCOmment.' SK is a feasible K-element combination, i.e., SX € S¥(B).
find the minimum energy consumption of the CH robots in S — S&.

Use Algorithmfor each CH robot i € S — SX. Find Z oA
1€eS—SK

end if
end for
# Comment: If there exists at least a feasible K-element combination, find the K-
element combination SX by which energy consumption of CH robots in S — SX

will be minimum.
if S%(B) # () then

Find min T

SKesK(B) 2
ieS—SK
end if
end for

# Comment: Find the combination SX by which the minimum energy consump-

tion of the CH robots in S— SX will be minimum (In this step, all combinations with

all K values are considered so this is the step to find the minimum of minimum).

Find min | min E Y-
K| S&esSk(B)
1€S—SK

# Comment: As output, provide the result of K and the combination SX.

Output: (K, S¥) = arg min Z o4

i€S—SK
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Remark 8. Our algorithm uses a kind of exhaustive search algorithm. It considers all
the combinations and then chooses the feasible combination which gives us minimum
among the total joint costs of all feasible CH robots. For this purpose, it applies
mimimum energy for data forwarding strategy to each feasible combination. (Remind
that mimimum energy for data forwarding strategy is the multi shortest path for data

forwarding strategy (MSPDFS) proposed as Algorithm 1).

Here, we check the feasibility of a combination of CH robots by considering to visit
all CH robots in the combination as TSP. To solve this TSP problem and check the
feasibility of a combination, our strategy applies genetic algorithm. That is the reason

why our strategy includes genetic-algorithm based strategy in its name.

Theorem 1. Algorithm2)is optimal for Problem|l]

Proof. From Definition [§] Problem[I|can be converted into the following problem

M
minmin (Ef(ul)] icS—SK )
P G (3.25)
S.t. E%. <B

Sf be a K -element subset of the M -element set of all CH robots, i.e., Sf C S and
|S%| =K forl <a< (Alf)

From Definition[I0} the problem in (3.25]) can be converted into the following problem

M

min [V Iies—sxy]
(i (3.26)

s.t. vay < B

From Remark [/ the UAV with battery capacity B < Brgp cannot visit all A/ CH

robots; therefore, the UAV needs to desist from visiting a subset of the CH robots.

From Remark [3] the strategy of a CH robot i not visited by the UAV, u;, depends
only on the positions of the CH robots. u; does not depend on the route on which the
UAV visit the CH robots. Therefore, the total energy consumption of the CH robots

depends on the combination whereby the UAV determines the CH robots to visit.
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If min Ef 4, > B for S¥, then the combination S¥ is such an infeasible combi-
nation that the UAV with battery capacity B cannot visit all the CH robots in that

combination SX. Therefore, it is unnecessary to find Z 77 for SX such that
i€S—SK
min Ef; 4, > B for SX.
™

1€S—SK
SK € SK(B) from Definition|11)) and then takes the minimum of Z A7 values.

1€S—SK

Algorithm [2{finds all )~ ~7 for SX € S¥(B) (recall that min E7} ,,, < B for

From Proposition|[I] the following inequality cannot be guaranteed

min T < min 4 3.27
SKeSK(B) Z T SE-legKk-1(B) Z b (3:27)
i€S—SK ieS—gk-1

Therefore, the algorithm considers all /& values such that 1 < K < M —1 for optimal

solution. In other words, an algorithm needs to find min min Z | to
K |sKeskm) £~
? “Pa

guarantee optimality.

Thus, Algorithm [2] guarantees optimality for the problem in Hence, Algorithm
[2) guarantees the optimality for Problem [I] O

Remark 9. As we consider all combinations of M CH robots (totally 2™ combi-
nation), our algorithm GAMEDFS has exponential complexity with respect to the

number of CH robots. Therefore, it is not scalable with the number of CH robots.

For each combination of K CH robots, obtaining the optimal strategies requires
O((M — K)K(M — K + 1)%) computations which takes its maximum value when
K = @ Therefore, obtaining the optimal strategies requires O(Af—;) computations.

Hence, computational complexity of GAMEDFS is O(2M~4 x M*).

3.4 Numerical Results

In this section, we will evaluate the performance of the strategies for varying battery
capacities and varying number of CH robots. We consider three scenarios with vary-

ing number of CH robots, namely 5-CH robot scenario, 7-CH robot scenario, and
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10-CH robot scenario. In each scenario, the locations of CH robots are randomly
generated. For different battery capacities, the performance of different strategies are

investigated.

In these scenarios, we observe that the path length for the UAV to visit all CH robots is
less than 50 units. This means that the sufficient battery capacity for the UAV to visit
all CH robots is less than 50 x Cyy 4y (recall that Cpy 4y is the energy consumption of
the UAV per unit distance travel). In these scenarios, we evaluate the performances of
two strategies, namely, our optimal strategy (GAMEDFS) and UAV-Oriented strategy
in [[75]]. Please notice that we investigate all decisions taken by both strategies for each
battery level varying from B = 50 X Cyay to B = 5 x Cyay in each of 5-CH, 7-CH
and 10-CH robot scenarios. We also calculate the resultant energy consumption of

the UAV and CH robots.

3.4.1 5-CH case

Figure [3.8] shows the locations of the five CH robots and the weights of the links be-
tween them. With respect to this initial position of the UAV (0,0), the positions of the
CH robots are (&1, &9,&3,84,&5) = ((—8,5),(2,2),(6,10), (=2, —3), (=5, —5)) m. In
the configuration in Figure [3.8] the total energy consumption is 296 x C¢y if all CH
robots send their data directly to the FC at &, = (0, 0) (the UAV visits no CH robot).

3.4.1.1 UAV-Oriented Strategy

By applying the UAV-Oriented strategy, the UAV travels only to CH robot 2 (&, =
(2,2)) and collects all data of the CH robots from there if the UAV has sufficient
battery capacity (to travel there and return back to the FC), which is

B = 2x|& =&l
= 2x4/(2—0)2+(2—0)2 x Cyay
~ b5.66 x CUAV

< 10 x Cpay, (3.28)
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Figure 3.8: Nodes show that the locations (positions) of the five CH robots. The
weight of a link shows the square of distance between the two nodes connected via

that link.

by which the UAV can apply the UAV-Oriented strategy which results in the total
energy consumption of the CH robots as follows

UAV —Oriented

Ehcu (w) = & = &l* + & — &II” + 161 = &I + 165 — &2
= (109+80+41+98) x Con
= 328 x Ceopy
> 296 x Coy, (3.29)
which yields an interesting result that the UAV-Oriented strategy causes more energy
consumption of CH robots than no strategy (the UAV visits no CH robots) in the con-
figuration in Figure [3.8] If B = 5, then the UAV-Oriented strategy is not applicable

because the UAV cannot travel to CH robot 2 and none of the other CH robots are

closer to the origin than CH robot 2.
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3.4.1.2 Optimal Strategy (GAMEDFS)

The performance of optimal strategy (GAMEDES) is investigated for battery capaci-
ties varying from B = 5 to B = 50 in the configuration in Figure[3.8] In Figure[3.9]
by applying optimal strategy, the UAV with B = 45 x Cyay or B = 50 x Cy 4y can
make the CH robots consume no energy for forwarding data (E7, ,;-(u) = 0). Notice
that if the problem is considered as a TSP problem for the configuration in Figure[3.§]
the energy required for the UAV to visit all CH robots is

Efaw(u) =& — &l + & — &l + 16 — &l + 116 — &l + 116 — &l + 1164 — &l
= (V84804 v221 + V109 + V13 4+ V13) x Cyay

~ 44.29 x CUAV (330)

which yields that the UAV with B = 44.29 needs to desist from visiting at least one
CH robot. The UAV with B = 35 or B = 40 x Cp 4y desists from visiting CH robot

3 which results in

GAMEDFS

Enen™ () = 80 x Coy (3.31)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(u) = & =&l + & = &l + 16 — &l + 1€ — &all + 1€ — &l
= (V84 V109 + V109 + V13 + v13) x Cyay
~ 30.92 x OUAV (332)

The UAV with B = 30 x Cp 4y desists from visiting CH robot 3 and CH robot 5,

which results in

GAMEDFS

E;;CH (u) = (80 —+ 13) x Con
= 93 x Cecy (3.33)

total energy consumption of CH robots. Thus, the UAV consumes

Efay(u) = & —&ll + 116 — &l + 1€ — &ll + 1165 — &l
= (V84109 + v100 + v13) x Cyay
~ 26.87 x Cyay (3.34)
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Figure 3.9: The total energy consumption of the five CH robots in Figure under

the strategies, UAV-Oriented and GAMEDEFS for varying battery capacities of the
UAV from B =5 X Cpyay to B =50 x Cyay.

The UAV with B = 25 x Cpay desists from visiting CH robot 3, CH robot 2, and
CH robot 5 which results in

GAMEDFS

= 109 x Cepy (3.35)

total energy consumption of CH robots (CH 3 robot sends its data to CH robot 2 to
forward it to the UAV at FC). Thus, the UAV consumes

Efav(w) = [l&o =&l + 16 = &ll + & — &l
= (V89 + V100 4+ V13) x Cyay
~ 23.04 x OUAV (336)

The UAV with B = 20 x Cyay desists from visiting CH robot 3 and CH robot 1
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which results in

GAMEDFS

E;;CH (u) = (80 + 89) x Con

total energy consumption of CH robots. Thus, the UAV consumes

EFaw(w) = 1€ — &l + 1€ — & + 1165 — &l + 1€ — &
= (V8 + V98 + V13 +V13) x Cpay
~ 19.94 x CUAV (338)

The UAV with B = 15 x Cyay desists from visiting CH robot 3, CH robot 5, and
CH robot 1 which results in

GAMEDFS

Elon (u) = (804 13+89) x Coy

total energy consumption of CH robots. Thus, the UAV consumes

Efay(w) = [1& = &ll + 162 = &l + 1€ = &ll
= (\/§+\/ﬁ+\/1_3>XCUAV
~ 12.84 x CUAV (340)

The UAV with B = 10 x Cyay desists from visiting CH robot 3, CH robot 2, CH
robot 5, and CH robot 1 which results in

GAMEDFS

ElGw (u) = ((80+8)+8+13+89) x Con
= 198 x CCH (341)

total energy consumption of CH robots. Thus,

Efav(w) = |l& = &ll + 1 — &l
= (\/E'f‘ \/1_3) X CUAV
~ 7.21x CUAV (342)

The UAV with B = 5 x Cpy 4y cannot travel to any CH robots which results in

GAMEDFS

) S (u) = ((80+8)+8+ (13+13) + 13+ 89) x Ccy
= 224 x CCH (343)
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total energy consumption of CH robots (CH 3 robot and CH robot 5 send its data to
CH robot 2 and CH robot 4, respectively, in order to forward it to the UAV at the
origin). Even without visiting any CH robot, optimal strategy performs better than no

strategy and the UAV-Oriented strategy.

3.4.1.3 Performance Comparison

Table [3.2] summarizes indices of the nonvisited CH robots which the strategies de-
cide to desist from visiting in the configuration of Figure Similarly, Table (3.3
summarizes total energy consumption of the nonvisited CH robots which the strate-
gies decides to desist from visiting. From these tables, it can be observed how UAV
decides to desist from visiting a subset of CH robots depending on its battery capac-
ity in the configuration of Figure [3.8] Furthermore, the total energy consumption of
the nonvisited CH robots depends on the desisting decisions taken by UAV and so
the battery capacity of the UAV. Besides these, the total energy consumption of the
nonvisited CH robots also depends on the network topology, the locations of all CH

robots.

Table 3.2: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure [3.8] "None" implies that UAV visits all CH robots if
B =45 or B = 50. "x" implies that the UAV-Oriented Strategy is infeasible for that
battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented Strategy X 1,3-5 1,3-5 1,3-5 1,3-5
Optimal Strategy (GAMEDEFS)  1-5 1-3,5 1,35 2-5 2,3,5

Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 1,3-5 1,3-5 1,3-5 1,3-5 1,3-5
Optimal Strategy (GAMEDES) 3,5 3 3 None  None

We compare the performances of UAV-Oriented strategy and our two-stage optimal
strategy for battery capacities varying from B = 5 to B = 50 in the configuration in
Figure [3.8] From Figure [3.9] the following observations can be made. Applying the
UAV-Oriented strategy results in 328 x Ccy for battery capacities from B = 10 to
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Table 3.3: The table shows total energy consumption of nonvisited CH robots de-
pending on battery capacity of UAV in Figure[3.9] "x" implies that the UAV-Oriented
strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented Strategy X 328 328 328 328
Optimal Strategy (GAMEDEFS) 224 198 182 135 109
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 328 328 328 328 328
Optimal Strategy (GAMEDES) 93 80 80 0 0

B = 50, it is not applicable for B = 5 which is insufficient battery capacity for the
UAV to travel any CH robot and turn back to the FC. This strategy performs worse
than no strategy by which the UAV standing on the FC collects data from all CH
robots (no strategy results in 296 X Coy < 328 X Cap). On the other hand, the two-
stage optimal strategy achieves zero total energy consumption of all CH robots for
B = 45 and B = 50. Optimal strategy results in 80 x C'cy total energy consumption,
only one fourth of that by the UAV-Oriented strategy for B = 35 and B = 40.
Optimal strategy results in 93 X Coy and 109 x Cepy total energy consumption,
less than one third of that by the UAV-Oriented strategy, for B = 30 and B = 25,
respectively. For B = 20, B = 15 and B = 10, optimal strategy results in 169 x Co,
182 x Cepy and 198 x Cep total energy consumption, respectively, still less than
61% of that by the UAV-Oriented strategy. Even for B = 5, optimal strategy results
in 224 x Ccy total energy consumption, still less than 76% of that by no strategy.
Remind that UAV-Oriented strategy is not applicable for B = 5.

3.4.2 6-CH case

In Figure [3.10] shows the locations of the 6 CH robots and the weights of the links
between them. With respect to this initial position of the UAV (0,0), the positions
of the CH robots are (£1, &s, &3, &4, &5, &) = ((—3,1), (1, =7),(1,-1),(4,=7),(7,3),
(7,—9))m. In the configuration in Figure total energy consumption is 315 x
Cep if all CH robots send their data directly to the FC at {, = (0, 0).
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3.4.2.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, the UAV travels only to CH robot 3 (¢35 =
(—1,—1)) and collect all data of the CH robots from there if the UAV has sufficient
battery capacity (to travel there and return back to the FC), which is

B = 2x|&—¢&l
= 2x/(=1—=0)2+(=1-0)2x Cyay
~ 2.83x CUAV

< bX CUAV7 (3.44)

by which the UAV can apply UAV-Oriented strategy which results in the total energy
consumption of the CH robots as follows

UAV —Oriented

Elicy (v) =& = &P+ & — &P +11& — &P +11& — &IIP+ 1€ — &l
— (20 + 36 + 45 + 52 + 100) x Cer
=253 x OCH (345)

3.4.2.2 Optimal Strategy (GAMEDFS)

In Figure [3.11] by applying optimal strategy (GAMEDEFS), the UAV with B = 40 x
Cyay or B =45 x Cyay or B = 50 x Cpy 4y can make the CH robots consume no
energy for forwarding data (E7 ,;,(u) = 0). Notice that if the problem is considered
as a TSP problem for the configuration in Figure [3.10] the energy required for the
UAV to visit all CH robots is

Efav(w) = [l&o =&l + 16 — &l + 1€ — &all + 1164 — &l + 1€ — &l
+ (16— &l + 1€ — &l
= (VI0+ V80 +3 + V13 4+ 12+ V52 + v2) x Crav
~ 39.34 x Cyay (3.46)

which yields that the UAV with B < 39.34 x Cp 4y needs to desist from visiting at
least one CH robot. The UAV with B = 35 x Cp 4y desists from visiting CH robot 1
which results in

GAMEDFS

Ent ™" () = 10 x Cey (3.47)
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Figure 3.10: Nodes show that the locations of the 6 CH robots. The weight of a link

shows the square of distance between the two nodes connected via that link.

total energy consumption of CH robots. Thus, the UAV consumes

ET ()= — &l + 1€ — &Il + 162 — &l + 1164 — &6l + 16 — & + 11€5 — &l
= (V246 +3+V13+ 12+ V58) x Cpav

~ 33.64 x CUAV

(3.48)

The UAV with B = 30 x Cyay desists from visiting CH robot 1 and CH robot 5

which results in

TGAMEDFS
EACH

()

(10 + 13) X CCH

23 x Cop (3.49)
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Figure 3.11: The total energy consumption of the 6 CH robots in Figure |3.10{ under

the strategies, UAV-Oriented and GAMEDEFS for varying battery capacities of the
UAV from B = 5 X Cyay to B = 50 X Cyay. The units for energy consumption
of the UAV and total energy consumption of the nonvisited CH robots are Cy 41 and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.

total energy consumption of CH robots. Thus, the UAV consumes

Efav(u) = [ — &l + 16 — &l + 162 — &all + 1€ = &l + 11€5 — &l
= (V246 + 34109+ v58) x Cuyay
~ 2847 x Cyay (3.50)

The UAV with B = 25 x Cy 4y or B = 20 x Cy 4y desists from visiting CH robot 1,
CH robot 5 and CH robot 6 which results in

GAMEDFS

E.ZCH (U) = (10 + 52 + 13) X CC’H
= 75 x Ceop (3.51)
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total energy consumption of CH robots. Thus, the UAV consumes

Efy @) = & — &l + 16 — &l + 1& — &l + 16 — &l
= (\/§+\/4_5+3+\/%)XCUAV
~ 18.19 x CUAV (352)

The UAV with B = 15 x Cpy 4y visits CH robot 3 and CH robot 2 which results in

GAMEDFS

Elcn (u) = (104+94524 (134 45)) x Ceop

total energy consumption of CH robots. Thus, the UAV consumes

Ef ) = & =&l + 116 — &Il + (1€ — &)
= (\/§+6+\/%)XCUAV
~ 14.49 x Cyav (3.54)

The UAV with B = 10 x Cyy 4y visits CH robot 1 and CH robot 3 which results in

GAMEDFS

Erod ™™ () = (36 + 45 + 52+ (13 + 45)) x Cexr
— 191 x Cep (3.55)

total energy consumption of CH robots. Thus, the UAV consumes

Efay () = [1& =&l + 116 — &l + 1€ — &ll
= (\/§+\/ﬁ+\/1_0)><C'UAV
~ 9.05 x CUAV (356)

The UAV with B = 5 x Cpy 4y cannot travel to any CH robots which results in

GAMEDFS

Erdn T w) = (104 (3642) +2+ (45 +2) + (52 + 2)
+ (13445 +2)) x Cop
211 x Ceyr (3.57)

total energy consumption of CH robots (CH 2 robot, CH 4 robot and CH robot 5 send
its data to CH robot 3 to forward it to the UAV at FC. Similarly, CH 6 robot forwards
its data to CH robot 4). Even without visiting any CH robot, optimal strategy performs

better than no strategy and the UAV-Oriented strategy.
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3.4.2.3 Performance Comparison

Table [3.4] summarizes indices of the nonvisited CH robots which the strategies decide
to desist from visiting in the configuration of Figure[3.10] Similarly, Table [3.5] sum-
marizes total energy consumption of the nonvisited CH robots which the strategies
decide to desist from visiting. From these tables, it can be observed how UAV de-
cides to desist from visiting a subset of CH robots depending on its battery capacity
in the configuration of Figure Furthermore, the total energy consumption of
the nonvisited CH robots depends on the desisting decisions taken by UAV and so
the battery capacity of the UAV. Besides these, the total energy consumption of the
nonvisited CH robots also depends on the network topology, the locations of all CH

robots.

Table 3.4: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure [3.10] "None" implies that the UAV visits all CH robots if
B = 35,40,45,50. "x" implies that the UAV-Oriented strategy is infeasible for that
battery capacity.

Strategy B=5 B=10 B=15 B=20 B=2§
UAV-Oriented Strategy 1,24-6 1,24-6 1,24-6 1,2,4-6 1,2,4-6
Optimal Strategy (GAMEDEFS) 1,2,4-6 2,4-6 1,4-6 1,5,6 1,5,6
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 1,24-6 1,24-6 1,24-6 1,2,4-6 1,2,4-6
Optimal Strategy (GAMEDES) 1,5 1 None None  None

We compare the performances of the UAV-Oriented strategy and our two-stage op-
timal strategy for battery capacities varying from B = 5 to B = 50 in the config-
uration in Figure [3.10] From Figure [3.T1] the following observations can be made.
Applying the UAV-Oriented strategy results in 253 x C¢y for all battery capacities
B = 5,10,15,20,25,30,35,40,45,50. On the other hand, the two-stage optimal
strategy achieves zero total energy consumption of all CH robots for B = 40, B = 45
and B = 50. Optimal strategy results in 10 x Ccy total energy consumption, less
than 4% of that by the UAV-Oriented strategy for B = 35. Optimal strategy results in
23 x Cey total energy consumption, only one eleventh of that by the UAV-Oriented
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Table 3.5: The table shows total energy consumption of nonvisited CH robots depend-
ing on battery capacity of UAV in Figure "x" implies that the UAV-Oriented
strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented Strategy 253 253 253 253 253
Optimal Strategy (GAMEDEFS) 211 191 129 75 75
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 253 253 253 253 253
Optimal Strategy (GAMEDES) 23 10 0 0 0

strategy for B = 30. For B = 20, 25, optimal strategy results in 75 x C¢g, less than
30% of that by the UAV-Oriented strategy. For B = 15, optimal strategy results in
129 x C¢py total energy consumption, nearly half of that by the UAV-Oriented strat-
egy. For B = 10, optimal strategy results in 191 x Ccy total energy consumption,
less than 80% of that by the UAV-Oriented strategy. Even for B = 5, optimal strategy
results in 211 x Cqpy total energy consumption, still nearly five sixth of that by no

strategy.

3.4.3 7-CH Case

Figure [3.12] shows the locations of the seven CH robots and the weights of the links
between them. With respect to this initial position of the UAV (0,0), the positions of

the CH robots are ({1, &2, &3, &4, &5, &6, €7) = ((9,6), (3,9),(3,2),(7,8), (8, —1),(7,5),
(2,2))m. In the configuration in Figure the total energy consumption is 480 x

Cep if all CH robots send their data directly to the FC at {, = (0,0) (the UAV visit
no CH robot).

3.4.3.1 UAV-Oriented Strategy

By applying the UAV-Oriented strategy, the UAV travels only to CH robot 6 ({5 =
(7,5)) and collect all data of the CH robots from there if the UAV has sufficient battery
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Figure 3.12: Nodes show that the locations of the seven CH robots. The weight of a

link shows the square of distance between the two nodes connected via that link.

capacity (to travel there and return back to the FC), which is

B = 2x|& — &l
= 2x/(7T—0)2+(5—-0)
~ 17.2><CUAv6

< 20 x Cpay, (3.58)

by which the UAV can apply the UAV-Oriented strategy which results in the total

energy consumption of the CH robots as follows

Efon ) = 16— &l + 116 — &P+ 116 — &l + 1€ — &ll?
+ & — &P + 1167 — &l
(5+324+254+9+37+34) x Cop
142 x Copy (3.59)
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If B = 10 or B = 15, the UAV can travel to CH robot 3 which is closer to the

UAV —Oriented

origin than CH robot 6. Similar to Equation (3.59), E7% .y (u) =213 x Cey
However, if B = 5, then the UAV-oriented strategy is not applicable because the UAV

cannot travel to any CH robot.

