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Abstract

It is indispensable for Society 5.0 to build an economic and efficient high-speed wireless
communication network. With the large-scale popularization of intelligent devices, the era
of Internet of Things (IoT) is coming. Due to the intrinsic properties of IoT devices, resource
factors such as transmission power, bandwidth, and coverage are often subject to constraints
when implementing applications with high quality of service (QoS) requirements. System
throughput is a vital criterion for judging the user experience to ensure that QoS requirements
are met. In this thesis, we consider the improvement of the system throughput as a whole,
and not only the improvement of transmission rates for individual users.

In recent years, users have been able to roam with IoT devices by virtue of the widespread
deployment of Sth-Generation (5G) networks. However, the current 5G technology has many
limitations. Base stations, for example, are expensive to deploy and have a small coverage.
Wi-Fi technology can provide cheaper and wider coverage communication than 5G cellular
base stations. On the other hand, Wi-Fi has a small coverage area, and the key to its prac-
ticality is to expand the coverage area by using multi-hop. For comfortable communication
anytime and anywhere, ad hoc networks can be formed based on Wi-Fi and Device-to-Device
(D2D) communication by relaying users, as a necessary complement to 5G technology.

Currently, there are still some problems for achieving high QoS in ad hoc networks as
follows. First, radio waves have varying throughput performance depending on the relay
user’s physical distance. Since physical distance often determines the fading characteristics
of the signal as it propagates through space, the farther the distance the greater the signal
fading, resulting in poorer throughput performance. Additionally, the degree of interference
is a factor in determining throughput performance, which varies depending on the location
of other users. Therefore, moving a user to a location where there is minimal interference
and optimizing the physical distance between each user will optimize its throughput perfor-
mance. We collectively refer to this control method for mobile users as user cooperative
mobility mechanism. Finally, given the motivation and incentives for users to move, we
consider social intimacy among users as a reason they are willing to move. There are two as-
pects to be solved, 1) the motivation to forward other users’ data, and ii) the best selection of
mobile users, i.e., which users should be moved. In summary, the following three problems

are addressed in this research.

1. How to maximize throughput in a small number of users application scenario while

considering radio wave propagation and signal interference between each user?

2. How to leverage user mobility strategy to achieve high throughput performance and

low algorithmic complexity in complex application scenarios?



3. How to maximize throughput considering the motivation for cooperation of movable
users, i.e. given the social relationships and satisfying the high social intimacy between

each other in the social-physical ad hoc networks?

To address these problems, previous approaches are limited to considering the single
user mobility, i.e., an independent mobility strategy. The reason is that the complexity is
extremely high due to the huge diversity of the solution space, and in the case of multiuser
mobility, both user interference and signal strength need to be considered. This diversity
makes it difficult to achieve optimality, so few researches have overcome this challenge so
far. The originality of this thesis is to overcome the diversity for achieving the optimal
solution by proposing a multiuser mobility control mechanism with cooperative behavior.
To our best knowledge, we are the first to study the throughput performance maximization
problem based on multiuser cooperative mobility in ad hoc networks. To this end, we present

the following three contents, which are summarized as follows:

e First, we propose an interaction position game (IPG) to maximize throughput based
on multiuser cooperative mobility. The multiuser cooperative mobility and the dif-
ferent geographical locations and distances between all users are jointly considered.
For the conventional game-theoretic approaches, they always exploit self-centered be-
haviors among players and maximizes their own benefits. In this game, we use the
cooperative behavior among movable users to maximize the overall system through-
put performance, rather than being self-centered like the traditional game models. In
summary, this research contributes to obtaining the best mobility strategy for maximiz-
ing throughput while considering the radio wave propagation and signal interference

between each user.

e Second, we propose a new algorithm, called Maximum Throughput algorithm for Op-
timal Position (MTOP), based on the known geographic location information of fixed
users. Different from previous studies, the lower and upper bounds are derived to de-
termine the search space domain based on feasible location assembles. Furthermore, a
conflict set of locations graph is defined to prove this proposition that the domain in-
cludes the optimal location allocation. In summary, this research contributes to yield-
ing an efficient multiuser cooperative mobility strategy in a large number of users to

achieve high throughput performance and low algorithmic complexity.

e Finally, we propose the Relay selection and Link Interference Degree Graph (RS-
LIDG) algorithm to obtain an optimal social relay selection scheme with high intimacy
requirements to maximize the system throughput for social-physical ad hoc networks.
Feasible relays and multiuser cooperative mobility with satisfactory link reliability for
throughput maximization are jointly considered. In summary, this research contributes
to maximizing throughput while satisfying high social intimacy in social-physical ad

hoc networks.
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Through this thesis, we contribute to maximizing throughput performance based on mul-
tiuser cooperative mobility in ad hoc networks. First, this thesis demonstrates that the
proposed IPG method achieves the best throughput by cooperative behavior different from
the conventional game approaches. Second, this thesis strongly explains that the proposed
MTOP algorithm achieves excellent throughput performance and lowest complexity for a
large number of users. Finally, the proposed RS-LIDG algorithm is also expected to pro-
vide support for social networks to enable the best communication experience of wireless

wearable devices in Society 5.0.

Keywords: System throughput, Ad hoc networks, Multiuser cooperative mobility, Cooper-
ative behavior, Game-theoretic approaches, Computational complexity, Social relay selec-

tion, Social intimacy.
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Chapter 1

Introduction

1.1 Background

Ad hoc networks have attracted massive attention from researchers with the rapidly grow-
ing mobile devices. Ad hoc network protocol is widely adopted in the small-scale area (hotel,
house, etc.) and population gathering community (business center, commercial office, etc.)
for assisting in individual and commercial usage [1]. With the widespread of 10T, the in-
creasing demand for ad hoc networks for high transmission rate and QoS [2] is a significant
issue that requires further exploration. For supporting high QoS, system throughput is a vital
parameter to advance the transmission rate; that