3.4.3.2 Optimal Strategy (GAMEDFS)

The performance of optimal strategy (GAMEDEFS) is investigated for battery capac-
ities varying from B = 5 to B = 50 in the configuration in Figure 3.12] In Figure
[3.13] by applying optimal strategy, the UAV with B = 35 X Cyay or B = 40 x Cyay
or B =45 x Cyay or B =50 x Cyay can make the CH robots consume no energy
for forwarding data (K7 ,,(u) = 0). Notice that if the problem is considered as a
TSP problem for the configuration in Figure[3.12] the energy required for the UAV to

visit all CH robots is

Efav(w) = [l€ = &ll + €2 = &ll + 16 = &l + 160 = &l + 1€ — &l
+ 16 — &l + 116 — &l + 1167 — Sl
= (V90 + V17T +V8+ V5 + V37 +V34+1+V8) x Cyay
~ 34.42 x Cyay (3.60)

which yields that the UAV with B < 34.42 x Cy 4y needs to desist from visiting at
least one CH robot. The UAV with B = 30 x Cp 4y desists from visiting CH robot 5

which results in

GAMEDFS

Elcn (u) =34 x Copy (3.61)
total energy consumption of CH robots. Thus, the UAV consumes
Egav(u) = [l6o =&l + & = &all + 1 = &ll + 116 — &l + 165 — &l

+ [[& =&l + 1167 = ol
= (VI0+VIT+V8+V5+5+1+V8) x Cuay

~ 27.50 x CUAV (362)

The UAV with B = 25 x Cy 4y desists from visiting CH robot 2 and CH robot 5
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Figure 3.13: The total energy consumption of the seven CH robots in Figure |3.12

under the strategies, UAV-Oriented and GAMEDEFS for varying battery capacities of
the UAV from B = 5 X Cyay to B = 50 X Cy 4. The units for energy consumption
of the UAV and total energy consumption of the nonvisited CH robots are Cyy 4 and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.

which results in
GAMEDFS

E;;CH (u) = (17—|— 34) x Con
= b1 xCecy (3.63)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(@) = 1€ = &all + 1€ = &l + 1€ = &oll + 166 — &l + 1€ — &
+ & = &ll
= (VI13+V8+V5+5+1+V8) x Cyay
~ 24.52 x Cyay (3.64)
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The UAV with B = 20 x Cyay desists from visiting CH robot 1, CH robot 2, CH
robot 4, and CH robot 5 which results in

GAMEDFS

I D (u) = B+ (174+9)+9+34) x Copn
= 74 x Cog (3.65)

total energy consumption of CH robots. Thus, the UAV consumes

EFw(w) = |léo— &l + 1€ — &l + 116 — &l + 16 — &
= (V7445414 V8) x Cyay
~ 17.43 x Cyay (3.66)

The UAV with B = 10 x Cyay or B = 15 x Cy 4y desists from visiting CH robot 1,
CH robot 2, CH robot 4, CH robot 5, and CH robot 6 which results in

GAMEDFS

ElGH (u) = ((5+25)+50+ (94 25) +34+25) x Copy
= 173 x Ccn (3.67)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(w) = 1€ — &l + 16 — &l + &7 = &l
= <\/E+1+\/§)XCUAV
~ 743 X CUAV (368)

The UAV with B = 5 x Cp 4y cannot travel to any CH robots which results in

GAMEDFS

ElGH (u) = (b+254+14+8)+(B0+8) +(1+8)+(9+25+1+8)
+ (34+1+8)+(25+1+4+8)+8) x Coy
= 234 x Con (3.69)

total energy consumption of CH robots (All CH robots send their data directly or
indirectly to CH robot 7 to forward it to the UAV at FC). Even visiting no CH robot,

optimal strategy performs better than no strategy.

3.4.3.3 Performance Comparison

Table[3.6|summarizes indices of the nonvisited CH robots which the strategies decide

to desist from visiting in the configuration of Figure Similarly, Table 3.7 sum-
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marizes total energy consumption of the nonvisited CH robots which the strategies
decide to desist from visiting. From these tables, it can be observed how UAV de-
cides to desist from visiting a subset of CH robots depending on its battery capacity
in the configuration of Figure Furthermore, the total energy consumption of
the nonvisited CH robots depends on the desisting decisions taken by UAV and so
the battery capacity of the UAV. Besides these, the total energy consumption of the
nonvisited CH robots also depends on the network topology, the locations of all CH

robots.

Table 3.6: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure [3.12] "None" implies that the UAV visits all CH robots if
B = 35,40,45,50. "x" implies that the UAV-oriented strategy is infeasible for that

battery capacity.
Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented Strategy X 1,2,4-7 1247 1-5,7 1-5,7
Optimal Strategy (GAMEDEFS) 1-7 124-6 1246 1245 25
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 1-5,7 1-5,7 1-5,7 1-5,7 1-5,7

Optimal Strategy (GAMEDEFES) 5 None None None None

Table 3.7: The table shows total energy consumption of nonvisited CH robots depend-
ing on battery capacity of UAV in Figure [3.13] "x" implies that the UAV-oriented
strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented Strategy X 213 213 142 142
Optimal Strategy (GAMEDEFES) 234 173 173 74 51
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 142 142 142 142 142
Optimal Strategy (GAMEDES) 34 0 0 0 0

We compare the performances of the UAV-oriented strategy and our two-stage opti-

mal strategy for battery capacities varying from B = 5 to B = 50 in the configuration
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in Figure[3.12] From Figure [3.13] the following observations can be made. Applying
the UAV-oriented strategy results in 142 x Coy and 213 x Cep for battery capacities
B = 20,25,30,35,40,45,50 and B = 10, 15, respectively. It is not applicable for
B = 5 which is insufficient battery capacity for the UAV to travel any CH robot and
turn back to the FC. On the other hand, the two-stage optimal strategy achieves zero
energy consumption of all CH robots for B = 35, B = 40, B = 45 and B = 50.
Optimal strategy results in 34 x Cgy total energy consumption, only one fourth of
that by the UAV-oriented strategy for B = 30. Optimal strategy results in 51 x C'cg,
less than 36% of that by the UAV-oriented strategy for B = 25. For B = 20, optimal
strategy results in 51 X Cep, nearly half of that by the UAV-oriented strategy. For
B =10 and B = 15, optimal strategy results in 173 x C¢y total energy consumption,
nearly 81% of that by the UAV-oriented strategy. Even for B = 5, optimal strategy re-
sults in 234 x Coy total energy consumption, still less than half of that by no strategy.
Remember that the UAV-oriented strategy is not applicable for B = 5.

3.4.4 8-CH case

In Figure [3.14]shows the locations of the 8 CH robots and the weights of the links be-
tween them. With respect to this initial position of the UAV (0,0), the positions of the

CH robots are (gl, 52, 53, 54, 55, 667 §7, gg) = ((—4, ].), (8, —6>, (67 8), (9, —9), (6, —7),
(5,5), (1,—6), (6, —2))m. In the configuration in Figure [3.14] the total energy con-
sumption is 591 X Cc g if all CH robots send their data directly to the FC at §, = (0, 0).

3.4.4.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, the UAV travels only to CH robot 8 ({5 =
(—2,6)) and collect all data of the CH robots from there if the UAV has sufficient
battery capacity (to travel there and return back to the FC), which is

B = 2x|&— &l
= 2x4/(=2-0)2+ (6 —0)2 x Cyay
~ 12.65><CUAV

< 15 x CUAV7 (3.70)
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by which the UAV can apply UAV-Oriented strategy which results in the total energy

consumption of the CH robots as follows

UAV —Oriented

Elicn (u) 16 — &sll* + 1162 — &ll* + 1165 — &lI* + 1164 — &P

+ & — &P+ [1€s — &lI° + 1167 — &P
(109 + 20 + 100 + 58 + 25 + 50 + 41) x Coy

403 x Ceom (3.71)

If B = 10, the UAV can travel to CH robot 1 which is closer to the origin than CH
robot 8. Similar to Equation (3.71), Efey ~ (1) = 1055 x Coy > 591 x
Ccp which yields that for B = 10, the UAV-oriented strategy causes more energy
consumption of CH robots than no strategy (the UAV visits no CH robots) in the
configuration in Figure @} On the other hand, if B = 5, then the UAV-oriented

strategy is not applicable because the UAV cannot travel to any CH robot.
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Figure 3.14: Nodes show that the locations of the 8 CH robots. The weight of a link

shows the square of distance between the two nodes connected via that link.
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Figure 3.15: The total energy consumption of the 8 CH robots in Figure |3.14| under

the strategies, UAV-Oriented and GAMEDEFS for varying battery capacities of the
UAV from B = 5 X Cyay to B = 50 x Cyay. The units for energy consumption
of the UAV and total energy consumption of the nonvisited CH robots are Cyy 41 and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.

3.4.4.2 Optimal Strategy (GAMEDEFS)

In Figure [3.13] by applying optimal strategy (GAMEDFS), the UAV with B = 50 X
Cyav can make the CH robots consume no energy for forwarding data (E7 4, (u) =
0). Notice that if the problem is considered as a TSP problem for the configuration in

Figure [3.14] the energy required for the UAV to visit all CH robots is

Efav(uw) =€ = &ll + & — &l + 1€ — &6l + 166 — &l + lIgs — &
1162 = &all + 164 = &l + 165 = &2l + 1167 = &oll
= (VIT4+V149+V10+V50+v20+v10+v13+V26 + V37) x Cpay

~48.98 x CUAV (372)
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which yields that the UAV with B < 48.98 x Cp 4y needs to desist from visiting at
least one CH robot. The UAV with B = 45 x Cy 4y desists from visiting CH robot 4

which results in

GAMEDFS

ETei™ () = 10 x Cey (3.73)

total energy consumption of CH robots. Thus, the UAV consumes

Epav(u) = (€ =&l + 16 = &ll + 165 — &oll + 166 — &l + 1€ — &
+ (& =&l + 116 — &l + 1167 — Sl
= (V17 + V149 + V10 + V50 + V20 + V5 + V26 + V/37) x Cpay
~ 44.45 X Cyay (3.74)

The UAV with B = 40 x Cy 4y desists from visiting CH robot 3 and CH robot 4

which results in

GAMEDFS

E;rlCH (U) = (10 + 10) X Cong
= 20 x OCH (375)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(w) = |6 =&l + & — &l + 116 — &l + 16 — &l + 162 — &
+ s = &l + 117 — &l
= (V17T 4+ V97 + V50 + V20 + V5 4+ V26 + v/37) x Cuay

~ 38.93 x CUAV (376)

The UAV with B = 35 x Cy 4y desists from visiting CH robot 1, CH robot 3 and CH

robot 4 which results in

GAMEDFS

= 37"x Ceg (3.77)

total energy consumption of CH robots. Thus, the UAV consumes

Efay(u) = 1€ — &ll + 11€6 — &l + 1€ — &all + 1162 — & + 1€ — &l + 1167 — &l
= (V50 + V50 + V20 + V5 + V26 + V/37) x Cpay

~32.03 x Cyay (3.78)
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The UAV with B = 25 x Cy 4y or B = 30 x Cy 4y desists from visiting CH robot 1,
CH robot 3, CH robot 4 and CH robot 6 which results in

GAMEDFS

Erey 7 (w) = (174 (10 4 50) 4 10 4 50) x Cep
— 137 x Con (3.79)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(w) = [l& = &ll + & — &l + 1€ — &l + 1165 — &l + &7 = &l
= (V40 + V20 + V5 + V26 + V37) x Cpay
~ 24.21 x CUAV (380)

The UAV with B = 20 x Cy 4y visits only CH robot 7 and CH robot 8 which results
in
GAMEDFS

ElcH (u) = (17+ 20+ (10 + 50) + (10 + 20) + 25 + 50) x Ceogy
= 202 x Ccon (3.81)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(u) = & —&ll + & — &Il + &7 — &l
= (\/4_O+\/H+\/§)XCUAV
~ 18.81 x CUAV (382)

The UAV with B = 15 x Cyy 4y visits only CH robot 8 which results in

GAMEDFS

ElGw (u) = (174204 (10 4+ 50) + (10 + 20) + 25 + 50 + 37) x Ceon
= 239 x Cog (3.83)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(u) = & —&ll + & — &l
= (VA0 + V40) x Cyay
~ 12.65 x CUAV (384)

The UAV with B = 10 x Cy 4y visits only CH robot 1 which results in

GAMEDFS

Efcy  (u) = ((20440) + (10 + 50) + (10 + 20 + 40) + (25 + 40) + 50
+ 37+ 40) X CCH

382 x Cepy (3.85)
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total energy consumption of CH robots. Thus, the UAV consumes

Efay(w) = [l& —&ll + & — &l
= (\/1_7+ \/1_7) X CUAV
~ 825 x Cpyav (3.86)

The UAV with B = 5 x Cy 4y cannot travel to any CH robots which results in

GAMEDFS
Elcu (u)

(17 + (20 4 40) + (10 4+ 50) + (10 + 20 + 40) + (25 + 40)
+ 50 +37440) x Con
= 399 x Cop (3.87)

total energy consumption of CH robots. Even without visiting any CH robot, optimal

strategy performs better than no strategy and the UAV-Oriented strategy.

3.4.4.3 Performance Comparison

Table [3.8|summarizes indices of the nonvisited CH robots which the strategies decide
to desist from visiting in the configuration of Figure[3.14] Similarly, Table [3.9] sum-
marizes total energy consumption of the nonvisited CH robots which the strategies
decide to desist from visiting. From these tables, it can be observed how UAV de-
cides to desist from visiting a subset of CH robots depending on its battery capacity
in the configuration of Figure [3.14] Furthermore, the total energy consumption of
the nonvisited CH robots depends on the desisting decisions taken by UAV and so
the battery capacity of the UAV. Besides these, the total energy consumption of the
nonvisited CH robots also depends on the network topology, the locations of all CH

robots.

We compare the performances of the UAV-Oriented strategy and our two-stage opti-
mal strategy for battery capacities varying from B = 5 to B = 50 in the configuration
in Figure[3.14] From Figure the following observations can be made. Applying
the UAV-Oriented strategy results in 403 x Coy and 1055 x Co g for battery capac-
ities B = 15, 20, 25, 30, 35,40, 45,50 and B = 10, respectively. It is not applicable
for B = 5 which is insufficient battery capacity for the UAV to travel any CH robot
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Table 3.8: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure "None" implies that the UAV visits all CH robots if
B = 35,40,45,50. "x" implies that the UAV-Oriented strategy is infeasible for that
battery capacity.

Strategy B=5 B=10 B=15 B=20 B=2§
UAV-Oriented Strategy X 2-8 1-7 1-7 1-7
Optimal Strategy (GAMEDES) 1-8 2-8 1-7 1-6 1,3,4,6
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 1-7 1-7 1-7 1-7 1-7
Optimal Strategy (GAMEDFS) 1,34,6 134 3,4 4 None

Table 3.9: The table shows total energy consumption of nonvisited CH robots depend-
ing on battery capacity of UAV in Figure [3.15] "x" implies that the UAV-Oriented
strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented Strategy X 1055 403 403 403
Optimal Strategy (GAMEDFS) 399 382 239 202 137
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 403 403 403 403 403
Optimal Strategy (GAMEDFS) 137 37 20 10 0

and turn back to the FC. On the other hand, the two-stage optimal strategy achieves
zero energy consumption of all CH robots for B = 50. Optimal strategy results in
10 x Cep total energy consumption, only one fourtieth of that by the UAV-Oriented
strategy for B = 45. Optimal strategy results in 20 x Coy total energy consumption,
only one twentieth of that by the UAV-Oriented strategy for B = 40. For B = 35,
optimal strategy results in 37 x C'cy total energy consumption, less than one tenth of
that by the UAV-Oriented strategy. Optimal strategy results in 137 x Cy total energy
consumption, nearly one third of that by the UAV-Oriented strategy for B = 25, 30.
Optimal strategy results in 202 x C'cpy, nearly half of that by the UAV-Oriented strat-
egy for B = 20. For B = 15, optimal strategy results in 239 x C'c, nearly half of that
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by the UAV-Oriented strategy. For B = 10, optimal strategy results in 382 x C¢y to-
tal energy consumption, less than that by the UAV-Oriented strategy. Even for B = 5,
optimal strategy results in 399 x C'cy total energy consumption, less than two fifth of

that by no strategy. Recall that the UAV-Oriented strategy is not applicable for B = 5.

3.4.5 9-CH case

In Figure [3.16]shows the locations of the 9 CH robots and the weights of the links be-
tween them. With respect to this initial position of the UAV (0,0), the positions of the

CH robots are ({1, §2, &3, 4, €5, 66, 67, €8, §0) = ((7,5), (6, —1),(7,3), (5, 10), (—4, 3),
(3,=7),(=3,10), (9,8), (1, —4))m. In the configuration in Figure [3.16] the total en-
ergy consumption is 648 x Cry if all CH robots send their data directly to the FC at
& = (0,0) (the UAV visit no CH robot).

3.4.5.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, the UAV travels only to CH robot 3 (&3 = (7, 3))
and collects all data of the CH robots from there if the UAV has sufficient battery

capacity (to travel there and return back to the FC), which is
B = 2x|&— &l
= 2%/ (7—0)2+ (3—0)2 x Cyay
~ 15.23 x CUAV

< 20 x Cpav, (3.88)

by which the UAV can apply UAV-Oriented strategy which results in the total energy

consumption of the CH robots as follows

UAV —Oriented

Ehcn (u) = |16 = &l* + 162 — &l + 1€ — &2 + 116 — &])°
+ s — &I1° + [1€r — &slI* + 165 — &I + 1160 — &I
= (44+17+53+ 121 + 116 + 149+ 29 + 85) x Ccon
= 574 x Ccn (3.89)

If B = 15, the UAV can travel to CH robot 2 which is closer to the origin than CH

UAV —Oriented

robot 3. Similar to Equation (3.89), E%ey; (u) = 663 x Coy > 574 x Cop
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which yields that the UAV-Oriented strategy causes more energy consumption of CH
robots than no strategy. If B = 10, the UAV can travel to CH robot 9 which is

UAV —Oriented
(u)

closer to the origin than CH robot 3. Similar to Equation , Elcn
955 x Ceoy > 574 x Coy which yields that the UAV-Oriented strategy causes more
energy consumption of CH robots than no strategy. However, if B = 5, then the
UAV-Oriented strategy is not applicable because the UAV cannot travel to any CH

robot.
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Figure 3.16: Nodes show that the locations of the 9 CH robots. The weight of a link

shows the square of distance between the two nodes connected via that link.

3.4.5.2 Optimal Strategy (GAMEDFS)

In Figure [3.17] by applying optimal strategy (GAMEDEFS), the UAV with B = 50 x
Cyray can make the CH robots consume no energy for forwarding data (E7% 4 (u) =
0). Notice that if the problem is considered as a TSP problem for the configuration in

Figure the energy required for the UAV to visit all CH robots is
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Figure 3.17: The total energy consumption of the 9 CH robots in Figure [3.16| under

the strategies, UAV-Oriented and GAMEDEFS for varying battery capacities of the
UAV from B = 5 X Cyay to B = 50 X Cyay. The units for energy consumption
of the UAV and total energy consumption of the nonvisited CH robots are Cy 4 and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.

Efay(uw) = 1€ = &l + 1€ — &l + 167 — &ll + [16s — &ll + (165 — &1l
+ 1160 = &l + 16 — &all + 1€ — ol + 166 — Soll + [1€0 — &ol
=(5+ V50 + 8 + V20 + V13 + 2 + V17 + V45 + V13 + V17) x Cyav
~48.71 x Cyav (3.90)

which yields that the UAV with B < 48.71 x Cpay needs to desist from visiting at
least one CH robot. The UAV with B = 45 x Cy 4y desists from visiting CH robot 6

which results in

GAMEDFS

Enot ™" (u) = 13 x Cey (3.91)
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total energy consumption of CH robots. Thus, the UAV consumes

Efav(w) = [lé0 =&l + 16 — &l + 167 — &all + 1164 = &l + 1|&s — &
+ 16 = &l + & — &Il + 116 = &l + 1€ — &l
= (5+ V50 + 84+ V20 + V13 + 2+ V17 + V34 + V17) x Cyay
~ 44.26 x Cyayv (3.92)

The UAV with B = 40 x Cy 4y desists from visiting CH robot 6, CH robot 8 and CH

robot 9 which results in

GAMEDFS

E;KCH (u) = ((13 + 17) + 13 + 17) x Cong
= 60 x Cogy (3.93)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(@) = l€ =&l + 165 — &l + 1€ = &all + 164 = &l + 1€ = &l
+ & — &l + 1€ — &ll
= (54+V50 +84vV29+2+V17+V37) x Cyay
~ 37.66 x Cyay (3.94)

The UAV with B = 35 x Cyay desists from visiting CH robot 1, CH robot 2, CH
robot 6, CH robot 8 and CH robot 9 which results in

GAMEDFS

Elcn (u) = @A4+174+(134+17)+ (1344) 4+ 17) x Copn
= 85 x Cop (3.95)

total energy consumption of CH robots. Thus, the UAV consumes

Efay(u) = & — &l +11& = &ll + 116 — &all + 1€ — &l + 1€ — &l
= (5+V50 + 8+ V53 +V58) x Cyay
~ 34.97 x Cyay (3.96)

The UAV with B = 25 x Cyay or B = 30 x Cy 4y desists from visiting CH robot 4,
CH robot 5, CH robot 6, CH robot 7 and CH robot 8 which results in

GAMEDFS

) S (w) = (29425+ 13+ (504 25) + 13) x Cep
= 155 x CCH (397)
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total energy consumption of CH robots. Thus, the UAV consumes

Efav(w) = |l&—&ll + & — &Il + 1162 — &l + 116 — &l + 1€ — &l
= (V1T+V34+ V17T +2+V74) x Cyay
~ 24.68 x Cyayv (3.98)

The UAV with B = 20 x Cpy 4y visit CH robot 2 and CH robot 3 which results in

GAMEDFS

ElGw (u) = (44+(29+4)+25+ (13 +17)+ (50 + 25) + (13 4+ 4)
+ 17) X CCH

total energy consumption of CH robots. Thus, the UAV consumes

Efay(u) = |6 — &l +11& — &l + & — &l
= (V37T+V17+V58) x Cyay
~ 17.82 x Cyav (3.100)

The UAV with B = 15 x Cyy 4y visits only CH robot 2 which results in

GAMEDFS

ElcH (u) = (4+17)+17+(29+4+17) +25+ (134 17) + (50 + 25)
+ (13+4+17)+17) x Cey
269 x Ccn (3.101)

total energy consumption of CH robots. Thus, the UAV consumes

Efyww) = &% =&+ & — &l
- (\/ﬁ—i— \/ﬁ) X CUAV
~ 12.17 % OUAV (3102)

The UAV with B = 10 x Cyy 4y visits only CH robot 9 which results in

GAMEDFS
Elich (u)

(A+174+37)+ 37+ (17+37) + (29+4+ 17+ 37)
+ (13+17)+50+ (134+4+17437)+ 17) x Cen
404 x Cop (3.103)
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total energy consumption of CH robots. Thus, the UAV consumes

Efy @) = & =&l + 16 — &l
= (5+5) x Cyav
= 10 x Cyay (3.104)

The UAV with B = 5 x C 4y cannot travel to any CH robots which results in

GAMEDFS
Elcu (u)

(A4+17437)+ 37+ (17+37) + (29+ 4+ 17+ 37) + 25
+ (13+17)+ (50+25)+ (13+4+17+37) +17) x Cey
— 454 x Cop (3.105)

total energy consumption of CH robots. Even without visiting any CH robot, optimal

strategy performs better than no strategy and the UAV-Oriented strategy.

3.4.5.3 Performance Comparison

Table [3.10] summarizes indices of the nonvisited CH robots which the strategies de-
cide to desist from visiting in the configuration of Figure[3.16] Similarly, Table [3.T1]
summarizes total energy consumption of the nonvisited CH robots which the strate-
gies decides to desist from visiting. From these tables, it can be observed how UAV
decides to desist from visiting a subset of CH robots depending on its battery capac-
ity in the configuration of Figure [3.16] Furthermore, the total energy consumption
of the nonvisited CH robots depends on the desisting decisions taken by UAV and so
the battery capacity of the UAV. Besides these, the total energy consumption of the
nonvisited CH robots also depends on the network topology, the locations of all CH

robots.

We compare the performances of the UAV-Oriented strategy and our two-stage opti-
mal strategy for battery capacities varying from 5 = 5 to B = 50 in the configuration
in Figure[3.16] From Figure the following observations can be made. Applying
the UAV-Oriented strategy results in 574 x Cog, 663 x Cog and 955 x Cey for
battery capacities B = 20, 25, 30, 35,40, 45,50, B = 15, and B = 10, respectively.
It is not applicable for B = 5 which is insufficient battery capacity for the UAV to
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Table 3.10: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure "None" implies that the UAV visits all CH robots if
B = 35,40,45,50. "x" implies that the UAV-Oriented strategy is infeasible for that
battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented Strategy X 1-8 1,3-9 1,249 1,2,4-9
Optimal Strategy (GAMEDES) 1-9 1-8 1,3-9 1,4-9 4-8
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 1,249 1,249 1,249 1,249 1,249

Optimal Strategy (GAMEDEFES) 4-8 1,2,6,8,9 6,89 6 None

Table 3.11: The table shows total energy consumption of nonvisited CH robots de-
pending on battery capacity of UAV in Figure "x" implies that the UAV-
Oriented strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented Strategy X 955 663 574 574
Optimal Strategy (GAMEDFS) 454 404 269 201 155
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 574 574 574 574 574
Optimal Strategy (GAMEDFS) 155 85 60 13 0

travel any CH robot and turn back to the FC. On the other hand, the two-stage optimal
strategy achieves zero total energy consumption of all CH robots for B = 50. Opti-
mal strategy results in 13 x C¢p total energy consumption, only one fourty forth of
that by the UAV-Oriented strategy for B = 45. Optimal strategy results in 60 x Coy
total energy consumption, nearly one tenth of that by the UAV-Oriented strategy for
B = 40. For B = 35, optimal strategy results in 85 X C-y total energy consumption,
less than one seventh of that by the UAV-Oriented strategy. Optimal strategy results
in 155 x Coy total energy consumption, nearly one forth of that by the UAV-Oriented
strategy for B = 25, 30. Optimal strategy results in 201 x C¢y, nearly one third of
that by the UAV-Oriented strategy for B = 20. For B = 15, optimal strategy results
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in 269 x Coy, nearly two fifth of that by the UAV-Oriented strategy. For B = 10, op-
timal strategy results in 404 x C¢p total energy consumption, nearly two fifth of that
by the UAV-Oriented strategy. Even for B = 5, optimal strategy results in 454 x Co gy
total energy consumption. Recall that the UAV-Oriented strategy is not applicable for
B =5.

3.4.6 10-CH Case

Figure shows the locations of the 10 CH robots and the weights of the links be-
tween them. With respect to this initial position of the UAV (0,0), the positions of the
CH robots are (&1, &2, &3, 84, &5, 6, 675 €8, 0, E10) = ((6,=7),(=5,3),(2,4), (=4, 7),
(—2,2),(2,-7),(—1,-2), (4,—-8),(—1,5), (7, —6))m. In the configuration in Fig-
ure [3.18] the total energy consumption is 461 x C¢p if all CH robots send their data
directly to the FC at & = (0, 0) (the UAV visit no CH robot).
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Figure 3.18: Nodes show that the locations of the 10 CH robots. The weight of a link

shows the square of distance between the two nodes connected via that link.
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3.4.6.1 UAV-Oriented Strategy

By applying the UAV-Oriented strategy, the UAV travels only to CH robot 7 (§; =
(—1,—2)) and collects all data of the CH robots from there if the UAV has sufficient
battery capacity (to travel there and return back to the FC), which is

B = 2x|& =&l
= 2x4/(=1—=0)2+(2-0)2 x Cyay

~ 4.47 x CUAV
< 5 x Cpay, (3.106)

by which the UAV can apply the UAV-Oriented strategy which results in the total

energy consumption of the CH robots as follows

UAV —Oriented

Ehcn (u) =& = &I+ 116 = &P +11€s — &P+ 116a = &P +1Iés — &)
+ 1166 — & ll* + 1168 — &ll* + 160 — & II* + l|€10 — & I?
=(7T4+414+45+90+ 17+ 34 4+ 61 + 49+ 80) x Coy
— 491 x Coy (3.107)

which yields an interesting result that the UAV-Oriented strategy causes more energy
consumption of CH robots than no strategy (the UAV visits no CH robots) in the
configuration in Figure [3.18]

3.4.6.2 Optimal Strategy (GAMEDFS)

The performance of optimal strategy (GAMEDEFES) is investigated for battery capac-
ities varying from B = 5 to B = 50 in the configuration in Figure In Figure
[3.19] by applying optimal strategy, the UAV with B = 45 X Cpyay or B = 50 x Cyav
can make the CH robots consume no energy for forwarding data (E7 4, (u) = 0).
Notice that if the problem is considered as a TSP problem for the configuration in

Figure the energy required for the UAV to visit all CH robots is
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Efav(u) =€ — &I+ 16 — &l +11& — &all+ 1€ — Soll+11€0 — Esll+ 1165 — &l
+ 11§10 — &l + 16 — &sll + (165 — &6l + 1186 — &7l + 11€7 — ol
=(V8+ V10 + VIT+ VI3 + V10 + V125 + V2 + V5 + V5
+34+5) x Cyay
~42.02 x Cyav (3.108)

which yields that the UAV with B < 42.02 x Cy 4y needs to desist from visiting at
least one CH robot. The UAV with B = 40 x Cy 4y desists from visiting CH robot 2

which results in

GAMEDFS

Ene™ () = 10 x Cop (3.109)

total energy consumption of CH robots.

Thus, the UAV consumes

Efav(@) = 1€ = &ll + 165 = &ll + [1€ = &oll + [[éo — &l + 1€ — &oll
+ &0 — &l + 16 — &l + (1€ — &oll + (I€6 — &7l + (1€ — &oll
(V8 4+ V20 + V13 + V10 + V125 + V2 + V5 + V5 + V34
+ V5) x Cyay
39.21 x Crav (3.110)

Q

The UAV with B = 35 x Cyay desists from visiting CH robot 2 and CH robot 4

which results in

GAMEDFS

Elcn (u) = (104 13) x Cep

total energy consumption of CH robots. Thus, the UAV consumes

Efay(w) =€ — &l + 165 — &oll + 1€ — &l + 165 — S1oll + [1€20 — &1
+ 1€ = &sll + 1€ — &6l + 1166 — &7l + (1§67 — ol
= (V8 4+ V10 + V10 + V125 + V2 + V5 + V5 + V34 +V5) x Cpay

~34.29 x Cyay (3.112)
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Figure 3.19: The total energy consumption of the 10 CH robots in Figure

50

3.18

under

the strategies, UAV-Oriented and GAMEDEFS for varying battery capacities of the

UAV from B = 5 X Cyay to B = 50 X Cyay. The units for energy consumption

of the UAV and total energy consumption of the nonvisited CH robots are Cy 4 and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.

The UAV with B = 30 x Cyay desists from visiting CH robot 2, CH robot 3, CH

robot 4, and CH robot 9 which results in

GAMEDFS

Eet ™™ (W) = (10 + 20 + (13 +10) 4 10) x Cey

= 63 x Ceopny (3.113)
total energy consumption of CH robots. Thus, the UAV consumes
Epay(u) = 1€ — &l +11& — &oll + 1610 — &l + 11 — &ll + [1€s — &l
+ €6 — &Il + 1€ — &oll
= (V8+ V145 + V2 + V5 4+ V5 + V34 +V5) x Cpav
~ 28.83 x Cyav (3.114)
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The UAV with B = 25 x Cyay desists from visiting CH robot 2, CH robot 3, CH
robot 4, CH robot 5, and CH robot 9 which results in

GAMEDFS

ElGw () = ((10+8)+(20+8) + (13+ 10+ 8) + 8+ (10 + 8)) x Ccy
= 103 x Cegy (3.115)

total energy consumption of CH robots. Thus, the UAV consumes

Ef oy () =& — &oll+ &0 — &l +1161 — &I+ 1€ — &l +11&6 — &I+ 1€ — &l
= (V85 + V2 + V5 + V5 + V34 +V5) x Cuay

~23.17 x Cyay (3.116)

The UAV with B = 20 x Cpay desists from visiting CH robot 1, CH robot 2, CH
robot 3, CH robot 4, CH robot 5, CH robot 9, and CH robot 10 which results in

GAMEDFS
Elicn (u)

(5+ (10+8)+ (20+8) + (13+ 10+ 8) + 8+ (10 + 8)
+ (2+45)) x Cen
= 115 x Cep (3.117)

total energy consumption of CH robots. Thus, the UAV consumes

Efa(w) = & =&l + & — &l + 1€ — &Il + 1€ — &l
= (V80 +V5+V34+V5) x Cyav

~ 19.25 x Cyay (3.118)

The UAV with B = 15 x Cyy 4y visits only CH robot 6 which results in

GAMEDFS

Elcn (u) = ((b+5)+(10+8)+(20+8)+(13+10+8)+8+5
+ (10+8)+5+(2+5+5)) x Cen
135 x Con (3.119)

total energy consumption of CH robots. Thus, the UAV consumes

Ef ) = & =&l + 16 — &l
= (\/ﬁ—F \/%) X Cyay
~ 14.56 x Cyay (3.120)
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The UAV with B = 10 x Cy 4y visits only CH robot 5 and CH robot 7 which results
in

GAMEDFS

Elch (u) = ((b+5+53)+(10+8)+(20+8)+ (13+10+8) + 53
+ (104+8)+(B+53)+(2+5+5+53)) x Con
334 x Cop (3.121)

total energy consumption of CH robots. Thus, the UAV consumes

Efav(u) = [1€ =&l +11& — &l + 1€ = &l
= (\/§+\/1_7—|—\/5)XCUAV
~ 9.19 x Cyayv (3.122)

The UAV with B = 5 x Cy 4y visit only CH robot 7 which results in

GAMEDFS
Elcn (u)

((5+5+453) + (10 + 8) + (20 + 8) + (13 + 10 + 8) + 8 + 53
+ (104+8)+ (5+53)+ (2+5+5+53)) x Cen
= 342 x Cey (3.123)

total energy consumption of CH robots. Even with B = 5, optimal strategy performs

better than no strategy and the UAV-Oriented strategy.

3.4.6.3 Performance Comparison

Table [3.12] summarizes indices of the nonvisited CH robots which the strategies de-
cide to desist from visiting in the configuration of Figure [3.18] Similarly, Table[3.13]
summarizes total energy consumption of the nonvisited CH robots which the strate-
gies decide to desist from visiting. From these tables, it can be observed how UAV
decides to desist from visiting a subset of CH robots depending on its battery capac-
ity in the configuration of Figure [3.18] Furthermore, the total energy consumption
of the nonvisited CH robots depends on the desisting decisions taken by UAV and so
the battery capacity of the UAV. Besides these, the total energy consumption of the
nonvisited CH robots also depends on the network topology, the locations of all CH

robots.
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Table 3.12: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure "None" implies that the UAV visits all CH robots if
B =450r B = 50.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented Strategy 1-6,8-10 1-6,8-10 1-6,8-10 1-6,8-10 1-6,8-10
Optimal (GAMEDFS) 1-6,8-10 1-4,6,8-10 1-5,7-10 1-5,9,10  2-5,9

Strategy B =30 B=35 B =40 B =45 B =50
UAV-Oriented Strategy 1-6,8-10 1-6,8-10 1-6,8-10 1-6,8-10 1-6,8-10
Optimal (GAMEDES) 2-4,9 2.4 2 None None

Table 3.13: The table shows total energy consumption of nonvisited CH robots de-

pending on battery capacity of UAV in Figure w

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented Strategy 491 491 491 491 491
Optimal Strategy (GAMEDES) 342 334 135 105 103
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented Strategy 491 491 491 491 491
Optimal Strategy (GAMEDEFES) 63 23 10 0 0

We compare the performances of the UAV-Oriented strategy and our two-stage op-
timal strategy for battery capacities varying from B = 5 to B = 50 in the config-
uration in Figure [3.18] From Figure [3.19] the following observations can be made.
Applying the UAV-Oriented strategy results in 491 x C'cy for battery capacities from
B = 10 to B = 50. This strategy performs worse than no strategy by which the
UAV standing on the FC collects data from all CH robots (no strategy results in
461 x Cog < 491 X Cegy). On the other hand, the two-stage optimal strategy achieves
zero energy consumption of all CH robots for B = 45 and B = 50. Optimal strat-
egy results in 10 x C'cy total energy consumption, only 2% of that by UAV-Oriented
strategy for B = 40. Optimal strategy results in 23 X Ccy, less than 5% of that by
UAV-Oriented strategy for B = 35. For B = 30, optimal strategy results in 63 x Coyy,
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less than 13% of that by UAV-Oriented strategy. For B = 25, B = 20 and B = 15,
optimal strategy results in 103 X Cepy, 115 X Cog and 135 x Coy total energy con-
sumption, respectively, still less than 28% of that by the UAV-Oriented strategy. For
B = 10, optimal strategy results in 334 x Ccp, nearly 68% of that by the UAV-
Oriented strategy. Even for B = 5, optimal strategy results in 342 x C'c g total energy

consumption, still less than 75% of that by no strategy.
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CHAPTER 4

ENERGY-AWARE DATA COLLECTION WITH PRIORITY BY A UAV
WITH A LIMITED-CAPACITY BATTERY IN ROBOTIC WIRELESS
SENSOR NETWORKS

4.1 System Model and Problem Definition

This section focuses on defining our problem and generates our system approach.

4.1.1 Motivation and Problem Definition

We present a motivating scenario based on which we formulate our problem in this
section. We consider a M -clustered robotic network where a UAV with limited bat-
tery capacity collects data from M robots which perform as cluster head (CH) robots
in their clusters. This robotic network is responsible for collecting data from sensors

monitoring environmental changes. Please see Figure d.1]

Each cluster has a cluster head (CH) robot which allocates tasks to the cluster member
(CM) robots in the cluster which execute the assigned tasks and send resultant data
(obtained by using the sensors to monitor environment) to the CH robot. A CH robot
is responsible for collecting data from the robots in its cluster and then transmit data
to UAV directly or indirectly. UAV visits a varying portion of CH robots depending
on its battery capacity and their locations. If the UAV cannot visit all CH robots
due to its limited battery capacity, then nonvisited CH robots send their data to one
of neighboring CH through multiple hops via other nonvisited CH neighbors. S £
{1,2,---, M} denotes the index set of CH robots. B denotes battery capacity of
UAV. Each CH robot collects data from the CM robots to aggregate and send to UAV.
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Figure 4.1: In this system, red dots are cluster head (CH) robots whereas the orange
ones are the remaining robots. UAV starts its trajectory from FC. After UAV collects
data from all CH robots, it returns to FC to send all data to FC and charge its battery

for next path.

A CH robot spends significant energy to aggregate data and send it to UAV or neigh-
boring CH robot. If a CH robot moves like the remaining robots in its cluster, then
the energy level of the CH robot will decrease below the critical energy level quickly.
Falling below the critical level fast causes frequent CH election which is a very time
and energy consuming process. It may also cause a CH robot which allocates tasks
efficiently to leave being CH robot a result of inefficient energy consumption. Hence,

the following assumption is made.
Assumption 6. No CH robot moves in order to avoid extra energy consumption.

Remark 10. From Assumption[6] we focus on battery capacity of UAV and locations
of CH robots. Therefore, the sensors and the robots except CH robots and the UAV
will not be shown in the following figures different from Figure

We consider distances to calculate total cost of consumed energy by nonvisited CH
robots so Assumption [7]is made.

Assumption 7. All CH robots have equal amount of data to transmit without latency.
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A

& 2 (z0,y0) denotes initial position of UAV. & = (z;,;) denotes position of CH
robot . We assume that UAV consumes energy proportional to the distance it travels.

To illustrate, the energy consumed by UAV from CH robot 7 to j is denoted by

EUAV<i7j) é CUAVH&’Z _6]”
= CUAV\/(%‘ — ;)% + (yi — y5)? 4.1

where Cpy 4y is the constant ratio between energy consumed by UAV and the distance
it travels, which represents the direct proportionality. On the other hand, we assume
that energy consumed by a CH robot is proportional to the square of the distance
between itself and the next hop. To illustrate, the energy consumed by CH robot 7 to

send data to CH robot j is denoted by Fcy (4, j) and this energy cost is defined as

Ecu(i,j) £ Cenll& — &l
= Con [(x;i — 2;) + (4 — y;)°] (4.2)

where Ccp is the constant ratio between energy consumption of a CH robot and
square of distance between it and the next hop, which represents the quadratic pro-

portionality.

During the path, it is very probable that UAV may pass through a closer point for a
CH robot. In worst case, UAV can collect data from some CH robots before starting

trajectory. Therefore, we make the following assumption.

Assumption 8. CH robots have enough energy to send their data to UAV directly if

the UAV stands at its initial position.

Assumption 9. CH robots sends data to UAV or another CH robot with constant rate.

4.1.2 Our Problem Approach Formulation

UAV aims to plan such a path that it can complete in its full battery capacity. Although
each CH robot has sufficient energy to transmit their data in one round, CH robots are
desired to spend less energy for this data transmission. The UAV aims to minimize
total energy consumption of CH robots by planning the path through which it visits
the CH robots.
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Definition 12. Path Set, P is set of all linear paths between positions of M CH
robots and initial position of UAV, denoted by P = {p(&, €1), p(&0,&2), - - ., p(&o, Ear),

(& &)y - (€, En—1) ), where p(&;,&;) denotes the linear path from CH
robot i to j and its length equals to ||&; — &;]|.

Definition 13. Strategy of UAV, n is defined as the set of linear paths followed by the
UAV for data collection, a subset of the path set, i. e., 7 C P.

Definition 14. Energy consumption of UAV with strategy m, LT, ,,, is energy con-

sumed by UAV with strategy T, i. e.,

DAV = Z Z Cvav & — &l Tp(ee)eny (4.3)

Jj=1 =1

where Iy 4y is indicator function becoming 1 for true event A.

Definition 15. Energy consumption of CH robot i under strategy w, u;, ET(u;) is

the energy consumed by nonvisited CH robot 1 with data forwarding strategy u,;.

ET(u;) = 0 for each visited CH robot ¢ under strategy 7.

Definition 16. Priority set, S,,, is the set of all CH robots which the UAV must visit

on its trajectory. In other words, visiting them are mandatory.

Definition 17. Total energy consumption of all CH robots under strategies T, u,

E7% oy (u) is total energy consumed by all CH robots under strategy , i. e.,

M
EACH Z E’T uZ <1 — ZI{P(ﬁi,ﬁj)GW}>] . (4.4)
j=1

Under Assumptions we define our problem as follows.

Problem 2. Minimizing total energy consumption of CH robots via an limited-battery

UAV with priority set
min  E% ¢y ()
e
s.1. vay < B
Spr ©S =57,
where S} is the set of the nonvisited CH robots under strategy .

! Notice that p(&o, £;) is the linear path from initial position of UAV to CH robot j; p(&;, &o) is linear path
from CH robot ¢ to initial position of UAV.
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4.2 Total Energy Minimization by Visiting Priority Set with Limited Battery
Capacity

We first tackle the case in that UAV has sufficient energy to visit all CH robots. First,
we consider the problem as a travel salesman problem (TSP) and then look for shortest
path via genetic algorithm. Thus, we can obtain a lower bound for the amount of

energy which UAV needs for visiting all CH robots.

Definition 18. (Minimum battery capacity for the UAYV to visit all CH robots, Brgsp)
The energy required to visit all CH robots under the optimum strategy for TSP is the

minimum battery capacity for the UAV to visit all CH robots.

In the case of sufficient battery capacity of UAV, by choosing an energy-optimally
varying portion of the CH robots to visit, the UAV aims to minimize total energy con-
sumption of nonvisited CH robots that will be sending data by multiple hops through
other nonvisited CH until a visited CH node. As a result, we focus on minimiz-
ing energy consumption of each nonvisited CH robots. We need to consider optimal

strategies for the nonvisited CH robots to forward their data.

A nonvisited CH robot 7 should look for the shortest path to each visited CH robot
and take the minimum of all shortest paths. From Equation (4.2), squares of the
distances between neighbor CH robots are used for calculating shortest path between
CH robots. Thus, we can derive optimal data forwarding strategy for each CH robot.
Note that each nonvisited CH robot considers each visited CH robot as a possible

target to find the optimal data forwarding strategy for itself.

Definition 19. K-element combinations of the CH robots, S, is a K -element sub-
set of all CH robots, i. e., SX C Sand |S%| = K for1 < a < (]\Ig) Let SK(B) be
the set of all feasible K -element combinations which can be visited by the UAV with

battery capacity B.

If the UAV has sufficient battery capacity to visit all CH robots, then Problem 2] can
be considered as a TSP problem and an optimal strategy can be obtained by common
techniques in the literature. On the other hand, if the UAV has a battery capacity less

than Brgp, then considering Problem2]as a TSP problem does not guarantee to obtain
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an optimal strategy. In this case, we should consider minimizing energy consumption
of both UAV and nonvisited CH robots. The following proposition shows this. Let 7*
denote the optimal strategy for Problem [2]

Proposition 2. For B < Brgp, ¢y does not necessarily imply the optimality con-
dition for the Problem 2| where 7% be the strategy by which the TSP can visit the

maximum number of CH robots.

Proof. The proof is quite similar to the proof of Proposition 1 in Chapter 3] The
difference is that we should consider only the M/ — |S,,| CH robots not included by
the priority set. 0

As UAV has insufficient battery capacity, B < Brpgp, to visit all CH robots, it desists

from visiting some CH robots. Remark [TT]can be used for this desisting process.

Remark 11. 70 solve the problem for the UAV with battery capacity B < Brgp, our
strategy will start at a point B = Brpgp, then the strategy will decrease the energy

consumption of the UAV by desisting from visiting some CH robots.

Lemma [2]is useful to search for a path after desisting from visiting some CH robots.

Lemma 2. Assume that the UAV with battery capacity By can follow an optimal route
such that it visits CH robot i, j and k successively on the optimal route by which the
UAV visits K < M CH robots (B is the minimum energy required to follow that
path). If UAV with slightly less battery capacity Bo < B; decided to desist from
visiting CH robot j, simply visiting CH robot k just after visiting CH robot i (the
direct line from CH robot 1 to CH robot j) would not guarantee optimality to plan a

route with the remaining K — 1 CH robots except CH robot j.

Proof. The proof is quite similar to Lemma 1 in Chapter[3] The difference is that we
should consider only the M — |S,,| CH robots not included by the priority set. [

The data forwarding strategy depends only on locations of CH robots, not order by
which UAV visits CH robots. This needs to be considered for finding optimal data
forwarding strategies. From Lemma 2] if UAV desists to visit a CH robot j, instead
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of simply passing from the previous CH robot ¢ to the next CH robot k according to
the visiting order (¢, j, k are the consecutive CH robots according to the order), UAV
needs to consider the path planning problem again as a TSP for finding the optimal
path. Therefore, UAV can find the optimal path only considering path planning prob-
lem as a TSP for each combination of CH robots from Definition[19] Thus, Lemma 2]

motivates us to propose Algorithm 3]

Algorithm 3 Optimal Strategy with Priority Set (OSPS)
Initialization: Battery capacity of the UAV is insufficient for visiting all CH robots,

i.e., B < Brgp.
Algorithm:
for K = (M —1):1do
Find all (%) combinations of the CH robots.
fora=1:(}) do
if (min E; 4, < B for S5)& (SK U S, = SX) then
U;re the data forwarding strategy, MSPDFS, for each CH robot i € S — SK.
Find Z Hiln ET(u;)
icS—SK
end if
end for
if S%(B) # () then

Find min E min E (u;)
SKeSK(B) u;
ieS—SK

end if

end for

Find min | min E min BT (u;) | .
K | SKeSK(B) . U;

Output: (K, SX) = argmin Z min BT (u;)

i€eS—SK

Theorem 2. Algorithm[3]is optimal for Problem

Proof. The proof is similar to the Theorem 1 in Chapter[3] If the cardinality of priority
set is NV, then the UAV need to consider all K values from M to N. We will look for
each CHrobot ¢ € S — 5, and try to add them to trajectory depending on its battery

capacity. As the rest of proof is similar to Theorem 1 in Chapter 3} [
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4.3 Numerical Results

We evaluate the performance of the strategies for varying battery capacities, various
priority set of CH robots and number of CH robots. We consider three scenarios with
varying number of CH robots, namely, 5-CH, 7-CH, and 10-CH robot scenarios by

randomly generating locations of CH robots.

In these scenarios, we observe that path length for UAV to visit all CH robots is less
than 50 units. If UAV has a battery capacity less than 50 x Cy 4y, it can visit all
CH robots. We evaluate the performances of OSPS, GAMEDFS, SNCHS and UAV-
Oriented strategy in [75]] with respect to different priority sets. In each scenario, we
form the priority sets upto first [0.4 x M| CH robots with respect to indices of CH

robots. We calculate the resultant energy consumption of the UAV and CH robots.

4.3.1 5-CH case

Figure[4.2]shows the locations of the 5 CH robots and the weights of the links between
them. With respect to this initial position of the UAV (0,0), the positions of the CH

robots are (§1,&2,&3,84,&5) = ((—8,5), (2,2), (6,10), (=2, —3), (=5, —5)) m.

4.3.1.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, the UAV travels only to CH robot 2 (&; = (2, 2))
and collect all data of the CH robots from there if

B = 2x & —&ll
= 2X\/<2—0>2+(2—0)2XCUAV
~ b5.66 x CUAV

< 10 x CUAV, (45)

which yields an interesting result that the UAV-Oriented strategy cause more energy
consumption of CH robots than no strategy in the configuration in Figure §.2] If
B = 5, then the UAV-Oriented strategy is not applicable because the UAV cannot
travel to CH robot 2 and the other CH robots are farther to origin than CH robot 2.
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4.3.1.2 Optimal Strategy with no priority set (GAMEDFS)

The performance of optimal strategy with no priority set (equivalent to GAMEDFS
proposed in Chapter[3)) is tackled for battery capacities varying from B = 5to B = 50
in the configuration in Figure In Figure by applying optimal strategy, the
UAV with B = 45 x Cpyay or B = 50 x Cpay can visit all CH robots, i. e,
E7 ¢y (u) = 0. In the configuration in Figure the energy required for the UAV
to visit all CH robots is E 4 (u) &~ 44.29 X Cyray. The UAV with B = 35 or B =
40 x Cyray desists from visiting CH robot 3 which results in E7p(u) = 80 x Cep.
Thus, the UAV consumes E7 ;- (u) = 30.92 x Cpyay. The UAV with B = 30 x Cpay
desists from visiting CH robot 3 and 5 which results in E7 . (u) = 93 x Copr. Thus,
the UAV consumes B4y (u) ~ 26.87 x Cyay. The UAV with B = 25 x Cpay
desists from visiting CH robot 2, 3 and 5 which results in E75 5 (u) = 109 x Coyr and
ET v (u) ~ 23.04 x Cpyay. The UAV with B = 20 x Cyray desists from visiting CH
robot 1 and 3 which results in 7%, (u) = 169 x Coy and EF 41 (u) ~ 19.94% Cpray.
UAV with B = 15 x Cpy 4y desists from visiting CH robot 1, 3 and 5 which results in
ET oy (u) =182 x Cop and EF 4y (u) ~ 12.84 X Cyray. UAV with B = 10 x Cpay
desists from visiting CH robot 1, 2, 3, and 5 which results in E7(u) = 198 x Coy
and E7 1, (u) ~ 7.21 x Cpyay. UAV with B = 5 x Cpy4y can travel to no CH robot
which results in E7 . (u) = 224 x Cop. Even without visiting any CH robot, optimal

strategy performs better than UAV-Oriented strategy.

4.3.1.3 Optimal Strategy with Priori Set {CH 1}

If the priority set consists of CH robot 1, UAV must visit CH 1, for which it needs

EgAV(“) = & =&l + 16 = &l
= (2x \/@) X Cyav
~ 18.87 x Cyay (4.6)

which means that the battery capacities B = 5,10,15 X Cpyay < 18.87 x Cyay are
not feasible. For B = 45,50 x Cyayv, UAV can visit all CH robots as the case with
no priority set, i. e., E5.5(u) = 0. For B = 20,25, 30,35,40 x Cyay, optimal
strategy with priority set of CH robot 1 is same with GAMEDFS because UAV with
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Figure 4.2: Nodes show that the locations of the 5 CH robots. The weight of a link

shows the square of distance between the two nodes connected via that link.

those battery capacities does not desist from visiting CH 1 robot.

4.3.1.4 Optimal Strategy with Priori Set {CH 1, 2}

If the priority set consists of CH robot 1 and CH robot 2, then the UAV must visit CH

robot 1 and 2, for which it needs

Eg;xv (U)

= [[6o = &ull + 16 — &Il + 1€ — &l

= (\/@“f‘\/m-i- \/g) X Cyav

~  22.70 x CUAV

4.7)

which means that the battery capacities B = 5,10, 15,20 x Cpyay < 22.70 X Cyay

are not feasible. For B = 45, 50 x Cy 4y, UAV can visit all CH robots as the case with

no priority set, i.e., E% oy (u) = 0. For B = 30,35,40 x Cyay, the optimal strategy
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CH energy consumption vs. battery capacity of UAV
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Figure 4.3: Total energy consumption of the 5 CH robots in Figure under UAV-
Oriented strategy, GAMEDFS, OSPS and SNCHS for varying battery capacities of
the UAV from B = 5 x Cyay to B = 50 X Cy 4. The units for energy consumption
of the UAV and total energy consumption of the nonvisited CH robots are Cy 41 and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.

with priority set of CH 1 and 2 is same with the optimal strategy with priority set of
CH 1 because UAV with those battery capacities desists from visiting neither CH 1
nor CH 2. However, for B = 25 x Cyay, optimal strategy with priority set of CH
1 and 2 differs from optimal strategy with priority set of CH 1. By applying optimal
strategy with priority set of CH1, UAV with B = 25 x Cpy 4y desists from visiting
CH 3, 4 and 5 instead of desisting from CH 2, 3 and 5. In this case, total energy

consumption of CH robots is

Ehep(u) = [&—&I?+ (1& = &ll? + 11é — &l?) + 116 — &)
— 13+ (13 +13) + 80] x Cep
= 119 x Cep (4.8)
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Table 4.1: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV and priority set in the 5-CH robot scenario in Figure "None"
implies that UAV visits all CH robots if B = 45 or B = 50. "no priority" means that
UAV can desist from any CH robots. "x" implies that visiting that priority set with
that battery capacity is infeasible.

Priority set B=5 B=10 B=15 B=20 B=25
no priority 1-5 1-3,5 1,35 2-5 2,35
CH1 X X X 2-5 235
CH 1,2 X X X X 3,4,5
Priority set B=30 B=35 B=40 B=45 B=50

no priority 3,5 3 3 None None
CH 1 3,5 3 3 None None
CH1,2 3,5 3 3 None None

Table 4.2: The table shows the total energy consumption of nonvisited CH robots
depending on battery capacity of UAV and priority set in the 5-CH robot scenario in
Figure[d.2] "no priority" means that UAV can desist from any CH robots. "x" implies
that visiting that priority set with that battery capacity is infeasible.

Priority set B=5 B=10 B=15 B=20 B=25
no priority 224 198 182 135 109
CH1 X X X 135 109
CH1,2 X X X X 119
Priority set B=30 B=35 B=40 B=45 B=50
no priority 93 80 80 0 0
CH 1 93 80 80 0 0
CH 1,2 93 80 80 0 0
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4.3.1.5 Selecting Nearest Cluster Heads Strategy (SNCHS)

UAV selects the nearest two CH robots, CH robot 2 and 4 in this scenario. Therefore,

UAV with B = 15 x Cpy 4y desists from visiting CH robot 1, 3 and 5 which results in

Efep(u) = (80+13+89) x Cop
= 182 x Ceoy (4.9)

and E7 1, (u) & 12.84 x Cyray, under which value SNCHS is not applicable.

4.3.1.6 Performance Comparison

We compare the performances of UAV-Oriented strategy, GAMEDEFS, OSPS and
SNCHS for battery capacities varying from B = 5 to B = 50 in the configura-
tion in Figure .2} From Figure 4.3] the following observations can be made. Even
for B = 20, optimal strategy consumes nearly half of the energy consumed by UAV-
Oriented strategy. Besides this, SNCHS consumes nearly half of the energy consumed

by UAV-Oriented strategy. For B = 15, SNCHS coincides with GAMEDFS.

4.3.2 7-CH case

Figure shows the locations of the 7 CH robots and the weights of the links be-
tween them. With respect to initial position of UAV (0,0), positions of CH robots are

(517 527 637 £4a §5a 567 f?) = ((97 6)7 (3’ 9)7 (37 2)7 (77 8)’ (87 _1)7 (77 5)7 (27 2)) m.

4.3.2.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, UAV travels only to CH robot 6 ({5 = (7,5))
and collects all data of the CH robots from there if

B = 2xl& — &l

= (2)( \/(7—0)2+(5—0)2) XCUAV
~ 17.2 x Cpyay

< 20 x Cpay, (4.10)
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In this case, total energy consumption of CH robots is E%py — (u) = 142 x

Cep. If B =10 or B = 15, the UAV can travel to CH robot 3,closer to the origin

UAV —Oriented

than CH robot 6, which results in E7. (u) = 213 x Coy. However, if

B =5, UAV-oriented strategy is not applicable since UAV can visit no CH robot.

4.3.2.2 Optimal Strategy with no priority set (GAMEDFS)

The performance of optimal strategy with no priority set (equivalent to GAMEDFS
proposed in Chapter [3)) with battery capacities varying from B = 5 to B = 50 in the
configuration in Figure 4.4] In Figure §.5] by applying optimal strategy, UAV with
B=35xCpyayorB=40x Cyay or B =45 x Cyay or B =50 x Cy 4y can visit

GAMEDFS

all CHrobots, 1. e., By (u) = 0. In the configuration in Figure the energy

TGAMEDFS

required for UAV to visit all CH robots is EJ} 4, (u) = 34.42 x Cy av. UAV with

B = 30 x Cyay desists from visiting CH robot 5 which results in E% .y (1)

7.l.GAMEDFS

34 x Ceog and B 4, (u) = 27.50 X Cyay. UAV with B = 25 x Cp 4y desists

GAMEDFS

from visiting CH robot 1, 2, 4 and 5 which results in E7 (u) = 51 x Coy

7rGAMEDFS

and EJ (u) ~ 24.52 x Cyay. UAV with B = 20 x Cpay desists from

GAMEDFS

visiting CH robot 1, 2, 4 and 5 which results in £/, (u) = 74 x Cop and

GAMEDFS

EZ}AV (’U,) ~ 17.43 x Cyay. UAV with B = 10 X Cpyay or B = 15 x Cyayv

desists from visiting CH robot 1, 2, 4, 5 and 6 which results in E%ep  (u)

71.GA]WEDFS

173 x Ceop and £ 4y, (u) &= 7.43 x Cyay. UAV with B = 5 x Cpy 4y can visit

GAMEDFS

no CH robot which results in E7 /.y (u) = 234 x Coy. Even visiting no CH

robot, optimal strategy performs better than no strategy.

4.3.2.3 Optimal Strategy with Priori Set {CH 1}

If the priority set consists of CH 1, UAV must visit CH 1, for which it needs

Efa(w) = & =&l + & =&l
= (2 XV 117) X CUAV
~ 21.63 x Cpyay @.11)

which means that the battery capacities B = 5, 10, 15,20, 25 X Cyay < 21.63XCyay
are not feasible. For B = 35,40, 45,50 x Cy 4y, UAV can visit all CH robots as the
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case with no priority set, i. €., E%. 5 (u) = 0. For B = 25,30 x Cyray, the optimal
strategy with priority set of CH1 robot is same with GAMEDEFS because UAV with

those battery capacities does not desist from visiting CH 1 robot.

4.3.2.4 Optimal Strategy with Priori Set {CH 1, 2}

If the priority set consists of CH robot 1 and 2, the UAV must visit CH robot 1 and 2,

for which it needs

Epav(u) = [l& —&ll + (16 — &l + & — &l
= (Vll?"‘\/g“—\/%)XCUAV
~ 27.01 x CUAV (412)

which means that the battery capacities B = 5,10, 15,20 x Cyay < 27.01 X Cyay
are not feasible. For B = 35,40,45,50 x Cyay, UAV can visit all CH robots as
GAMEDFS, i. e., E5.y(u) = 0. For B = 30 x Cyay, the optimal strategy with
priority set of CH 1 and 2 is same with the optimal strategy with priority set of CH 1
since UAV with those battery capacities desists from visiting neither CH 1 nor CH 2.

4.3.2.5 Optimal Strategy with Priori Set {CH 1, 2, 3}

If the priority set consists of CH robot 1, 2 and 3, then the UAV must visit CH robot
1, 2 and 3, for which it needs

Efav(u) = & —&ll+ & — &l + 16 — &l + & — &l
= (VI3 4+ V52 + V45 + v90) x Cpay
~ 27.01 x CUAV (413)

which means that the battery capacities B = 5, 10, 15,20, 25 X Cpyay < 27.01 XCyay
are not feasible. For B = 35,40, 45,50 x Cyay, UAV can visit all CH robots as the
case with no priority set, i. e., E5-y(u) = 0. For B = 30 x Cyay, the optimal
strategy with priority set of CH 1, 2 and 3 is same with the optimal strategy with
priority set of CH 1 and 2 because UAV with those battery capacities desists from
visiting none of CH 1, 2, 3.
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Figure 4.4: Nodes show that the locations of the 7 CH robots. The weight of a link

shows the square of distance between the two nodes connected via that link.

4.3.2.6 Selecting Nearest Cluster Heads Strategy (SNCHS)

UAV selects the nearest 3 CH robots which are CH robot 3, 5, 7 in this 7-CH robot

scenario. Therefore, UAV desists from visiting CH robot 1, 2, 4, 6 which results in

Eroy(u)=[(5+25+1+8)+(50 +8)+(9+254+1+8)+(25+1+8)|xCey
=164 x CCH (414)

total energy consumption. Thus, UAV consumes

Ef () = & =&l +1& =&l +11& — &l + 1€ — &l
= (V8+1+V344+V65) x Cyav
~ 17.72 % CUAV; (415)

which implies SNCHS is feasible if B > 17.72 x Cyay .
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CH energy consumption vs. battery capacity of UAV
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Figure 4.5: The total energy consumption of the 7 CH robots in Figureunder UAV-
Oriented Strategy, GAMEDES, OSPS and SNCHS for varying battery capacities of
the UAV from B = 5 X Cyay to B = 50 x Cy 4. The units for energy consumption
of the UAV and total energy consumption of the nonvisited CH robots are Cf; 4y and

Con, respectively. These constants depend on the type of the UAV and the CH robots.

4.3.2.7 Performance Comparison

We compare the performances of UAV-Oriented strategy and our optimal strategy for
battery capacity varying from B = 5 to B = 50 in configuration in Figure From
Table 4.4 and Figure 4.4 optimal strategy performs much better than UAV-Oriented
strategy. Even for B = 20, optimal strategy consumes nearly half of the energy
consumed by UAV-Oriented strategy. On the other hand, SNCHS consumes more
than the energy consumed by UAV-Oriented strategy.
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Table 4.3: The table shows indices of the nonvisited CH robots depending on battery
capacity of the UAV and the priority set in the 7-CH robot scenario in Figure
"None" implies that UAV visits all CH robots if B = 35,40,45,50. "no priority"

"

means that the UAV can desist from any CH robots. "Xx" implies that visiting that

priority set with that battery capacity is infeasible.

Priorityset B=5 B=10 B=15 B=20 B=2§
no priority 1-7 124-6 1246 1,245 25

CH1 X X X X 2,5
CH1,2 X X X X X
CH 1-3 X X X X X

Priority set B=30 B=35 B=40 B=45 B=50

no priority 5 None None None None
CH1 5 None None None None
CH 1,2 5 None None None None
CH 1-3 5 None None None None

4.3.3 10-CH case

In Figure [4.6] shows locations of the 10 CH robots and weights of links between
them. With respect to this initial position of UAV (0,0), positions of CH robots are

(517 527 537 547 557 567 577 587 597 510) = ((67 _7>7 (_57 3)7 (27 4)7 <_47 7)7 <_27 2)7 (27 _7)’
(—1,-2),(4,-8),(—1,5),(7,—6))m.

4.3.3.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, the UAV travels only to CH robot 7 ({7 =
(—1, —2)) and collects all data of the CH robots from there if

B = 2x|& =&l
= 2x/(-1-0)2+(2-0)2) x Cyay
~ 4.47 x CUAV

< 5 X CUAV7 (4.16)
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Table 4.4: The table shows the total energy consumption of the nonvisited CH robots
depending on battery capacity of the UAV and the priority set in the 7-CH robot sce-
nario in Figure#.4] "no priority" means that the UAV can desist from any CH robots.

"x" implies that visiting that priority set with that battery capacity is infeasible.

Priority set B=5 B=10 B=15 B=20 B=25
no priority 234 173 173 74 51

CH1 X X X X 51
CH1,2 X X X X X
CH1-3 X X X X X

Priority set B=30 B=35 B=40 B=45 B=50
no priority 34 0 0 0 0
CH 1 34 0 0 0 0
CH 1,2 34 0 0 0 0
CH 1-3 34 0 0 0 0

In this case, total energy consumed by CH robots is E% .y (u) = 491 x Coy.

4.3.3.2 Optimal Strategy with no priori set (GAMEDFS)

The performance of optimal strategy with no priority set (equivalent to GAMEDEFS
proposed in Chapter [3)) with battery capacities varying from B = 5 to B = 50 in the
configuration in Figure 4.6 In Figure[d.7] by applying optimal strategy, the UAV with

GAMEDFS

B = 45x Cyay or B = 50 x Cy 4y can visit all CH robots, i. e., E7 -y (u) = 0.

In the configuration in Figure 4.6 the minimum energy required for the UAV to visit

7.I.GA]\/IEDFS

all CH robots is Efj 4y, (u) = 42.02 x Cyay.

The UAV with B = 40 x Cpay desists from visiting CH robot 2 which results

GAMEDFS 7T.GA]\/IEDFS

in By (u) = 10 x Cepg and Ef 4, (u) ~ 39.21 x Cpyay. The UAV
with B = 35 x Cpyay desists from visiting CH robot 2 and 4 which results in

GA]\IEDFS( ) 7rGAMEDFS

Eicn = 23 x Cep and Ef (u) ~ 34.29 x Cpyay. The UAV
with B = 30 x Cyay desists from visiting CH robot 2, 3, 4 and 9 which results

GAMEDFS GAMEDFS

in E% g (u) = 63 x Coy and ET (u) =~ 28.83 x Cyay. The UAV with
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Figure 4.6: Nodes show that the locations of the 10 CH robots. The weight of a link

shows the square of distance between the two nodes connected via that link.

B = 25 x Cyay desists from visiting CH robot 2, 3, 4, 5 and 9 which results in
Enen P (w) = 103 x Cog and EF5y 7 (u) & 23.17 X Cyay. The UAV with
B = 20 x Cy 4y desists from visiting CH robot 1, 2, 3, 4, 5, 9 and 10 which results in

GAMEDFS GAMEDFS

ETSa P (4) = 115 x Cey and Efon™" (u) &~ 19.25 x Cyay. The UAV with

GAMEDFS

B = 15 x Cy ay visits only CH robot 6 which results in E7 (u) = 135x Cop

GAMEDFS

and ET; ;\, (u) =~ 14.56 x Cyay. The UAV with B = 10 x Cpy 4y visits only CH

robot 5 and 7 which results in EZEZMEDFS(U) = 334 x Copy and E[’}iywms (u)

9.19 x Cyay. The UAV with B = 5 x Cp 4y visit only CH robot 7 which results in

GAMEDFS GAMEDFS

Elcy (u) = 342 X Coy and Ef 4y, (u) = 4.47 x Cyay. Even with B =5,

~
~

optimal strategy performs better than no strategy and UAV-oriented strategy.
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4.3.3.3 Optimal Strategy with Priori Set {CH 1}

If the priority set consists of CH 1, UAV must visit CH 1, for which it needs

Efav(u) = [l&o—&ll + & — &l
= (2x \/%) X Cyav
~ 18.44 x CUAV (417)

which means that the battery capacities B = 5,10,15 x Cyay < 18.44 x Cyay
are not feasible. For B = 45,50 x Cy 4y, UAV can visit all CH robots as the case
with no priority set, i. €., E%oy(u) = 0. For B = 25,30, 35,40 x Cyay, the
optimal strategy with priority set of CH robot 1 is same with GAMEDEFS because
UAV with those battery capacities does not desist from visiting CH 1 robot. However,
for B = 20 x Cyay, optimal strategy with priority set of CH1 differs from optimal
strategy with no priority set. By applying the optimal strategy with priority set of
CH robot 1, UAV with B = 20 x Cyy desists from visiting CH 2, 3,4, 5,6, 7, 8
and 9 instead of desisting from CH 1, 2, 3, 4, 5, 9 and 10. In this case, the energy

consumption of CH robots is

Eien() = [(1& — &l1° + & — &l°) + & — &lI° + 1€ — &l + (1€ — &
165 = &oll*) + 1167 = &oll* + (€6 — &slI* + lI€s — &ul1?) + ([I€o — &1
165 — &oll*) + ll&s — & 17

— [(10+8) +20 +8+ (20 +8) + 5+ (5+5) + 5+ (10 + 8)] x Cen
= 112 x Cegy (4.18)

4.3.3.4 Optimal Strategy with Priori Set {CH 1, 2}

If the priority set consists of CH robot 1 and 2, then the UAV must visit CH robot 1

and 2, for which it needs

Eav(u) = (1€ = &l + 16 = &Il + 16 — &l

= (V85 + V221 +v/34) x Cyay
~ 29.92 x Cyay (4.19)
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CH energy consumption vs. battery capacity of UAV
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Figure 4.7: The total energy consumption of the 10 CH robots in Figure under
UAV-oriented Strategy, GAMEDEFES, OSPS and SNCHS for varying battery capacities
of the UAV from B = 5xCy 4y to B = 50X Cyy 4. The units for energy consumption
of the UAV and total energy consumption of the nonvisited CH robots are C; 4y and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.

which means that the battery capacities B = 5, 10, 15,20, 25 X Cyay < 29.92XCyay
are not feasible. For B = 45,50 x Cy v, UAV can visit all CH robots as the case
with no priority set, i.e., E%o;(u) = 0. However, for B = 30, 35,40 x Cyay, the
optimal strategy with priority set of CH 1 and 2 differs from the optimal strategy with
priority set of CH 1 because UAV with those battery capacities cannot desist from
visiting not only CH 1 but also CH 2. By applying optimal strategy with priority set
of CH 1 and CH 2, UAV with B = 40 x Cy 4y desists from visiting CH 6, 7 and 10

instead of desisting from CH 2. In this case, total energy consumed by CH robots is
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Efen(u) = (& =&l + 16 — &lI° + 160 — &I
= [5+5+2] X OCH
= 12x Cecpy (4.20)

By applying optimal strategy with priority set of CH 1 and 2, UAV with B = 35 X
Cuav desists from visiting CH 4, 6, 7 and 10 instead of desisting from CH 2 and 4.

In this case, the energy consumption of CH robots is

Ehep(u) = |1& = &lP+ 1€ — &P + 160 — &I° + (1€ — &)
= [5+5+2+13]XCCH
= 25 x Ceogy 4.21)

By applying optimal strategy with priority set of CH 1, 2 and 3, UAV with B =
30 x Cy 4y desists from visiting CH 3, 4, 5, 6, 7, 8, 9 and 10 instead of desisting from
CH 2, 3,4 and 9. In this case, total energy consumption of CH robots is

Efen(w) = [l& =&l + 16 — &l + 1€ — &ll* + (16 — &7 + 1€ — &ll)
+ (16 = &l + (1€ = &lI* + lI1€s = &ull®) + 1€s — &ull* + [1€10 — &I
= [17+8+20+(104+8)+5+(5+5)+5+2] x Ceop
= 85 x Con 4.22)

4.3.3.5 Optimal Strategy with Priori Set {CH 1, 2, 3}

If the priority set consists of CH robot 1, 2 and 3, then the UAV must visit CH robot
1, 2 and 3, for which it needs

Epay () =& — &l + & — &l + 16 — &l + 16 — &l
:(\/%‘i‘\/m—"\/%‘i‘ \/3_4> X CUAV

~ 33.83 x Cyay (4.23)

which means that the battery capacities B = 5, 10, 15,20, 25,30 x Cpyay < 33.83 x
Cy ay are not feasible. For B = 45,50 x Cyay, UAV can visit all CH robots as the

case with no priority set, i.e., E5 .y (1) = 0. For B = 35, 40 x Cy 4y, optimal strategy
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with priority set of CH 1, 2 and 3 is the same as optimal strategy with priority set of
CH 1 and 2 because UAV with those battery capacities does not desist from visiting

none of CH 1, 2 and 3.

4.3.3.6 Optimal Strategy with Priori Set {CH 1, 2, 3, 4}

If the priority set consists of CH robot 1, 2, 3 and 4, then the UAV must visit CH robot
1, 2, 3 and 4, for which it needs

Epay(w) =& — &l + 16 — &ll + 16 — &all + 164 — &l + (&2 — &l
= (V85 + V137 4+ V45 + V17 + V34) x Cyav

~ 37.59 x Cyay (4.24)

which means that the battery capacities B = 5,10, 15, 20,25,30,35 X Cyay <
37.59 x Cpay are not feasible. For B = 45,50 x Cyay, UAV can visit all CH
robots as the case with no priority set, i.e., E5og(u) = 0. For B = 40 x Cpay,
optimal strategy with priority set of CH 1, 2, 3 and 4 is the same as optimal strategy
with priority set of CH 1, 2 and 3 because UAV with those battery capacities does not

desist from visiting none of CH 1, 2, 3 and 4.

4.3.3.7 Selecting Nearest Cluster Heads Strategy (SNCHS)

UAV selects the nearest 4 CH robots, CH robot 3, 5, 7, 9 in this 7-CH robot scenario.

Therefore, UAV desists from visiting CH robot 1, 2, 4, 6, 8, 10 which results in

Ehep(u) = [(5+5+34+5)+ (10+8)+ (20 +8) + (34 +5) + (5 + 34 + 5)
+ (245+5434+5)] xCon

229 x Cep (4.25)

total energy consumption. Thus, UAV consumes

Epav(u) = € —&ll + 16 — &l + 1165 — &l
+ 1€ — &l + 1€ — Sl
= [V54+ V174 V10 + V10 + vV20] x Cpay

~ 17.16 x Cpyav, (4.26)
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which implies SNCHS is feasible if B > 17.16 x Cyay.

Table 4.5: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV and priority set in the 10-CH robot scenario in Figure 4.6 "None"
implies that UAV visits all CH robots if B = 45 or B = 50. "no priority" means that
UAV can desist from any CH robots. "x" implies that visiting that priority set with
that battery capacity is infeasible.

Priority set B=5 B=10 B=15 B=20 B=25

no priority  1-6,8-10  1-4,6,8-10 1-5,7-10 1-5,9,10 2-5,9

CH1 X X X 2-9 2-59
CH1,2 X X X X X
CH 1-3 X X X X X
CH 1-4 X X X X X

B=30 B=35 B=40 B=45 B=50

no priority 2-4,9 24 2 None  None
CH1 2-4,9 2.4 2 None None
CH1,2 3-10 4.6,7,10 6,7,10 None None
CH 1-3 X 4,6,7,10 6,7,10 None  None
CH 1-4 X X 6,7,10 None  None

4.3.3.8 Performance Comparison

In this subsubsection, we compare the performances of UAV-Oriented strategy and
our optimal strategy with various priority sets for battery capacities varying from
B = 5to B = 50 in the configuration in Figure From Table 4.6 and Figure
4.6, optimal strategy performs much better than UAV-Oriented strategy. Even for
B = 15, optimal strategy consumes nearly one fourth of the energy consumed by
UAV-Oriented strategy. Besides this, SNCHS consumes less than half of the energy
consumed by UAV-Oriented strategy.
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Table 4.6: The table shows total energy consumption of (the nonvisited) CH robots

depending on battery capacity of UAV and priority set in the 10-CH robot scenario in

Figure[d.6] "no priority" means that UAV can desist from any CH robots. " x" implies

that visiting that priority set with that battery capacity is infeasible.

Priority set B=5 B=10 B=15 B=20 B=25

no priority 342 334 135 105 103

CH 1 X X X 112 103
CH1,2 X X X X X
CH 1-3 X X e X 4
CH 1-4 X X X X X

Priority set B=30 B=35 B=40 B=45 B=50

no priority 63 23 10 0 0
CH1 63 23 10 0 0
CH 1,2 85 25 12 0 0
CH 1-3 X 25 12 0 0
CH 14 X X 12 0 0
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CHAPTER 5

EFFICIENCY-AWARE AND ENERGY-AWARE DATA COLLECTION VIA A
UAV WITH LIMITED-CAPACITY BATTERY IN ROBOTIC WIRELESS
SENSOR NETWORKS

5.1 System Model and Problem Definition

This section focuses on defining our problem and generates our system approach.

5.1.1 Motivation and Problem Definition

We will present here a motivating scenario and formulate the problem based on this

motivation.

This chapter tackles an M -clustered robotic network and one UAV with limited-
capacity battery. This network is responsible of collecting data from sensor nodes

monitoring environmental changes.

In each cluster, a cluster head (CH) robot allocates tasks to cluster member (CM)
robot nodes which execute their assigned tasks and send the resultant data (envi-
ronmental monitoring data) to their own CH robot. CH robots are responsible for
collecting data from CM robots to send data to UAV. which visits a varying portion of
CH robots depending on their locations, their data efficiencies and its battery capac-
ity (Figure[5.1). Unless UAV visits each CH robot, each nonvisited CH robot sends
its data one nonvisited neighbor CH via multiple hops. S £ {1,2,---, M} denotes
the index set of CH robots. B denotes battery capacity of UAV.

CH robots consume large amount of energy for aggregating and transmitting its data
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Figure 5.1: The system consists of base station (BS), a UAV and 5 cluster of robots.
Red dots are CH robots whereas orange dots represent remained robots. UAV starts
its trajectory from BS. After UAV collects data from CH robots, it returns to BS to

bring data there and charge its battery for next path.

to their neighboring CH robots or UAV in case of not being visited by the UAV If
one CH robot moved like CM robot, energy remained in battery of that CH robot
would decrease below the critical energy level quickly, which causes frequent CH
election that consumes too much energy and time. Therefore, it may cause CH robots
assigning CM robots with tasks very efficiently to give up serving as a CH robot.

Hence, the following assumption is made.

Assumption 10. For avoiding extra energy consumption, CH robots do not move

while they performs as CH.

Assumption 11. Each CH robot has same amount of data to send to UAV or forward

another CH robot without latency.

& 2 (z0,y0) denotes initial position of UAV. & £ (z;,v;) denotes position of CH

robot 7. We assume that UAV consumes energy proportional to its travelled distance.
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Its energy consumption from CH robot i to j is defined as

Epav(i,j) = Cuavl& =&l
= CUAV\/(xi — ;)% + (i — y5)? (5.1

where Cp 4y is the constant ratio between its travelled distance and energy consumed
by UAV. On the other hand, we assume that the energy consumed by a CH robot is
proportional to the square of the distance between itself and the next hop. To illustrate,

energy consumed by CH robot 7 to send data to the CH robot j is defined as

Ecu(i,j) = Conll& — &1
= Con [(xi — 2;)* + (v — y;)°] (5.2)

where Coy is the constant ratio between the energy consumption of one CH robot

and the square of distance between it and the next hop.

The related literature assumes that each CH node has enough energy for transmitting
its data to base station, initial position of UAV. UAV may pass at close proximity of a
CH robot during the path. In worst case, some CH robots can send their data to UAV
while it is standing on the base station before starting trajectory. This motivate us to

make Assumption[12]

Assumption 12. CH robots have enough energy to send their data to UAV directly if

the UAV stands at its initial position on the base station.

Assumption 13. CH robots sends data to UAV or another CH robot with constant

rate.

5.1.2 Problem Formulation

We aim at planning the path for UAV to fulfill with limited-capacity battery. By
optimal path planning, UAV aims to minimize their total joint cost of data efficiencies
and energy consumptions. To formulate our problem precisely, we make following

definitions.

Definition 20. Path Set, P, is set of all linear paths between initial position of UAV
andpositions OfM CH I’ObOtS, P = {p(é-O? 61)7]9(507 52)7 s 7p(£07 é-M)v s 7p(§i7 6])’
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oy D€ Ep—1) } where p(&;,&;) denotes the linear path from CH robot i to j and
its length equals to ||&; — &;. []

Definition 21. Strategy of UAV, 7 is defined as set of linear paths that UAV follows

to collect data, i.e., m C P.

Definition 22. Energy consumption of UAV with strategy w, L[; ,,, is energy con-

sumed by UAV with strategy T, i. e.,

M M

AV - Z Z Cuavl|& — §j||I{p(§i7£j)€7r} ) (5.3)
i=1

j=1

where I;x, is an indicator function becoming 1 if X is true event.

Definition 23. The set of nonvisited CH robots under strategy  is defined as the set

of nonvisited CH robots under strategy m and it is denoted by ST,

non’®

Definition 24. Energy consumed to forward data of CH robot i under strategy T,
u;, denoted by ET (u;), is energy consumed for forwarding unit data of nonvisited CH

robot i until a visited CH robot with data forwarding strategy .

In our problem, all CH robots collect data from other cluster member (CM) robots in
their clusters where these CM robots can collect data from sensor nodes surrounding
them. Here, quality of data may vary depending on the sensors in different regions
and the CM robots. As each CH robot can collect data from their CM members in
different qualities, the efficiency of data may be different for different CH robots after
each CH robot evaluates its collected data. In this work, we consider both energy
consumed by CH robots and quality of data at CH robots. Therefore, we make the

following definition.

Definition 25. Data efficiency of CH robot i,denoted by n,, is a quality measure of
data evaluated by CH robot i, it takes a value between 0 (0% efficient) and 1 (100%

efficient).

L p(€o, &) is the linear path from initial position of UAV to CH robot 5; p(¢;, &) is linear path from CH robot
1 to initial position of UAV.

2 ET (u;) = 0 for each visited CH robot ¢ under strategy 7.

3 The variance between the amount of data collected by different CH robots can also be considered in this
definition implicitly. For example, a new term can be defined as (; £ 7; x D; where D; is the amount of data
collected by CH robot 7. As it can be seen, (; instead of 7; makes no change in the structure of our problem.
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Definition 26. Total cost of CH robots under strategies 7, u, denoted by J(u, ), is
defined as

J(u,m) & > (i x Ef (w;)) . (5.4)

€S0
Under Assumptions [[0HI3] the problem is defined more precisely as follows.

Problem 3. Minimizing total joint cost of energy consumption and data efficiencies

of nonvisited CH robots via UAV with limited-capacity battery

min, J(u, )

st.  Ef,. <B

Remark 12. In this problem, if UAV has insufficient battery capacity for visiting
each CH robot, UAV has tendency of desisting from CH robots which have lower
efficiency of data collected from their clusters among the CH robots which consume
close energy each other for data forwarding. In other words, UAV desists from visiting
a farther CH robot i with lower data efficiency than another nearer CH robot j with
higher data efficiency if CH robot i has lower joint cost of data efficiency and energy
consumption than CH robot j which differs our problem from the problems in the

related literature.

5.2 Joint Energy-Efficiency Cost Minimization Problem by UAV with Limited-
Capacity Battery

First, we tackle this problem by modeling it as a travel salesman problem (TSP) for
finding the minimum battery capacity sufficient for visiting each CH robot. To find

this capacity, we apply genetic algorithm (GA).

By choosing an optimal subset of CH robots to visit, UAV aims to minimize total
joint costs of data efficiencies and energy consumptions of the nonvisited CH robots
that will be transmitting data by multiple hops through other nonvisited CH until a
visited CH node. This chapter considers not only a constraint in battery capacity of
UAV and total energy consumed by CH robots for forwarding data but also different
efficiency of data for different CH robot.
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To show the difference between our problem and the orienteering problem approach,
we first formulate the problem as orienteering problem, the problem in ([3.3)), and then

make the following proposition.
Maximizing the sum of efficiencies of data collected from CH robots via a UAV with

max E ]
TCP i

ieS—S;{on (5.5)
st.  Eiu.y <B

limited-capacity battery

Proposition 3. Optimal solution for the orienteering problem in does not guar-
antee optimality for Problem

Proof. As the sum of data efficiencies of all CH robots is

Zmz Z ni + Z uz (5.6)

i€s i€S—ST,, i€ST

which yields that the problem in (5.5) is equivalent to problem in (5.7).

max |\ > mi— D

€S 1E€EST (5'7)

st.  Efay < B

As the sum of data efficiencies of all CH robots, > ;e Ti» 18 constant, problem in Ib
is equivalent to problem in (5.8§).
min > om
i€ST o (5.8)
st. Eu.y < B

The problem in (5.8) does not consider energy consumption of the nonvisited CH
robots and their data forwarding strategies which have already been considered in
Problem[3] As an optimal solution to our problem, UAV can prefer a CH robot which
has slightly lower data efficiency but consumes much more energy for forwarding data

if not visited, which is not possible in the problem in (5.8). Hence, it is proved. [

Proposition [3| shows the importance of data forwarding strategy for each nonvisited
CH robot. In next subsection, we study optimal strategies for nonvisited CH robots

to forward their data to another CH robot until a visited CH robot.
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5.2.1 Data Forwarding Strategy for CH Robots

A visited CH robot ¢ does not need data forwarding strategy and so u; = (). However,
a nonvisited CH robot ¢ should look for the shortest path to each visited CH robot
and take minimum of all shortest paths. E] Hence, they can obtain optimum data
forwarding strategies. Notice that each nonvisited CH robot considers each visitted

CH robot as possible targets.

Theorem 3. Optimal data forwarding strategy is the minimum-energy shortest path

for each nonvisited CH robot to forward data until one visited CH robot.

Proof. From Definition [26] Problem [3|under the battery constraint can be written as

min J(u,7) = min (i % E7 (uq)) - (5.9)
T €SI,
For a given strategy of UAV 7 satisfying EJ;4,, < B, Problem |3| can be converted
into

Zrélgj(u ) = mig ¢ (n; x ET (u;)) . (5.10)

There is no hop constraint to forward data in our Problem @; therefore, choosing a
path for forwarding data brings no cost other than the joint cost which is squarely
proportional to the path length. Hence, we can make superposition in the cost opti-

mization problem. Thus, (5.9) turns into

LIgIrDlJ(u ) = 2 1£nCH113 (m; X ET(u;)) . (5.11)

As 7, is independent from the strategy u;, (5.11) turns into

minJ (u, ) Z n; X <£1ér]13EZ (ul)> . (5.12)

uCP
1€ST

The shortest path which considers squares of distances from Equation (5.2)) is optimal
to minimize ET(u;), the energy consumed to forward unit data of a nonvisited CH

robot ¢. Therefore, the minimum-energy shortest path is optimal data forwarding

4 From Equation (5.2)), squares of the distances between CH robots are considered to calculate shortest paths
between CH robots.
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strategy for each nonvisited CH robot, whereby the total joint cost can be minimized.

Hence, it is proved. [

Remark 13. By using shortest path for nonvisited CH robot i, we can find an optimal
data forwarding strategy which achieves minimum energy consumed by nonvisited
CH robot i under strategy T, i. e.,

v = min 7, x ET(u;) (5.13)

for a nonvisited CH robot i.

In the next subsection, we investigate the problem to obtain the structure of optimal

strategy for the UAV.

5.2.2 Optimal Strategy for the UAV

Unless UAV has enough battery capacity for visiting each CH robot, considering
Problem[3]as an orienteering problems provides no guarantee for obtaining an optimal
strategy as it shown by Proposition [3] We should consider minimizing both energy
consumed by UAV and the joint cost of data efficiency and energy consumed by each

nonvisited CH robot.

Let Brsp denote minimum battery capacity sufficient for visiting each CH robot.
UAV with battery capacity B < Bprgp requires going without visiting some CH
robots. Our problem is selecting the CH robots to go without visiting those CH robots
for minimizing the sum of joint cost of data efficiency and energy consumed by non-

visited CH robots.
Definition 27| will help us describe Algorithm [4]

Definition 27. K-element combinations of the CH robots, denoted by S&, is K-
element subset of the M-element set of all CH robots, i. e., SX C S and |S%| = K
forl < a < (%) SE(B) denotes set of all feasible K -element combinations that

UAV with battery capacity B can visit.

Theorem 4. AlgorithmH|is optimal for Problem
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Algorithm 4 Efficiency and Energy-Aware Data Collection Strategy (EEADCS)
#Comment:Battery capacity of UAV is sufficient for visiting all CH robots, i.e.,

B > Brgp.#
if B > BTSP then

Look for an optimal strategy by considering the problem as a TSP.
Output: 7FFAPCS becomes a genetic algorithm-based strategy for TSP
whereby UAV visits all CH robots.
#Comment:Battery capacity of UAV is insufficient for visiting all CH
robots,i.e.,B < Brgp.#
else
for K = (M —1):1do
Find all (AI?) combinations of CH robots.
fora=1:(}) do
if min £ ,,, < B for SX then
# 7rComment: SK is a feasible set that UAV with B can visit. #.
SK c SK(B)
From Theorem [3] and Remark [I3] apply minimum-energy shortest path
strategy for each CH robot i € S — SX. Find Z 7.

i€eS—SK
else

# Comment: SX is an infeasible set that UAV with B cannot visit. #.
SK ¢ $(B)
end if
end for
if S%(B) # 0 then

Find min g oA
SKeSK(B)
ieS—SK

end if

end for
Find min min ™.
K |SKeSK(B) Z i

1€S—SK
Output: 77FAPCS ig 3 genetic algorithm-based strategy for TSP in which UAV

visits the CH robots in the combination SX found on previous step.
end if
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Proof. If UAV has enough battery capacity for visiting each CH robot, i.e., B >
Brgp, then the problem turns into the TSP problem. In this case, a genetic algorithm-

based TSP strategy can provide an optimal solution for Problem 3]

If UAV have insufficient battery capacity for visiting each CH robot, i.e., B < Brgp,
the UAV needs to go without visiting a portion of CH robots. Therefore, we need to
consider various combinations of CH robots Sf C S starting with the combinations

with K = M — 1 CH robots.

Among these K -element combinations, we need to consider the set of all combina-
tions SX € SE(B) for which the UAV can visit each CH robot in the combination
SE from Deﬁnition From Theorem the minimum-energy shortest path strategy
is the optimum data forwarding strategy for each nonvisited CH robot in one com-
bination. It is optimal to take the combination with minimum cost among the joint
costs of energy consumptions and data efficiencies of all CH combinations with K

CH robots.

A combination with /; CH robots may have less joint cost than a combination with
K, CH robots where K| < K5. Therefore, to guarantee optimality, we continue with
all combinations with less (M — 2, M — 3, so on) CH robots until the combinations

with 1 CH robot. Hence, it is proved. L]

5.3 Numerical Results

Performances of the strategies will be evaluated for varying number of CH robots and
varying battery capacities. We consider 5-CH, 7-CH, and 10-CH robot scenarios by
randomly generating locations of CH robots. To generate various data efficiencies,

[

we use the following equation 7; = 1 — 55, which prevent efficiencies from being

close to each other.

In these scenarios, we observe that the path length for the UAV to visit all CH robots
is less than 50 units. This means that the battery capacity of the UAV sufficient to visit
all CH robots is less than 50 x Cr 41 E]Performances of UAV-oriented strategy in [[75]],

® Remind that Cy 4y denotes energy consumed by UAV per unit distance travel.
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GAMEDEFS in [76] (our previous work in Chapter [3) and our optimal (EEADCS)
strategy are evaluated. We find the energy consumed by UAV and joint cost of energy

consumption and data efficiencies of nonvisited CH robots.

5.3.1 5-CH case

Figure[5.2]shows locations of 5 CH robots and the weights of the links between them.
Positions of CH robots are (&1,&2,83,64,&5) = ((—8,5),(2,2),(6,10), (-2, -3),
(=5, —=5))m where (0,0) is initial position of UAV. Data efficiencies of CH robots
are taken as (11, 72, 113, 74, 15) = (0.95,0.90, 0.85,0.80,0.75) m.

5.3.1.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, UAV visits just CH robot 2 (§&; = (2,2)) and
collect all data of CH robots from there if

B = 2x|& —&ll
= 2x+/(2—=0)2+(2-0)2 x Cpay
5.66 X CUAV < 10 x CUAV, (514)

Q

by which we can calculate joint costs of data efficiencies and energy consumptions of

nonvisited CH robots under UAV-Oriented strategy as follows

Ju, 7NV = px & = &P+ s x |16 — &

+ o X & = &P s % [|& — &l
= (0.95 x 109 + 0.85 x 80 + 0.80 x 41
+ 0.75 x 98) x Ceop

277.85 x Cop (5.15)

in the configuration in Figure[5.2] If B = 5, then the UAV-oriented strategy cannot
be applied since UAV cannot travel to CH robot 2 and the other CH robots are farther
to origin than CH robot 2.
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Figure 5.2: Nodes show locations of 5 CH robots. The weight of a link shows square

of distance between two nodes connected by the link.

5.3.1.2 GAMEDEFS

In this subsubsection, we obtain the numerical results for performance of GAMEDFS

proposed in Chapter [3] with battery capacities varying from B = 5 to B = 50 in the

configuration in Figure In Figure by applying GAMEDEFS, the UAV with

B = 45 x Cyray or B = 50 x Cpy 4y can visit all CH robots, i. e., J (u, 7¢AMEPES) —

0. In the configuration in Figure[5.2] the energy required for the UAV to visit all CH
GAMEDFS

robots is £} 4, (u) =~ 44.29 X Cpy 4. The UAV with B = 35 or B = 40 x Cyay

goes without visiting CH robot 3 which results in

J(u, 7CAMEDPESY - — (085 x 80 x Cey

= 68 X CCH (516)
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7.‘.GAILIE‘DFS

Thus, the UAV consumes Ef; 4, (u) =~ 30.92 x Cyay. The UAV with B =

30 x Cyay goes without visiting CH robot 3 and 5 which results in

J(u, wCAMEDESY - — (.85 x 80 + 0.75 x 13) x Coy

ﬂ.GAIV[EDFS

Thus, the UAV consumes £} 4y (u) =~ 26.87 x Cyay. The UAV with B =

25 x Cy ay goes without visiting CH robot 3, 2 and 5 which results in

J(u, gCAMEDESY  — (.85 x (80 4+ 8) +0.90 x 8 +-0.75 x 13) x Copn

= 91.75 x Cep (5.18)

GAMEDFS

and E; 4\ (u) = 23.04 X Cyay. The UAV with B = 20 x Cy 4y goes without

visiting CH robot 3 and 1 which results in

J (u, 7EAMEDESY = — (.85 x 80 + 0.95 x 89) x Cey

Y

= 152.55 x Cey (5.19)

GAMEDFS

and EJ 4\ (u) =~ 19.94 x Cyay. UAV with B = 15 x Cyay goes without
visiting CH robot 3, 5 and 1 which results in

J (u, 7EAMEDESY - — (.85 x 80 + 0.75 x 13+ 0.95 x 89) x Cop
= 162.30 x Con (5.20)

GAMEDFS

and Ef 4\ (u) ~ 12.84 x Cyay. UAV with B = 10 x Cyay goes without
visiting CH robot 1, 2, 3, and 5 which results in

J(u 7TGAMEDFS)

)

= (0.85 x (80 +8) + 0.90 x 8 4+ 0.75 x 13+ 0.95 x 89) x Ceyy
— 176.30 x Cop (5.21)

GAMEDFS

and E; 4\ (u) = 7.21 x Cyay. UAV with B = 5 x Cp 4y can travel to no CH

robot which results in

J (u, 7AMEDESY - — (.85 x (80 4 8) +0.90 x 8 4+ 0.80 x (13 + 13) +0.75 x 13

+ 0.95 x 89) x Con

196.70 x Ceop (5.22)
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5.3.1.3 EEADCS

EEADCS has taken same decisions with GAMEDEFS for all battery capacity values
varying from B = 5 to B = 50 in the configuration of Figure [3.8]

Although CH 4 robot has the second lowest data efficiency among all CH robots,
UAV still prefers to visit CH 4 with lower battery capacities because CH 4 forwards
data of CH 5. For B = 10, UAV goes without visiting CH 2 instead of CH 4 because
visiting CH 4 reduces the joint cost of data efficiency and energy consumed by CH

robots more than visiting CH 2.

Please notice that if CH 4 were located at the position (—2, —2) instead of (—2, —3),
then CH 4 and CH 2 would have the same distance to origin. In that case, the UAV
would go without visiting CH 4 instead of CH 2 because CH 2 and CH 3 have better
data efficiency than CH 4 and CH 5.

In case that data efficiencies of all CH robots are equal, GAMEDEFS has already
been shown to be optimal in Chapter 3] With efficiencies generated with the for-

%

mula N = 1-— 20°

the performance of strategies still depends more on positions of
CH robots. It can be expected since if a route is infeasible because of battery ca-
pacity of UAV, minimizing the data efficiencies of the nonvisited CH robots lose its
importance. Here, data efficiencies of the CH robots do not have an affect on the hard

constraint of battery capacity of UAV as locations of CH robots do.

5.3.1.4 Performance Comparison

Table 3.2 presents indices of nonvisited CH robots in Figure Similarly, Table|3.3
presents total joint cost of energy consumption and data efficiencies of the nonvis-
ited CH robots. From these tables, we can observe how UAV decides to go without
visiting a subset of CH robots depending on its battery capacity in Figure[3.8] More-
over, the sum of joint cost of consumed energy and data efficiencies of nonvisited
CH robots varies with battery capacity of UAV and so desisting decisions made by
UAV. Furthermore, joint costs of nonvisited CH robots depend on positions and data

efficiencies of the CH robots.
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Total joint cost vs. battery capacity of UAV
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Figure 5.3: Total joint cost of data efficiency and energy consumption of the 5 CH
robots in Figure [3.8] under UAV-Oriented strategy, GAMEDFS and EEADCS, vs.
battery capacity of UAV from B = 5 X Cpyay to B = 50 X Cpyay. The units for
energy consumption of the UAV and total joint cost of the CH robots are C; 4y and

Ccon, respectively. These constants depend on the type of the UAV and the CH robots.

5.3.2 6-CH case

Figure[5.4]shows locations of 6 CH robots and the weights of the links between them.
Positions of the CH robots are (&1, &2, &3,64,65, &) = ((1,2),(5,4),(9,2), (1,-2),
(5,—4),(9,—2))m where (0,0) is initial position of UAV. Data efficiencies of CH
robots are taken as (71, 72, 3, 4, 5, M6) = (0.95, 0.90, 0.85, 0.80, 0.75,0.70)m.

5.3.2.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, UAV visits just CH robot 2 (£, = (5, —4)) and
collect all data of CH robots from there if B ~ 12.81 x Cpy 4y, by which we can

125



Table 5.1: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure "None" implies that UAV visits all CH robots if
B =45 or B = 50. "x" implies that the UAV-oriented Strategy is infeasible for that

battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented X L,3-5 135 1,35 135
GAMEDFS 1-5 1-3,5 1,3,5 2-5 2,3,5
EEADCS 1-5 1-3,5 1,3,5 2-5 2,3,5
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 1,3-5 ,3-5 1,35 135 1,35
GAMEDFS 1-5 3 3 None  None
EEADCS 3,5 3 3 None  None

Table 5.2: The table shows total joint cost of energy consumption and data efficiencies
of the nonvisited CH robots depending on battery capacity of UAV in Figure[5.3] "x"
implies that the UAV-oriented strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented X 277.85 277.85 277.85 277.85
GAMEDFS 196.70 176.30 162.30 152.55 91.75
EEADCS 196.70 176.30 162.30 152.55 91.75
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 277.85 277.85 277.85 277.85 277.85
GAMEDFEFS 7775 68.00 68.00 0 0
EEADCS 77775  68.00  68.00 0 0

calculate total joint cost of data efficiency and energy consumed by each nonvisited

CH robot under UAV-Oriented strategy as follows.

J(UMTUAV*O) = m x ||& = &P Hnsx||& — Ll +nax ||éy — &P
05X [|&5 — & +16 % [|& — &)
162 x Coy (5.23)

+
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If B = 5,10, UAV can travel to CH robot 1 (§; = (1, 2)), closer to the origin than CH

robot 2, which results in

J(u, 7"V 70) = gy x ||& = &P Hnsx (1€ — &P Anax & — &I

2 2
+ s x|1€5 — &ull"+me % (1€ — &
= 180.20 x Ccpy (5.24)
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Figure 5.4: Nodes show the locations of the 6 CH robots. The weight of a link shows

square of distance between two nodes connected by the link.

5.3.22 GAMEDFS

In this subsubsection, we obtain the numerical results for performance of GAMEDFS
proposed in Chapter [3] with battery capacities varying from B = 5 to B = 50 in
the configuration in Figure [5.4] In Figure [5.5] by applying GAMEDES, UAV with
B = 30, 35,40,45,50 x Cyay can visit all CH robots, i. e., J(u, 7¢AMEPES) —
In the configuration in Figure [5.4] the energy required for UAV to visit all CH robots
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is BT 4 (1) & 26.36 x Cyay. UAV with B = 25 x Cpay goes without visiting CH
robot 5 and 6 which results in
J(u, 7FAMEDESY - — (0,75 x 20 + 0.70 x 16) x Cepy
and EF 41, (u) ~ 22.36 x Cyyay. UAV with B = 20 x Cyay goes without visiting CH
robot 3, 5 and 6 which results in
J (u, 7EAMEDESY - — (.85 x 20 + 0.75 x 20 + 0.70 x (16 + 20)) x Copn
= 57.20 x Coy (5.26)

and E(’}*Av(u) ~ 16.16 x Cyay. UAV with B = 15 x Cy 4y can visit only CH 1 and
CH 2 which results in

J(w, wCAMEDESY — — (0,85 x 20 + 0.80 x 5 + 0.75 x (20 + 20)

+ 0.70 x (16 +20)) x Con
= 76.20 x Copy (5.27)
and E7 41, (u) ~ 13.41 x Cyay. UAV with B = 5,10 x Cpay can visit only CH 1
and CH 4 which results in
J(u, 774V =9) = 0.90 x 20 + 0.85 x (20 + 20) 4 0.75 x 20
+ 0.70 x (20 + 20)
= 95 x Ceop (5.28)
and E7 ,,,(u) = 8.47 X Cyay. UAV with B = 5 x Cpyay can visit only CH 1 which
results in
J(u, 77479 = 0.90 x 20 + 0.85 x (20 + 20) + 0.80 x 5+ 0.75 x (20 + 5)
+ 0.70 x (20 + 20 + 5)
= 106.25 x Ceg (5.29)

and E{};‘V(u) =4.47 X CUAV-

5.3.2.3 EEADCS

EEADCS has taken same decisions with GAMEDEFS for all battery capacity values
varying from B = 5 to B = 50 in the configuration of Figure [5.4]
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Although CH 4 has the low data efficiency among all CH robots, UAV still prefers
to visit CH 4 for low battery capacity values except B = 5, 15 as it can forward data
from CH 5, CH 6 which is very important for energy consumption of UAV. As CH 1

has highest data efficiency and close to origin, UAV visits it for all battery capacities.

In case that data efficiencies of all CH robots are equal, GAMEDEFS has already been
shown to be optimal in Chapter 3] With efficiencies generated with the formula ), =
1 - %, the performance of strategies still depends more on positions of CH robots.
It can be expected since if a route is infeasible because of battery capacity of UAV,
minimizing sum of data efficiencies of the nonvisited CH robots lose its importance.
Here, data efficiencies of the CH robots do not have an affect on the hard constraint

of battery capacity of UAV as locations of CH robots do.

Total joint cost vs. battery capacity of UAV
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Figure 5.5: Total joint cost of data efficiency and energy consumption of the 6 CH
robots in Figure [5.4] under UAV-Oriented strategy, GAMEDFS and EEADCS, vs.
battery capacity of UAV from B = 5 X Cpyay to B = 50 X Cpyay. The units for
energy consumption of the UAV and total joint cost of the CH robots are C; 4y and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.
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5.3.2.4 Performance Comparison

Table |5.3| presents indices of nonvisited CH robots in Figure Similarly, Table
presents total joint cost of energy consumption and data efficiencies of the nonvis-
ited CH robots. From these tables, we can observe how UAV decides to go without
visiting a subset of CH robots depending on its battery capacity in Figure More-
over, the sum of joint cost of consumed energy and data efficiencies of nonvisited
CH robots varies with battery capacity of UAV and so desisting decisions made by
UAV. Furthermore, joint costs of nonvisited CH robots depend on positions and data

efficiencies of the CH robots.

Table 5.3: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure [5.4] "None" implies that the UAV visits all CH robots if
B = 25,30,35,40,45,50. "x" implies that the UAV-oriented strategy is infeasible
for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented  2-6 2-6 1,3-6 13-6 1,3-6
GAMEDFS 2-6 2356 3-6 3,5,6 5,6
EEADCS 26 2356 3-6 3,5,6 5,6

Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 1,3-6 13-6 1,3-6 13-6 1,3-6
GAMEDFS None None None None None
EEADCS None None None None None

5.3.3 7-CH case

Figure[S.6|shows locations of 7 CH robots and the weights of the links between them.
Positions of the CH robots are (&1, &2, &3, €4, &5, &6, &7) = ((9,6), (3,9), (3,2), (7,8),
(8,—1),(7,5),(2,2))m where (0,0) is initial position of UAV. Data efficiencies of
CH robots are taken as (71, 72, 113, N4, 5, 6, 7) = (0.95,0.90, 0.85, 0.80, 0.75, 0.70,
0.65)m.
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Table 5.4: The table shows total joint cost of energy consumption and data efficiencies
of the nonvisited CH robots depending on battery capacity of UAV in Figure[5.5] "x"
implies that the UAV-oriented strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented 180.20 180.20 162 162 162
GAMEDFES  106.25 95 76.20 57.20  26.20
EEADCS 106.25 95 76.20 57.20  26.20
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 162 162 162 162 162
GAMEDFS 0 0 0 0 0
EEADCS 0 0 0 0 0

5.3.3.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, UAV visits just CH robot 6 (§s = (7,5)) and
collect all data of CH robots from there if B ~ 17.2 X Cyay. by which we can
calculate total joint cost of data efficiency and energy consumed by each nonvisited

CH robot under UAV-Oriented strategy as follows.

J(u, 7V =y x || = &P+ m X [|€a — &6l|P + s x (1€ — &I
1 X [|& = &lI* + 15 x 165 — &6ll* + m7 % |1& — &P
— 111.85 x Cop (5.30)

If B =10 o0or B = 15, UAV can travel to CH robot 3,closer to the origin than CH

robot 6, which results in

J(u, 7V = x |€ = &P+ me X [|€e — &I +ma x [|€— &P
+ 05 X |& — &7+ 16 X (|6 — &P +mr x [|&7 — &P
=178.75 x Ccyg (5.31)

However, if B = 5, UAV-oriented strategy ccanot be applied since it can visit no CH

robot.
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Figure 5.6: Nodes show the locations of the 7 CH robots. The weight of a link shows

square of distance between two nodes connected by the link.

5.3.3.2 GAMEDEFS

In this subsubsection, we obtain the numerical results for performance of GAMEDFS
proposed in Chapter [3| with battery capacities varying from B = 5 to B = 50 in
the configuration in Figure [5.6] In Figure by applying GAMEDEFS, UAV with
B =35xCpyayorB=40x Cyay or B =45 x Cyay or B =50 x Cyy 4y can visit
all CH robots, i. e., J(u, 7¢AMEPFS) — (), In the configuration in Figure the
energy required for UAV to visit all CH robots is Ef 4, (u) ~ 34.42 x Cyay. UAV

with B = 30 x Cy 4y goes without visiting CH robot 5 which results in

J(U,WGAMEDFS) = 0.79 x 34 x CCH

= 25.50 x Copy (5.32)
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Total joint cost vs. battery capacity of UAV
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Figure 5.7: Total joint cost of data efficiency and energy consumption of the 7 CH
robots in Figure [5.6] under UAV-Oriented strategy, GAMEDFS and EEADCS, vs.
battery capacity of UAV from B = 5 X Cpyay to B = 50 X Cpyay. The units for
energy consumption of the UAV and total joint cost of the CH robots are C; 4y and

Ccon, respectively. These constants depend on the type of the UAV and the CH robots.

and BT (u) & 27.50 x Cyay. UAV with B = 25 x Cpy 4y goes without visiting CH

robot 2 and 5 which results in

J(u, ?AMEPESY - — (0,90 x 17 + 0.75 x 34) x Cop

= 40.80 x Cog (5.33)

and E{};W(u) ~ 24.52 X Cyay. UAV with B = 20 x Cy 4y goes without visiting CH
robot 1, 2, 4 and 5 which results in

J(w, wCAMEDPESY  — (0,95 x 54 0.90 x (174 9) 4+ 0.80 x 9+ 0.75 x 34) x Cepy

= 60.85 x Copy (5.34)
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and E7 1 (u) &~ 17.43 x Cpyray. UAV with B = 10 X Cyay or B = 15 x Cpay goes
without visiting CH robot 1, 2, 4, 5 and 6 which results in

J(u, ?9AMEPESY — 0 95 x (54 25) 4+ 0.90 x 50 4 0.80 x (9 4 25) 4 0.75 x 34

+ 0.70 x 25

= 143.70 x Cepy (5.35)
and E7 1, (u) &~ 7.43 x Cyay. UAV with B = 5 x Cyy 4y can visit no CH robot which
results in
J (u, 7EAMEDESY — (0,95 x (5 +25+1+8) +0.90 x (50 + 8) +0.85 x (1 + 8)
080 x (9+254+1+8)+0.75x (34 4+ 1+8)

+ o+

0.70 X (25 +1+8) 4+ 0.65 x 8) x Cep
= 192.55 x Cepy (5.36)

5.3.3.3 EEADCS

EEADCS has taken same decisions with GAMEDES for all battery capacity values
varying from B = 5to B = 50 in the configuration of Figure 5.6

Although CH 6 has the second lowest data efficiency among all CH robots, UAV still
prefers to visit CH 6 with lower battery capacities because CH 6 robot is very close

to CH 1 and CH 4 so CH 6 forwards their data.

As CH 2 is very far from origin and CH 7 is closest CH robot to the origin (0, 0), UAV
with B = 15 still prefers CH 7 instead of CH 2. If CH 2 were located at the position
(3,6) instead of (3,9), then UAV with B = 15 would prefers CH 2 instead of CH 7

to reduce the joint cost of data efficiency and energy consumption of CH robots.

In case that data efficiencies of all CH robots are equal, GAMEDFS has already been
shown to be optimal in Chapter [3] With efficiencies generated with the formula 7, =
1-— %, the performance of strategies still depends more on positions of CH robots.
It can be expected since if a route is infeasible because of battery capacity of UAYV,
minimizing sum of data efficiencies of the nonvisited CH robots lose its importance.
Here, data efficiencies of the CH robots do not have an affect on the hard constraint

of battery capacity of UAV as locations of CH robots do.
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5.3.3.4 Performance Comparison

Table [5.5] presents indices of nonvisited CH robots in Figure[5.6] Similarly, Table[5.6]
presents total joint cost of energy consumption and data efficiencies of the nonvis-
ited CH robots. From these tables, we can observe how UAV decides to go without
visiting a subset of CH robots depending on its battery capacity in Figure[5.6] More-
over, the sum of joint cost of consumed energy and data efficiencies of nonvisited
CH robots varies with battery capacity of UAV and so desisting decisions made by
UAV. Furthermore, joint costs of nonvisited CH robots depend on positions and data

efficiencies of the CH robots.

Table 5.5: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure [5.6] "None" implies that the UAV visits all CH robots if
B = 35,40,45,50. "x" implies that the UAV-oriented strategy is infeasible for that
battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented X 1,2,4-7 124-7 1-5,7 1-5,7
GAMEDFS 1-7 1246 1246 1245 25
EEADCS 1-7 1246 1246 1245 25

Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 1-5,7 1-5,7 1-5,7 1-5,7  1-5,7
GAMEDFS 5 None None None None
EEADCS 5 None None None None

5.3.4 8-CH case

Figure[5.§]shows locations of 8 CH robots and the weights of the links between them.
Positions of CH robots are (&1, &2, &3, €4, &5, &6, 7, E8) = ((7,1),(8,1), (5,1), (1, 1),
(3,—-1),(10,—-1),(2,—1), (9, —1))m where (0, 0) is initial position of UAV. Data ef-
ficiencies of CH robots are taken as (11, 72, M3, 74, 115, 6, N7, M) = (0.95,0.90, 0.85,
0.80,0.75,0.70, 0.65, 0.60)m.
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Table 5.6: The table shows total joint cost of energy consumption and data efficiencies
of the nonvisited CH robots depending on battery capacity of UAV in Figure "
implies that the UAV-oriented strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented X 17875 17875 111.85 111.85
GAMEDFS 19255 143.70 143.70 60.85 40.80
EEADCS 192.55 143.70 143.70 60.85  40.80
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 111.85 111.85 111.85 111.85 111.85
GAMEDFS  25.50 0 0 0 0
EEADCS 25.50 0 0 0 0

5.3.4.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, UAV visits just CH robot 3 ({5 = (5, 1)) and
collect all data of CH robots from there if B ~ 10.2 x Cp 4y, by which we can
calculate total joint cost of data efficiency and energy consumed by each nonvisited

CH robot under UAV-Oriented strategy as follows.

J(u, 7YV =ny x [|& = &P Hmex|[&e — &P Hmax[|&a — &1+ 15 x[1&5 — &I
+m6 X [|&6 — &IIP+mr x |&7 — &P +ms % || — &P
= 67.05 x Cony (5.37)

If B = 10, UAV can travel to CH robot 5, closer to the origin than CH robot 3, which

results in

J(u, 77V =y x |6 = &P Hmex 1€ — &P +ns < [|& — &P +ma x |4 — &P
+ 16 X |6 — &P+ % 1€ — &|P+ms x ||&s — &P
= 114.85 x Ccpy (5.38)
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If B = 5, UAV can travel to CH robot 7, closer to the origin than CH robot 3 and 5,

which results in

J(u, TV 7O =y x [|€ — &P Hme x ||€a — & |12 Fms x |[€ — &7 |1*Hna x |4 — &)

+ 05 X ||& — &P +m6 X (|6 — &l +ms X [|&s — &)

= 153.55 x Coy (5.39)
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Figure 5.8: Nodes show the locations of the 8 CH robots. The weight of a link shows

square of distance between two nodes connected by the link.

5.34.2 GAMEDFS

We obtain the numerical results for performance of GAMEDFS proposed in Chapter
3] with battery capacities varying from B = 5 to B = 50 in the configuration in Figure
5.8 In Figure [5.9] by applying GAMEDEFS, UAV with B = 25, 30, 35, 40, 45, 50 x
Cp v can visit all CH robots, i. e., J(u, 7¢AMEPFS) = (. In Figure [5.8] the energy
required for UAV to visit all CH robots is EF 41 (u) ~ 21.48 x Cyay. UAV with
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B = 20 x Cyay goes without visiting CH robot 6 which results in

J(u, gCAMEDPESY - — 070 x 1 x Ceg
= 0.70 x Ccn (5.40)
and E7 41, (u) &~ 19.89 x Cyray. UAV with B = 15 x Cyray goes without visiting CH
robot 2, 4, 6 and 8 which results in
J(u, 7CAMEDPESY  — (0,90 x 14 0.80 x 24 0.70 x (8 + 1) + 0.60 x 8) x Cep
and E7 4 (u) ~ 14.81 x Cpyay. UAV with B = 10 x Cpay visit only CH 4, 5, 7
which results in

J(u, gCAMEDESY - — (095 x (4 +8) 4+ 0.90 x (1 +4+8) +0.85 x 8

+ 0.70 x (36 + 1) +0.60 x 36) x Con

= 7170 x Ceq (5.42)
and BT, (u) ~ 7.48 x Cyay. UAV with B = 5 x Cpay visit only CH 7 which
results in

J(u, gGAMEDPESY — (095 x (4 +13)+0.90 x (1 +4 + 13)+0.85 x 1340.80 x 2

+ 0.75 x 14+0.70 x (494 1) +0.60 x 49) x Cep
— 110.15 x Ceyy (5.43)

and Eg;v(u) ~ 4.46 x OUAV-

5.3.4.3 EEADCS

EEADCS has taken same decisions with GAMEDES for all battery capacity values
varying from B = 5 to B = 50 in the configuration of Figure [5.8]

Although CH 5 has the low data efficiency among all CH robots, UAV still prefers to
visit CH 5 with lower battery capacities because many CH robots forward their data

to CH 5 robot for lower battery capacities of UAV.

As CH 2 is very far from origin and CH 7 is closest CH robot to the origin (0, 0), UAV
with B = 5 still prefers CH 7 instead of CH 2. If CH 4 were located at the position
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(2,1) instead of (1,1), then UAV with B = 15 would prefers CH 4 instead of CH 7

to reduce the joint cost of data efficiency and energy consumption of CH robots.

In case that data efficiencies of all CH robots are equal, GAMEDES has already been
shown to be optimal in Chapter [3] With efficiencies generated with the formula 7; =
1 - %, the performance of strategies still depends more on positions of CH robots.
It can be expected since if a route is infeasible because of battery capacity of UAV,
minimizing sum of data efficiencies of the nonvisited CH robots lose its importance.
Here, data efficiencies of the CH robots do not have an affect on the hard constraint

of battery capacity of UAV as locations of CH robots do.

Total joint cost vs. battery capacity of UAV
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Figure 5.9: Total joint cost of data efficiency and energy consumption of the 8 CH
robots in Figure [5.8] under UAV-Oriented strategy, GAMEDFS and EEADCS, vs.
battery capacity of UAV from B = 5 X Cpyay to B = 50 x Cpyay. The units for
energy consumption of the UAV and total joint cost of the CH robots are Cy 4 and

Ccon, respectively. These constants depend on the type of the UAV and the CH robots.
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5.3.4.4 Performance Comparison

Table[5.7] presents indices of nonvisited CH robots in Figure Similarly, Table
presents total joint cost of energy consumption and data efficiencies of the nonvis-
ited CH robots. From these tables, we can observe how UAV decides to go without
visiting a subset of CH robots depending on its battery capacity in Figure More-
over, the sum of joint cost of consumed energy and data efficiencies of nonvisited
CH robots varies with battery capacity of UAV and so desisting decisions made by
UAV. Furthermore, joint costs of nonvisited CH robots depend on positions and data

efficiencies of the CH robots.

Table 5.7: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure [5.8] "None" implies that the UAV visits all CH robots if
B = 25,30,35,40,45,50. "x" implies that the UAV-oriented strategy is infeasible
for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=2§
UAV-Oriented 1-6,8 1-4,6-8 1,24-8 1,2,4-8 1,24-8
GAMEDFS 1-6,8 1-3,6,8 2,4,6,8 6 None

EEADCS 1-6,8 1-3,6,8 2,4,6,8 6 None
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 1,2,4-8 1,24-8 1,24-8 1,24-8 1,24-8
GAMEDFS None None None None  None
EEADCS None None None None  None

5.3.5 9-CH case

Figure[5.10]shows locations of 9 CH robots and the weights of the links between them.

Positions of CH robots are (&1, €2, €3, €4, &5, €6, £7, €8, €0) = ((4,8), (3,6), (6, 7), (5,5),
(3,—4),(6,-3),(9,—4),(4,=T7),(8,=7))m where (0,0) is initial position of UAV.
Data efficiencies of CH robots are taken as (71, 12, 113, 14, 05, M6, M7, 18, o) = (0.95,
0.90, 0.85, 0.80,0.75,0.70, 0.65, 0.60, 0.55)m.
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Table 5.8: The table shows total joint cost of energy consumption and data efficiencies
of the nonvisited CH robots depending on battery capacity of UAV in Figure "
implies that the UAV-oriented strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented 153.55 114.85 67.05 67.05 67.05
GAMEDFS 110.15 71.70 13.60  0.70 0
EEADCS 110.15 7170 13.60  0.70 0
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 67.05 67.05 67.05 67.05 67.05
GAMEDFS 0 0 0 0 0
EEADCS 0 0 0 0 0

5.3.5.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, UAV visits just CH robot 6 ({ = (6, —3)) and
collect all data of CH robots from there if B ~ 13.41 x Cy 4y, by which we can
calculate total joint cost of data efficiency and energy consumed by each nonvisited

CH robot under UAV-Oriented strategy as follows.

J(u, WUAV*O) =m x [|& = &P +mx||& — &> +ns x [1&5 — &P+ x 1€ — &
+n5x [|&5 — &6l|2+mr x [|€7 — &6l +ms X [|€s — E6l1P+m9 X [|€9 — &6l
= 373.75 x Cogy (5.44)

If B = 10, UAV can travel to CH robot 5 ({5 = (3, —4)), closer to the origin than CH

robot 6, which results in

J(u, 77O =my x ||& — &P +Hmax [|& — &l x (|6 — &l max [|€s — &
+ 16 % ||& — &P+ X [|& — &l ms % [|€s — &l *+mo x [|€0 — &I
= 850.25 x Cogy (5.45)

For B = 5, UAV-oriented strategy cannot be applied since it can visit no CH robot.
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Figure 5.10: Nodes show the locations of the 9 CH robots. The weight of a link shows

square of distance between two nodes connected by the link.

5.3.5.2 GAMEDEFS

In this subsubsection, we obtain the numerical results for performance of GAMEDFS
proposed in Chapter [3| with battery capacities varying from B = 5 to B = 50 in
the configuration in Figure In Figure by applying GAMEDEFS, UAV with
B = 40,45,50 x Cyay can visit all CH robots, i. e., J(u, 7¢AMEPES) — (. In the
configuration in Figure [5.10] the energy required for UAV to visit all CH robots is
ngw(u) ~ 39.97 X Cyay. UAV with B = 35 x Cyay goes without visiting CH

robot 7 and 9 which results in

J (u, 7FAMEDESY = — (0,65 x 10 + 0.55 x 20) x Cey

= 17.50 x Cep (5.46)
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and E7 4 (u) &~ 34.11 x Cyay. UAV with B = 30 x Cpy 4y goes without visiting CH

robot 7, 8 and 9 which results in

J(u, ?AMEPESY = — (0,65 x 10 + 0.60 x 10 + 0.55 x 20) x Copy
= 23.50 x Cey (5.47)

and ET 41, (u) &~ 29.64 x Cyyay. UAV with B = 25 x Cyray goes without visiting CH
robot 1,3, 7, 8 and 9 which results in

J (u, TEAMEDESY — (0,95 x 54 0.85% 5 4 0.65 x 104-0.60 x 10+0.55 x 20) x Copy
=32.50 x Cey (5.48)

and BT (u) &~ 23.71 x Cyay. UAV with B = 20 x Cpy 4y goes without visiting CH
robot 3, 5, 6, 7, 8 and 9 which results in

J(u, CAMEPESY — (0.85 x5 + 0.75 % 25 4 0.70 x (104-25) + 0.65 x (10+10+25)
+0.60% (10 4+ 25) + 0.55x (16 + 10 + 25)) x Cey
=118.30 x Ceoy (5.49)

and EF i, (u) ~ 19.18 x Cyay. UAV with B = 15 x Cyay can visit only CH 2

which results in

J(u, 7EAMEDESY — (0,95 x 54 0.85x 5 4+ 0.80 x5 + 0.75x 25 4+ 0.70 x (10+25)
+0.65 % (10 + 10 + 25) + 0.60 x (10 + 25)
+0.55% (16 + 10 4 25)) x Con
=127.05 x Ceg (5.50)

and EF ;i (u) ~ 13.41 X Cyay. UAV with B = 10 x Cpay can visit only CH 5

which results in

J(u, CAMEDPESY — (0.95 x (5 + 45) 4 0.90 x45 + 0.85 x (5 + 50) 4 0.80 x 50
+0.70x10 4 0.65% (10 4 10) 4 0.60 x 10
+0.55%x (16 + 10)) x Ceop
=222.05 x Con (5.51)
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and E7 4 (u) = 10.00 x Cyay. UAV with B = 5 x Cyay can visit no CH robot

which results in

J(u, 7CAMEDPESY — (0.95 x (5 + 45) 4+ 0.90 x45 + 0.85 x (5 + 50) 4 0.80 x 50
+0.75% 25 + 0.70 x (10 + 25) 4 0.65 x (10 + 10 4 25)
+0.60x (10 +25) + 0.55% (16 + 10 + 25)) x Cep
=303.30 x Cop (5.52)

5.3.5.3 EEADCS

EEADCS has taken same decisions with GAMEDEFS for all battery capacity values
varying from B = 5 to B = 50 in the configuration of Figure [5.10]

Although CH 6 has the low data efficiency among all CH robots, UAV still prefers to
visit CH 6 for B = 20, 25, 30, 35 because it can forward data from CH 7, CH 8, CH
9 and it is the closest CH robot to the set of CH 1, CH 2, CH 3, CH 4, which is very

important for the energy consumption of the UAV.

UAV still prefers to visit CH 2 and CH 5 with lower battery capacities because many
CH robots forward their data to CH 2 or CH 5 robot for lower battery capacities of
UAV. If B = 15, UAV prefers CH 2 to CH 5 because CH 2 is further from origin than
CH 5 and it forwards data of CH 1, CH 3 and CH 4, which has higher efficiency than
CH 6, CH 7, CH 8 and CH 9. If CH 2 were much closer to origin than CH 5, then
UAYV may prefer to visit CH 5 to reduce the total joint cost.

In case that data efficiencies of all CH robots are equal, GAMEDFS has already been
shown to be optimal in Chapter [3] With efficiencies generated with the formula 7, =
1-— %, the performance of strategies still depends more on positions of CH robots.
It can be expected since if a route is infeasible because of battery capacity of UAYV,
minimizing sum of data efficiencies of the nonvisited CH robots lose its importance.
Here, data efficiencies of the CH robots do not have an affect on the hard constraint

of battery capacity of UAV as locations of CH robots do.
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Total joint cost vs. battery capacity of UAV
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Figure 5.11: Total joint cost of data efficiency and energy consumption of the 9 CH
robots in Figure [5.10] under UAV-Oriented strategy, GAMEDFS and EEADCS, vs.
battery capacity of UAV from B = 5 X Cpyay to B = 50 x Cy4y. The units for
energy consumption of the UAV and total joint cost of the CH robots are C; 4 and

Con, respectively. These constants depend on the type of the UAV and the CH robots.

5.3.5.4 Performance Comparison

Table presents indices of nonvisited CH robots in Figure Similarly, Ta-
ble [5.10] presents total joint cost of energy consumption and data efficiencies of the
nonvisited CH robots. From these tables, we can observe how UAV decides to go
without visiting a subset of CH robots depending on its battery capacity in Figure
[5.10] Moreover, the sum of joint cost of consumed energy and data efficiencies of
nonvisited CH robots varies with battery capacity of UAV and so desisting decisions
made by UAV. Furthermore, joint costs of nonvisited CH robots depend on positions

and data efficiencies of the CH robots.
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Table 5.9: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure "None" implies that the UAV visits all CH robots if
B = 25,30, 35,40,45,50. "x" implies that the UAV-oriented strategy is infeasible
for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented X 1-4,6-9 1-5,7-9 1-5,7°9 1-5,7-9
GAMEDFS 1-9 1-4,6-9 1,39 3,599 13,79
EEADCS 1-9 1-4,6-9 1,39 3599 13,79
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 1-5,7-9 1-5,7-9 1-5,7-9 1-5,7-9 1-5,7-9
GAMEDEFS 7-9 7,9 None None None
EEADCS 7-9 8,9 None None None

Table 5.10: The table shows total joint cost of energy consumption and data efficien-
cies of the nonvisited CH robots depending on battery capacity of UAV in Figure[5.11]
"x" implies that the UAV-oriented strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented X 850.25 373.75 373.75 373.75
GAMEDFS  303.30 222.05 127.05 118.30 32.50
EEADCS 303.30 222.05 127.05 11830 32.50
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 373.75 373.75 373.75 373.75 373.75
GAMEDFS 2350 17.50 0 0 0
EEADCS 23.50  17.00 0 0 0

5.3.6 10-CH case

Figure shows locations of 10 CH robots and weights of links between them.

Positions of CH robots are (517 527 537 547 557 567 67) 587 597 510) = ((67 _7)7 <_5> 3)7
(2,4),(—4,7),(-2,2),(2,-7),(-1,-2), (4,-8),(—=1,5), (7, —6))m where (0,0) is
initial position of UAV. Data efficiencies of CH robots are taken as (11, 2, 13, 14, 115, 76
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17, N8, Moy M1o) = (0.95,0.90, 0.85, 0.80, 0.75, 0.70, 0.65, 0.60, 0.55, 0.50)m.

5.3.6.1 UAV-Oriented Strategy

By applying UAV-Oriented strategy, UAV travels only to CH robot 7 ({7 = (—1, —2))
and collect all data of the CH robots from there if B &~ 4.47 X Cyay < 5 X Cpyay.
by which we can calculate the joint cost of data efficiency and energy consumption

of nonvisited CH robots under UAV-Oriented strategy as follows.

J(u, WUAV_O) = X ||§1 — 57”2 + 2 X ||& — §7||2 +m3 X ||§3 — 57”2
+na X |€a = &P 415 x 1€ — &P +n6 X [|€6 — &P
+ 15 X [|& — &P+ 1m0 X [|€ — &|° + mio X [|&10 — &7

=357.55 x Copn (5.53)
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Figure 5.12: Nodes show locations of 10 CH robots. The weight of a link shows

square of distance between two nodes connected by the link.
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5.3.6.2 GAMEDEFS

In this subsubsection, we obtain numerical results for the performance of GAMEDFS

proposed in Chapter [3| with battery capacities varying from B = 5 to B = 50 in

the configuration in Figure In Figure by applying optimal strategy, the

UAV with B = 45 x Cpyay or B = 50 x Cpay can visit all CH robots, i. e.,

J(u, 7GAMEDES) — () In the configuration in Figure[5.12) minimum energy required

GAMEDFS

for UAV to visit each CH robot is EJ} (u) = 42.02 x Cyay.

The UAV with B = 40 x Cy 4y goes without visiting CH robot 2 which results in

J(u, ?GAMEDESY - — 0 90 x 10

= 9xCeopy (5.54)

GAMEDFS

and L7 4\ (u) = 39.21 x Cyay. The UAV with B = 35 x Cyay goes without
visiting CH robot 2 and 4 which results in
J(u, 7CAMEPES)  — (090 x 10 + 0.80 x 13) x Cep
= 19.40 x Coy (5.55)

GAMEDFS

and E; 4y, (u) = 34.29 x Cyay. The UAV with B = 30 x Cyay goes without

visiting CH robot 2, 3, 4 and 9 which results in

J (u, 7FAMEDESY — (0,90 x 10 + 0.85 x 20 4 0.80 x (13 4 10) 4+ 0.55 x 10) x Cey
=49.90xCepn (5.56)

TGAMEDFS

and E; 1\ (u) =~ 28.83 X Cyay. The UAV with B = 25 x Cy 4y goes without
visiting CH robot 2, 3, 4, 5 and 9 which results in
J(u, 7CAMEPESY = (0.90 x (10 4 8) + 0.85 x 20 + 0.80 x (13 + 10 + 8)
+ 0.75 x84+ 0.55 x (10+38)) x Con
= 73.90 x Ceopm (5.57)

GAMEDFS

and E; 4y, (u) =~ 23.17 X Cyay. The UAV with B = 20 x Cy 4y goes without
visiting CH robot 1, 2, 3, 4, 5, 9 and 10 which results in

J(u, wCAMEDPESY — (0.95 x5 + 0.90 % (10 + 8) + 0.85x 20 + 0.80 x (13 + 10 + 8)
+ 0.75 x 8 + 0.55 x (10 +8) +0.50 x (2+5)) x Cen
= 82.15 x Cey (5.58)

148



GAMEDFS

and ET; ;1 (u) ~ 19.25 X Cyay. The UAV with B = 15 x Cy 4y visits only CH

robot 6 which results in

J(u, ?AMEPESY = — (0,95 x (5 +5) 4 0.90 x (10 + 8) 4 0.85 x 20

0.80 X (13410 4 8) 4+ 0.75 x 8 + 0.60 x 5

+ 4

0.55 X (10 +8) + 0.65 X 5+ 0.50 x (2+ 5 + 5)) x Con
= 95.65 x Coy (5.59)

GAMEDFS

and ET; ;1 (u) =~ 14.56 X Cyay. The UAV with B = 10 x Cy 4y visits only CH

robot 5 and 7 which results in

J(u, ?OAMEDPESY - — (0,95 x (54 5+ 34) + 0.90 x (10 4 8) + 0.85 x 20
0.80 x (13 4 10 + 8) + 0.70 x 34 + 0.55 x (10 + 8)

+ 4

0.60 x (5 +34) +0.50 x (2+5+5+34)) x Con

179.65 x Ceop (5.60)

GAMEDFS

and EJ; (u) = 9.19 x Cyay. The UAV with B = 5 x Cpay visit only CH

robot 7 which results in

J(u, 7CAMEPESY — (0.95 x (5 4+ 54 34) + 0.90 x (10 + 8) + 0.85 x 20
+0.80 X (13 +10+8) +0.75 x 8 + 0.70 x 34 4 0.55 x (10 + 8)
+0.60 x (5434) +0.50 x (24 5+5+34)) x Con
=185.65 x Cep (5.61)

GAMEDFS

and ET; 4y, (u) = 4.47 x Cyay.

5.3.6.3 EEADCS

EEADCS has taken same decisions with GAMEDEFS for all battery capacity values
varying from B = 5 to B = 50 except B = 20 in the configuration of Figure[5.12]

Under the GAMEDEFS, the UAV with B = 20 x Cyy 4y goes without visiting CH robot
1,2,3,4,5,9and 10 which results in J(u, T¢AMEPES) = 82 15 x Cry. Besides,
under the GAMEDES, the UAV with B = 25 x Cy 4y goes without visiting CH robot
2,3,4,5,9 and 10 which results in .J(u, 7¥AMEPES) = 73,90 x Cpy. On the other
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Figure 5.13: Total joint cost of data efficiency and energy consumption of 10 CH
robots in Figure [5.12] under UAV-Oriented strategy, GAMEDFS and EEADCS, vs.
battery capacity of UAV from B = 5 X Cpyay to B = 50 x Cyay. The units for
energy consumption of the UAV and total joint cost of the CH robots are C; 4y and

Ccn, respectively. These constants depend on the type of the UAV and the CH robots.

hand, under EEADCS, UAV with B = 20 x Cy 4y goes without visiting CH robot 1,
2,3,4,7, 8,9 and 10 which results in J(u, 7¥FAPCS) = 71.65 x Copy and

EEADCS

Efay () = & — &l + [1&6 — &l + 1165 — ol
~ 19.96 x Cyav (5.62)

Moreover, under the EEADCS, the UAV with B = 25 x Cp 4y goes without visiting
CH robot 1, 2, 3,4, 8,9 and 10 which results in .J (u, 7PFAPCS) = 68.40 x Cpy and

EEADCS

Efav  (w) =& —&l[H|&7—EsllH|E6 —Es1[H[E5 — ol
~~24.79 x CUAV (563)

Although CH 6 and CH 8 have the low data efficiency among all CH robots, UAV still
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prefers to visit CH 6 and CH 8 with lower battery capacities because CH 6 and CH 8
are very close to CH 1 and CH 10 so CH 6 and CH 8 forwards their data. Even only
visiting CH 6 reduces the sum of joint costs of data efficiency and consumed energy
of each CH robot because UAV can collect data from CH 8, CH 1 and CH 10 at CH
6. On the other hand, although CH 2 and CH 3 have the high data efficiency among
all CH robots, UAV with lower battery capacities go without visiting them instead of
CH 6 and CH 8 because CH 2 and CH 3 do not forward data of another CH robot as
CH 6 and CH 8 do.

Although CH 5 and CH 7 have the low data efficiency among all CH robots, UAV
still prefers to visit CH 5 and CH 7 with low battery capacities B = 10 because CH 5

and CH 7 are much closer to origin than the other CH robots.

For B = 5, visiting CH 7 is the only feasible path. Please notice that if CH 5 were
located at the position (—1,2) instead of (—2,2) and CH 3 is not visited by UAV,
then CH 3 would send its data to CH robot 5 instead of directly sending to the origin.
For UAV with B = 5, CH 5 would forward data from CH 2, CH 4, CH 9 and CH 3
whereas CH 7 would forward data from CH 6, CH 8, CH 1 and CH 10. Compared
with visiting no CH robot, the UAV would reduce the joint cost

5 % [0.75 4 (0.90 + 0.80 + 0.55 + 0.85)] x Cey = 3.85 x Ceyr (5.64)

by visiting only CH 5 at position (—1,2) whereas the UAV would reduce the joint

cost
5 % [0.65 + (0.70 4 0.60 4 0.95 + 0.50)] x Cog = 3.40 x Con (5.65)

by visiting only CH 7 at the position (—1, —2). Therefore, UAV with B = 5 would
prefer CH 5 instead of CH 7 to reduce the joint cost of data efficiency and energy

consumption of CH robots.

In case that data efficiencies of all CH robots are equal, GAMEDES has already
been shown to be optimal in Chapter [3] With efficiencies generated with the for-

7

55 the performance of strategies still depends more on positions of

mulan, =1—
CH robots. It can be expected since if a route is infeasible because of battery ca-

pacity of UAV, minimizing the data efficiencies of the nonvisited CH robots lose its
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importance. Here, data efficiencies of the CH robots do not have an affect on the hard

constraint of battery capacity of UAV as locations of CH robots do.

5.3.6.4 Performance Comparison

Table [5.11] presents indices of nonvisited CH robots in Figure [5.12] Similarly, Ta-
ble presents total joint cost of energy consumption and data efficiencies of the
nonvisited CH robots. From these tables, we can observe how UAV decides to go
without visiting a subset of CH robots depending on its battery capacity in Figure
Moreover, the sum of joint cost of consumed energy and data efficiencies of
nonvisited CH robots varies with battery capacity of UAV and so desisting decisions
made by UAV. Furthermore, joint costs of nonvisited CH robots depend on positions

and data efficiencies of the CH robots.

Table 5.11: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure[5.12] "None" implies that the UAV visits all CH robots if
B =45 o0r B = 50.

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-O 1-6,8-10 1-6,8-10 1-6,8-10 1-6,8-10 1-6,8-10
GAMEDFS 1-6,8-10 1-4,6,8-10 1-5,7-10 1-5,9,10  2-5.9
EEADCS 1-6,8-10 1-4,6,8-10 1-5,7-10 1-4,7-10 1-4,8-10
Strategy B=30 B=35 B=40 B=45 B=50
UAV-O 1-6,8-10  1-6,8-10  1-6,8-10 1-6,8-10 1-6,8-10
GAMEDEFS 2-4,.9 2.4 2 None None
EEADCS 2-4,9 2,4 2 None None
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Table 5.12: The table shows total joint cost of energy consumption and data efficien-

cies of the nonvisited CH robots depending on battery capacity of UAV in Figure

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented 357.55 357.55 357.55 357.55 357.55
GAMEDFS 185.65 179.65 95.65 82.15 73.90
EEADCS 185.65 179.65 95.65 71.65 68.40
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 357.55 357.55 357.55 357.55 357.55
GAMEDFS 4990 1940  9.00 0 0
EEADCS 4990 1940  9.00 0 0
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CHAPTER 6

SENSITIVITY ANALYSIS UNDER HOP CONSTRAINTS FOR DATA
FORWARDING

We evaluated the performance of the strategies for various battery capacities and var-
ious hop constraints (for data forwarding) in the 5-CH robot, 7-CH robot, and 10-CH

robot scenarios in Section 3.4l

In these scenarios, remind that the path length for UAV to visit all CH robots is less
than 50 units, which yields that battery capacity of UAV sufficient to visit all CH
robots is less than 50 x Cy 4. We evaluate the performances of UAV-oriented strategy
in [75]], GAMEDFS in [76] (the strategy proposed in Chapter 3) and EEADCS (the
strategy proposed in Chapter [5). We calculate energy consumed by UAV and joint
cost of energy consumptions and data efficiencies of the nonvisited CH robots under

various hop constraints.

Remind that Problem [3| does not have any hop constraints. In this chapter, we make
the sensitivity analysis of EEADCS (the strategy proposed in Chapter [S)) with respect
to hop constraints for data forwarding and evaluate the performance of EEADCS
for various battery capacities and various hop constraints (for data forwarding). We
tackle the energy-aware and efficiency-aware data collection problem under various

hop constraints.

By adding a constraint for maximum number of hops, Problem [3| turns into Problem

Al
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Problem 4. Minimizing total joint cost of energy consumption and data efficiencies

of nonvisited CH robots via UAV with limited-capacity battery

min, J(u, )

s.1. vav < B

Nmaz (7T7 U) S Nhop

where 7,4, (7, u) denotes the number of hops made by forwarded data under strate-
gies  and u; Ny, denotes the maximum number of hops that forwarded data can be

made.

From Section the number of hops made by forwarded data under strategies
7EEADCS and u can be given as follows. In 5-CH robot scenario in Figure
N (TEPAPCS ) = 2; In 7-CH robot scenario in Figure [6.3} 7,4, (7FFAPCS ) =
4; In 10-CH robot scenario in Figure Nmaz (WEEAD cs. u) = 4. Therefore, in this
chapter, we will investigate the performances of EEADCS with lower number of hop
constraints. To illustrate, we will choose Nj,, = 3,2, 1 for 7-CH robot scenario in
Figure If we choose Ny, = 4 for 7-CH robot scenario in Figure we can

observe no difference in the performance of EEADCS.

In Section we will investigate the performance of EEADCS with 1-hop con-
straint in 5-CH robot scenario in Figure [6.1] In Section [6.2] we will investigate the
performance of EEADCS with 3-hop constraint, EEADCS with 2-hop constraint and
EEADCS with 1-hop constraint in 7-CH robot scenario in Figure In Section
we will investigate the performance of EEADCS with 3-hop constraint, EEADCS
with 2-hop constraint and EEADCS with 1-hop constraint in 10-CH robot scenario
in Figure [6.5] The performance of EEADCS with no hop constraints will be also
given in the scenarios in Section Section [6.2] and Section [6.3] for the comparison.
Hence, we will analyse how much our proposed strategy EEADCS is sensitive with
respect to the constraints on the maximum number of hops made by forwarded data

of a nonvisited CH robot.
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6.1 5-CH case

In this 5-CH scenario in Figure[6.1], Table[6.1]indicates that at least one nonvisited CH
robot forwards its data via 2-hop (more than 1-hop) under GAMEDEFS and EEADCS
for the following battery capacities of UAV B = 5,10, 25. For the following battery
capacities of UAV B = 15, 20, 30, 35, 40, each nonvisited CH robot forwards its
data via at most one hop under GAMEDFS and EEADCS. On the other hand, UAV-
Oriented Strategy is a single-hop strategy so we do not need to consider it again.

Remind that J(u, 74V ~9) = 277.85 x Coy for B > 5.66 x Cpay.

12 [T T T T T T T T T ]

L =i

Figure 6.1: Nodes show locations of 5 CH robots. The weight of a link shows square

of distance between two nodes connected by the link.

6.1.1 EEADCS with 1-hop constraint

In this subsubsection, under maximum 1-hop constraint, we obtain the numerical

results for the performance of EEADCS with battery capacities varying from B =
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5,10,25 in the configuration in Figure [6.1] (The other battery capacities make no
difference). The UAV with B = 25 x Cy 4y goes without visiting CH robot 3, 4 and

5 which results in

J(u, 7FEAPCSY = (0.85 x 80 + 0.80 x 13 4 0.75 x 50) x Coy
= 115.90 x Cop (6.1)

EEADCS

and EJ; 1\, (u) =~ 22.70 x Cyay. UAV with B = 10 x Cpy 4 goes without visiting
CH robot 3, 4, 5 and 1 which results in

J(u, wPFAPCSY = (0.85 x 80 + 0.80 x 13 4 0.75 x 50 + 0.95 x 89) x Cey

EEADCS

and £ 4, (u) = 5.66 x Cyay. UAV with B = 5 x Cpay can visit no CH robot

which results in

J(u, EEAPCSY = (0.85 x 136 4+ 0.90 x 8 + 0.80 x 13 4 0.75 x 50
+ 0.95 x 89) x Con

255.25 x Coy (6.3)

6.1.2 Performance Comparison

Table [6.1] presents indices of nonvisited CH robots in Figure[6.1] Similarly, Table [6.2]
presents total joint cost of energy consumption and data efficiencies of the nonvis-
ited CH robots. From these tables, we can observe how UAV decides to go without
visiting a subset of CH robots depending on its battery capacity in Figure[6.1] More-
over, the sum of joint cost of consumed energy and data efficiencies of nonvisited
CH robots varies with battery capacity of UAV and so desisting decisions made by
UAV. Furthermore, joint costs of nonvisited CH robots depend on positions and data

efficiencies of the CH robots.

EEADCS makes different decision than EEADCS (with no hop constraint) only for
B = 10 and B = 25. In these cases, EEADCS go without visiting CH robot 4

instead of CH robot 2. Besides, the total joint cost change due to change in data

158



Total joint cost vs. battery capacity of UAV
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Figure 6.2: Total joint cost of data efficiency and energy consumption of the 5 CH
robots in Figure [6.1] under UAV-Oriented strategy, GAMEDFS and EEADCS (with
various hop constraints), for varying battery capacities of UAV. The units for energy
consumption of the UAV and total joint cost of the CH robots are Cy 4y and Ceg,

respectively. These constants depend on the type of the UAV and the CH robots.

forwarding strategies of some CH robots for some battery capacity values under 1-
hop constraints. We can make the following remarks. For minimizing the joint cost
of nonvisited CH robots that are very far from the rest of the CH robots and its initial
position, UAV should not go without visitng the next CH robots to these far nonvisited
CH robots. Similarly, minimizing the joint cost of the nonvisited CH robots which
have much higher efficiency than the other CH robots, the UAV should not go without

visiting the next CH robots to these nonvisited CH robots with high data efficiencies.

Comparing EEADCS under 1-hop constraint and no hop constraint, we can make the
following remarks. Especially under 1-hop constraint, EEADCS has result in more

energy consumption than EEADCS with no hop constraint because no nonvisited
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CH robot can forward its data. In fact, they need to transmit their data directly to
a nonvisited CH robot or UAV at origin. As the battery capacity of UAV decreases,
hops required for forwarding data optimally is increased. Therefore, the difference
in the cost between EEADCS under 1-hop constraint and no hop constraint increases

for low battery capacities.

Table 6.1: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure "None" implies that UAV visits all CH robots if
B =45o0r B = 50. "x" implies that the UAV-oriented Strategy is infeasible for that
battery capacity.

Strategy B=5 B=10 B=15 B=20 B=2§
UAV-Oriented X ,3-5 135 135 1,35
GAMEDFS 1-5 1-3,5 1,3,5 1,3 2,3,5
EEADCS 1-5 1-3,5 1,3,5 1,3 2,3,5
EEADCS with 1-hop  1-5 1,3-5 1,3,5 1,3 34,5
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented ,3-5 135 135 1,35 135
GAMEDEFS 3,5 3 3 None None
EEADCS 3,5 3 3 None  None
EEADCS with 1-hop 3,5 3 3 None  None
6.2 7-CH case

In this 7-CH scenario in Figure[6.3] Table[6.3]indicates that at least one nonvisited CH
robot forwards its data via more than one hop (maximum 4-hop) under GAMEDFS
and EEADCS for the following battery capacities of UAV B = 5,10, 15. For the
following battery capacities of UAV B = 20, 25, 30, each nonvisited CH robot for-
wards its data via at most one hop under GAMEDEFS and EEADCS. On the other
hand, UAV-Oriented Strategy is a single-hop strategy so we do not need to consider
it again. Remind that J(u, 7V4V~9) = 111.85 x Coy for B > 17.2 x Cyay and
J(u, 7VAV=0) = 178.75 x Coy for 5.65 < B < 17.2 x Cpay.
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Table 6.2: The table shows total joint cost of energy consumption and data efficiencies
of the nonvisited CH robots depending on battery capacity of UAV in Figure "
implies that the UAV-oriented strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented X 277.85 277.85 277.85 277.85
GAMEDFS 196.70 176.30 162.30 152.55 91.75
EEADCS 196.70 176.30 162.30 152.55 91.75
EEADCS with 1-hop 255.25 201.45 16230 152.55 115.90
Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 277.85 277.85 277.85 277.85 277.85
GAMEDFS 7775 68.00 68.00 0 0
EEADCS 77.75 68.00 68.00 0 0
EEADCS with 1-hop 77.75 68.00  68.00 0 0

6.2.1 EEADCS with 3-hop constraint

In this subsection, under maximum 3-hop constraint, we obtain the numerical results
for the performance of EEADCS with battery capacities varying from B = 5 in the
configuration in Figure [3.12] (The other battery capacities make no difference). UAV
with B = 5 x Cpay can travel to no CH robot which result in J(u, 7PFAPCS) =
199.55 x Cepy. Here, data forwarding strategies of CH 1 and CH 4 robots change
only for B = 5. Their data is forwarded to CH 6, then forwarded to CH 3 and then

forwarded directly to origin. (CH 7 is removed from their data forwarding path).

6.2.2 EEADCS with 2-hop constraint

In this subsection, under maximum 2-hop constraint, we obtain the numerical results
for the performance of EEADCS with battery capacities varying from B = 5 in
the configuration in Figure (The other battery capacities make no difference).
UAV with B = 5 x Cyay can visit no CH robot which results in J(u, 7ZFAPCS) =
240.65 x C'c. Here, data forwarding strategies of CH 1, CH4, CHS and CH 6 robots
change only for B = 5. Their data is forwarded to CH 3 and then directly to origin.
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Figure 6.3: Nodes show locations of 7 CH robots. The weight of a link shows square

of distance between two nodes connected by the link.

(CH 7 is removed from their data forwarding paths. Moreover, CH 6 and CH 7 is
removed from their data forwarding paths of CH 1 and CH 4).

6.2.3 EEADCS with 1-hop constraint

In this subsection, under maximum 1-hop constraint, we obtain the numerical results
for the performance of EEADCS with battery capacities varying from B = 5,10, 15
in the configuration in Figure [6.3] (The other battery capacities make no difference).
UAV with B = 10 X Cyay or B = 15 x Cy 4y goes without visiting CH robot 1, 2,

4, 5 and 6 which results in

J(u, TEEAPCSY - = (0.95 x 52 4 0.90 x 50 + 0.80 x 52 4 0.75 x 34
+ 0.70 x 25) X CCH
179 % CC’H (64)

162



Total joint cost vs. battery capacity of UAV
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Figure 6.4: Total joint cost of data efficiency and energy consumption of the 7 CH
robots in Figure [6.3] under UAV-Oriented strategy, GAMEDFS and EEADCS (with
various hop constraints), for varying battery capacities of UAV. The units for energy
consumption of the UAV and total joint cost of the CH robots are Cy 4y and Ceg,

respectively. These constants depend on the type of the UAV and the CH robots.

and EF 1, (u) &~ 7.43 x Cpyay. UAV with B = 5 x Cpyay can travel to no CH robot

which result in

J(u, TFFAPCSY = (0.95 x 117 4 0.90 x 90 + 0.85 x 13 + 0.80 x 113 + 0.75 x 65
+ 0.70 x 74+ 0.65 x 8) x Coy
—=399.35 x Cepy (6.5)

(Each CH robot transmits data directly to UAV standing in the origin).
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6.2.4 Performance Comparison

Table[6.3| presents indices of nonvisited CH robots in Figure[6.3] Similarly, Table [6.4]
presents total joint cost of energy consumption and data efficiencies of the nonvis-
ited CH robots. From these tables, we can observe how UAV decides to go without
visiting a subset of CH robots depending on its battery capacity in Figure[6.3] More-
over, the sum of joint cost of consumed energy and data efficiencies of nonvisited
CH robots varies with battery capacity of UAV and so desisting decisions made by
UAV. Furthermore, joint costs of nonvisited CH robots depend on positions and data

efficiencies of the CH robots.

EEADCS with 1-hop, EEADCS with 2-hop and EEADCS with 3-hop make no dif-
ferent decision than EEADCS (with no hop constraint); however, the total joint cost
changes due to change in data forwarding strategies of some CH robots for some
battery capacity values under hop-constraints. We can make the following remarks.
While minimizing the sum of joint costs of each nonvisited CH robot, UAV should
keep battery constraint. As CH 3 and CH 7 robots are close to initial location of
UAY, the UAV can visit only them indepedendent from their joint cost of data effi-

ciency&energy consumption and the hop constraint.

Comparing EEADCS under 1-hop constraint, 2-hop constraint, 3-hop constraint and
no hop constraint, we can make the following remarks. Especially under 1-hop con-
straint, EEADCS has result in more energy consumption than EEADCS with no hop
constraint because none of the nonvisited CH robots can forward their data. In fact,
they need to send their data directly to a nonvisited CH robot or UAV at origin. Es-
pecially under 2-hop constraint and 3-hop constraint, EEADCS has result in more
energy consumption than EEADCS with no hop constraint because some of the non-
visited CH robots can forward their data with removing some nonvisited CH robots
from their data forwarding paths. As the battery capacity of the UAV decreases, the
hops required for forwarding data optimally is increased. Therefore, the difference in
the cost between EEADCS under 1-hop constraint, 2-hop constraint, 3-hop constraint

and no hop constraint increases for low battery capacities.
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Table 6.3: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure "None" implies that the UAV visits all CH robots if
B = 35,40,45,50. "x" implies that the UAV-oriented strategy is infeasible for that
battery capacity.

Strategy B=5 B=10 B=15 B=20 B=2§
UAV-Oriented X 1,2,4-7 1,2,4-7 1-5,7 1-5,7
GAMEDFS 1-7 1246 124-6 1245 25
EEADCS 1-7 1,246 124-6 1245 25

EEADCS with 3-hop 1-7 1,24-6 1,24-6 1,245 2,5
EEADCS with 2-hop 1-7 1,24-6 1246 1,245 2,5
EEADCS with 1-hop 1-7 1,24-6 124-6 1,245 2,5

Strategy B=30 B=35 B=40 B=45 B=50
UAV-Oriented 1-5,7 1-5,7 1-5,7 1-5,7 1-5,7
GAMEDFS 5 None None None  None
EEADCS 5 None None None  None
EEADCS with 3-hop 5 None None None None
EEADCS with 2-hop 5 None None None  None
EEADCS with 1-hop 5 None None None  None

6.3 10-CH case

In this 10-CH scenario in Figure [6.5] Table [6.5] indicates that at least one nonvis-
ited CH robot forwards its data via more than one hop (maximum 4-hop) under
GAMEDFS and EEADCS for the following battery capacities of UAV B = 5, 10, 15,
20, 25. For the following battery capacities of UAV B = 30, 35, 40, each nonvisited
CH robot forwards its data via at most one hop under GAMEDFS and EEADCS. On
the other hand, UAV-Oriented Strategy is a single-hop strategy so we do not need to

consider it again. Remind that .J(u, 7¥4V~9) = 357.55 x Ccy.
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Table 6.4: The table shows total joint cost of energy consumption and data efficiencies
of the nonvisited CH robots depending on battery capacity of UAV in Figure "
implies that the UAV-oriented strategy is infeasible for that battery capacity.

Strategy B=5 B=10 B=15 B=20 B=25
UAV-Oriented X 17875 178775 111.85 111.85
GAMEDFS 192.55 143.70 143.70 60.85 40.80
EEADCS 192.55 143.70 143.70 60.85  40.80

EEADCS with 3-hop 199.55 143.70 143.70 60.85 40.80
EEADCS with 2-hop 240.65 143.70 143.70 60.85 40.80
EEADCS with 1-hop 399.35 179.00 179.00 60.85 40.80

Strategy B=30 B=35 B=40 B=45 B=50

UAV-Oriented 111.85 111.85 111.85 111.85 111.85
GAMEDFS 25.50 0 0 0 0
EEADCS 25.50 0 0 0 0
EEADCS with 3-hop  25.50 0 0 0 0
EEADCS with 2-hop  25.50 0 0 0 0
EEADCS with 1-hop  25.50 0 0 0 0

6.3.1 EEADCS with 3-hop constraint

In this subsection, under maximum 3-hop constraint, we obtain the numerical results
for the performance of EEADCS with battery capacities varying from B = 5 in the
configuration in Figure [6.5] (The other battery capacities make no difference). The

UAV with B = 10 x Cy 4y visits only CH robot 5 and 7 which results in

J(u, EEAPCSY = (0.95 x (5 + 5+ 34) + 0.90 x (10 + 8) + 0.85 x 20
0.80 x (13 4 10 4 8) 4 0.70 x 34 + 0.55 x (10 + 8)

- -

0.60 x (5+34) 4+ 0.50 x (13 +5+34)) x Con
182.65 x Copy (6.6)

EEADCS

and EJ; 4y, (u) = 9.19 X Cyay. The UAV with B = 5 x Cp 4y visit only CH

robot 7 which results in
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Figure 6.5: Nodes show locations of 10 CH robots. The weight of a link shows square

of distance between two nodes connected by the link.

J(u, wFEAPCS) = (0.95 x (54 5+ 34) +0.90 x (10 + 8) 4 0.85 x 20
+0.80 x (134104 8) + 0.75 X 8 + 0.70 x 34 + 0.55 x (10 + &)
+0.60 % (54 34) +0.50 x (13+ 5+ 34)) x Cen
—=188.65 x Cop (6.7)

EEADCS

and EJ 5y (u) = 4.47 x Cyay.

6.3.2 EEADCS with 2-hop constraint

In this subsection, under maximum 2-hop constraint, we obtain the numerical results
for the performance of EEADCS with battery capacities varying from B = 5 in the
configuration in Figure [6.5] (The other battery capacities make no difference). The

UAV with B = 25 x Cy 4y goes without visiting CH robot 1, 2, 3, 4, 8, 9 and 10
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which results in

J(u, 7EEAPCSY = (0.95 x (54 5) + 0.90 x 10 + 0.85 x 20 + 0.80 x (13 4 10)
+ 0.60 x 5+ 0.55 x 10 + 0.50 x (13 +5)) x Cep

TrEEADCS ( )

and E7; 4\ u) &~ 24.79 x Cyay. The UAV with B = 20 x Cyay goes without

visiting CH robot 1, 2, 3,4, 7, 8, 9 and 10 which results in

J(u, 7PFAPCSY = (0.95 x (54 5) 4+ 0.90 x 10 4+ 0.85 x 20 + 0.80 x (13 + 10)
+ 0.65x5+0.60x5+0.55x%x 10+ 0.50 x (13+5)) X Cogy
= T74.65 x Coy (6.9)

EEADCS
(u)

and L7 4y, ~ 19.96 X Cyay. The UAV with B = 15 x Cpy 4y visits only CH

robot 6 which results in

J(u, TFFAPCSY = (0.95 x (54 5) +0.90 x (10 + 8) + 0.85 x 20 + 0.80 x (29 + 8)
+0.75 X 8 +0.60 X 5+ 0.55 x (10 + 8) + 0.65 x 5
+0.50 x (134 5)) x Cog
=103.45 x Coy (6.10)

EEADCS

and Ef 4y (u) = 14.56 x Cyay. The UAV with B = 10 x Cp4y travel to just
CH robot 5 and 7 which result in

J(u, TPEAPCS) = (0.95 x (16 + 34) 4+ 0.90 x (10 + 8) + 0.85 x 20

0.80 x (29 + 8) + 0.70 x 34 + 0.55 x (10 + 8)
0.60 x (5 + 34) + 0.50 x (26 + 34)) x Cey
197.40 x Cen (6.11)

EEADCS

and E7 v (u) = 9.19 X Cpyay. The UAV with B = 5 x Cyay visit only CH

robot 7 which results in

J(u, BPEAPCSY = (0.95 x (16 + 34) + 0.90 x (10 + 8) + 0.85 x 20

0.80 x (29 +8) +0.75 x 8 + 0.70 x 34 + 0.55 x (10 + 8)

+ 4

0.60 x (5 +34) +0.50 x (26 +34)) x Cen
203.40 x Cey (6.12)

EEADCS

and EZ}AV (u) ~ 4.47 x CUAV-
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6.3.3 EEADCS with 1-hop constraint

In this subsection, under maximum 1-hop constraint, we obtain the numerical results
for the performance of EEADCS with battery capacities varying from B = 5 in the
configuration in Figure [6.5] (The other battery capacities make no difference). The
UAV with B = 25 X Cyay goes without visiting CH robot 1, 2, 3, 4, 8, 9 and 10

which results in

J(u, 7PFAPCSY = (0.95 x 16 + 0.90 x 10 4 0.85 x 20 + 0.80 x 29 + 0.60 x 5
+ 0.55 x 10+ 0.50 x 26) x Cony

85.90 x Cepy (6.13)

EEADCS

and B 4y, (u) =~ 24.79 x Cyay. The UAV with B = 20 x Cpay goes without
visiting CH robot 1, 2, 3, 4, 7, 8, 9 and 10 which results in

J(u, 7PFAPCSY = (0.95 x 16 + 0.90 x 10 4 0.85 x 20 + 0.80 x 29 + 0.65 x 5

+ 0.60 x 5+ 0.55 x 10 +0.50 x 26) x Coy

89.15 x Cepy (6.14)

EEADCS
()

and L) 4y, ~ 19.96 X Cyay. The UAV with B = 15 x Cyy 4y visits only CH

robot 6 which results in

J(u, 7PFAPCSY = (0.95 x 16 + 0.90 x 26 4 0.85 x 20 + 0.80 x 65 + 0.75 x 8
+ 0.60 x 5+ 0.55 x 26 + 0.65 x 5+ 0.50 x 26) x Copy
= 147.15 x Coy (6.15)

EEADCS

and E; 4\, (u) =~ 14.56 x Cyay. The UAV with B = 10 x Cp 4y travels to just
CH robot 5 and 7 which result in

J(u, TPFAPCSY = (0.95 x 74 + 0.90 x 10 4 0.85 x 20 + 0.80 x 29 + 0.70 x 34

+ 0.55 x 10+ 0.60 x 61 + 0.50 x 80) x Cony

225.40 x Cey (6.16)
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EEADCS

and EJ) 4y, (u) =~ 9.19 X Cyay. The UAV with B = 5 x Cpy visit only CH

robot 7 which results in

J(u, TFFAPCSY = (0.95 x 74 + 0.90 x 34 4 0.85 x 20 + 0.80 x 65 + 0.75 x 8

+ 0.70 x 34 +0.55 x 26 + 0.60 x 61 + 0.50 x 80) x Copy

TEEADCS

and Ef, 4, (u) = 447 x Cpay.

Total joint cost vs. battery capacity of UAV

(o)

o

o
1

N

[6)]

o
T

400
T
300 |

250 F N

VAN .
200 VANAN — — — - UAV-Oriented Strategy

GAMEDFS

150 . EEADCS
o X EEADCS with 3-hop
100 N \ A EEADCS with 2-hop

- EEADCS with 1-hop

Joint cost of data efficiency and energy consumption
(€]
o

10 15 20 25 30 35 40 45 50
Battery capacity of UAV

o
(6]

Figure 6.6: Total joint cost of data efficiency and energy consumption of the 10 CH
robots in Figure [6.5] under UAV-Oriented strategy, GAMEDFS and EEADCS (with
various hop constraints), for varying battery capacities of UAV. The units for energy
consumption of the UAV and total joint cost of the CH robots are Cy 4y and Ceg,

respectively. These constants depend on the type of the UAV and the CH robots.
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6.3.4 Performance Comparison

Table [6.5] presents indices of nonvisited CH robots in Figure[6.5] Similarly, Table[6.6]
presents total joint cost of energy consumption and data efficiencies of the nonvis-
ited CH robots. From these tables, we can observe how UAV decides to go without
visiting a subset of CH robots depending on its battery capacity in Figure[6.5] More-
over, the sum of joint cost of consumed energy and data efficiencies of nonvisited
CH robots varies with battery capacity of UAV and so desisting decisions made by
UAV. Furthermore, joint costs of nonvisited CH robots depend on positions and data

efficiencies of the CH robots.

EEADCS with 1-hop, EEADCS with 2-hop and EEADCS with 3-hop make no dif-
ferent decision than EEADCS (with no hop constraint); however, the total joint cost
changes due to change in data forwarding strategies of some CH robots for some
battery capacity values under hop-constraints. We can make the following remarks.
While minimizing the joint cost of nonvisited CH robots, UAV should keep battery
constraint. As CH 5 and CH 7 robots are close to initial location of UAV, the UAV
can visit only them indepedendent from their joint cost of data efficiency&energy

consumption and the hop constraint.

Comparing EEADCS under 1-hop constraint, 2-hop constraint, 3-hop constraint and
no hop constraint, we can make the following remarks. Especially under 1-hop con-
straint, EEADCS has result in more energy consumption than EEADCS with no hop
constraint because no nonvisited CH robot can forward its data. In fact, it need to
transmit its data directly to one of visited CH robots or UAV at origin. Especially
under 2-hop constraint and 3-hop constraint, EEADCS has result in more energy
consumption than EEADCS with no hop constraint because some of the nonvisited
CH robots can forward their data with removing some nonvisited CH robots from
their data forwarding paths. As the battery capacity of the UAV decreases, the hops
required for forwarding data optimally is increased. Therefore, the difference in the
cost between EEADCS under 1-hop constraint, 2-hop constraint, 3-hop constraint and

no hop constraint increases for low battery capacities.
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Table 6.5: The table shows indices of the nonvisited CH robots depending on battery
capacity of UAV in Figure [6.5] "None" implies that the UAV visits all CH robots if
B =45 o0r B = 50.

Strategy B=5 B=10 B=15 B=20 B=25

UAV-O 1-6,8-10  1-6,8-10 1-6,8-10 1-6,8-10 1-6,8-10
GAMEDFS 1-6,8-10 1-4,6,8-10 1-5,7-10 1-5,9,10  2-5,9

EEADCS 1-6,8-10 1-4,6,8-10 1-5,7-10 1-4,7-10 1-4,8-10

EEADCS with 3-hop 1-6,8-10 1-4,6,8-10 1-5,7-10 1-4,7-10 1-4,8-10
EEADCS with 2-hop 1-6,8-10 1-4,6,8-10 1-5,7-10 1-4,7-10 1-4,8-10
EEADCS with 1-hop 1-6,8-10 1-4,6,8-10 1-5,7-10 1-4,7-10 1-4,8-10

Strategy B=30 B=35 B=40 B=45 B=50
UAV-O 1-6,8-10  1-6,8-10  1-6,8-10 1-6,8-10 1-6,8-10
GAMEDEFS 2-4.9 2,4 2 None None
EEADCS 2-4,9 2.4 2 None None
EEADCS with 3-hop 2-4,9 2.4 2 None None
EEADCS with 2-hop 2-4,9 2.4 2 None None
EEADCS with 1-hop 2-4,9 2.4 2 None None
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Table 6.6: The table shows total joint cost of energy consumption and data efficiencies

of the nonvisited CH robots depending on battery capacity of UAV in Figure @

Strategy B=5 B=10 B=15 B=20 B=25§
UAV-Oriented 357.55 357.55 357.55 357.55 357.55
GAMEDFS 185.65 179.65 95.65 82.15 73.90
EEADCS 185.65 179.65 95.65 71.65 68.40

EEADCS with 3-hop 188.65 182.65 95.65 71.65 68.40
EEADCS with 2-hop 203.40 197.40 103.45 74.65 71.40
EEADCS with 1-hop 290.60 22540 147.15 89.15 85.90

Strategy B=30 B=35 B=40 B=45 B=350

UAV-Oriented 357.55 357.55 357.55 357.55 357.55
GAMEDFS 4990 1940 9.00 0 0
EEADCS 4990 1940  9.00 0 0
EEADCS with 3-hop 49.90 1940  9.00 0 0
EEADCS with 2-hop 4990 1940  9.00 0 0
EEADCS with 1-hop 4990 19.40  9.00 0 0
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CHAPTER 7

CONCLUSION

In this work, we investigate a data collection problem via an unmanned aerial vehicle
(UAV) with limited battery capacity in a robot network divided into several robot
clusters. In each cluster, a cluster head (CH) robot allocates tasks to the remaining
robots in the cluster and collects data from them and then transmit data to the UAV
directly or indirectly (by sending its data to another CH robot to forward to the UAV).
In this network, UAV visits some of the CH robots or all of them depending on their
locations and the battery capacity of the UAV. If the UAV cannot visit all of CH
robots due to the limited battery capacity, then the CH robots not visited by the UAV
transmits their data to one of the neighbor CH robot. The aim of the UAV is to

minimize the total energy consumption of the CH robots by planning a path.

We propose a two-stage solution for this problem. first, we consider the problem
as a traveling salesman problem (TSP) by taking unlimited battery capacity for the
UAV. In the second stage, we remove some of the CH robots from the path in order
to reduce the energy consumption of the UAV upto the battery capacity of the UAV.
We handle the problem by using an approach and obtain the optimal strategy for this
problem. Our strategy is compared with the approaches in the close literature for
varying number of clusters. The numerical results show that our approach performs
much better than the approach in the close literature for various number of CH robots
and various battery capacities of the UAV. Hence, our strategy minimizes the total
energy consumption of the CH robots optimally depending on the locations of the

CH robots and the battery capacity of the UAV.

In our work, we consider the amount and accuracy of all data from all CH robots

equally; however, the amount and accuracy of data from different CH robots may
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differ due to many factors such as difference in the performance of robots and sensors.
Therefore, in future work, we plan to consider the problem with varying amount of
data for different CH robots. In this scenario, the UAV also evaluates the decision
efficiencies of the CH robots which allocates tasks to the other robots. The problem
can also be considered under the assumption that visiting a certain specific portion
of CH robots are mandatory for the UAV. As the intensity of the acquisition signal
can be reduced due to forwarding, this will be our consideration of the near future.
This will possibly include the relay cost, i.e., the energy consumed by the CH robot

to forward the data received by other CH robot/s.

Then, we investigate another data collection problem by an UAV with limited battery
capacity in a robot network divided into clusters. In each cluster, a CH robot allo-
cates tasks to the remaining robots in the cluster and collects data from them and then
transmit data to the UAV directly or indirectly. In this network, UAV visits a varying
portion of CH robots depending on its battery capacity, positions of the CH robots
and the priority sets of CH robots. The nonvisited CH robots forwards their data to
another CH robot. By planning an optimal trajectory, UAV aims to minimize the en-
ergy consumed by CH robots. First, we consider this problem as a travel salesman
problem by taking unlimited battery capacity for the UAV. In the second stage, we re-
move some of the CH robots from the path in order to reduce the energy consumption
of the UAV upto the battery capacity of the UAV. We handle the problem by using an
approach and obtain the optimal strategy for this problem. Our strategy is compared
with the approaches in the close literature for varying number of clusters. The nu-
merical results show that our approach performs much better than the approach in the
close literature for various number of CH robots and various battery capacities of the
UAV. Hence, with our strategy, the UAV plans an optimal trajectory to minimize the
energy consumed by CH robots depending on its battery capacity, positions of CH
robots and the priority sets of CH robots.

Finally, we investigate another data collection problem by a UAV with limited battery
capacity in a clustered robot network. In each cluster, a CH robot allocates tasks to
the remaining robots in the cluster and collects data from them and then transmit data
to the UAV directly or indirectly. In this network, UAV visits a varying portion of

CH robots depending on its battery capacity, data efficiencies and positions of the
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CH robots. The nonvisited CH robots forwards their data to another CH robot. UAV
aims to minimize total energy consumption of CH robots by also considering the
data efficiencies of CH robots. First, we consider this problem as a travel salesman
problem by taking unlimited battery capacity for the UAV. In the second stage, we
remove In case that UAV has insufficient battery capacity, it desist from some CH
robots to reduce its energy consumption below its battery capacity. We handle the
problem analytically and obtain an optimal strategy for this problem. Our strategy is
compared with the approaches in the close literature for varying number of clusters.
The numerical results show that our approach performs much better than the approach
in the close literature for various number of CH robots, various battery capacities
of the UAV and data efficiencies of CH robots. Hence, with our strategy, the UAV
plans an optimal trajectory to minimize the joint cost of data efficiencies and energy
consumed by nonvisited CH robots depending on its battery capacity, positions of CH

robots and data efficiencies of CH robots.

As future work, we can develop our work in the following directions. First, we may
consider to apply such a constraint to the problem that a CH robot can forward data
of a limited number of CH robots. The motivation behind this constraint comes from
the fact that if a CH robot forwards data of many other CH robots, then its energy
will decrease very fast, which will cause CH elections to be repeated very frequently.
Second, the altitude can be considered during the trajectory planning because it can
affect the energy consumption of UAV very much especially when it visits the CH
robots close to each other. It can also affect the energy consumption for the visited CH
robots to transmit their data, which has been neglected in this thesis (If the altitude is
much lower than the distance between the CH robots, then we can neglect the energy
consumption of CH robots which is proportional to the square of the distance). Third,
mobility can be considered for the CH robots, at least for a subset of them. There may
be some cases where at least a portion of CH robots need to move for completing their
tasks other than their CH missions. Lastly, as the obtained solutions are not scalable,

suboptimal heuristic solutions can be searched.
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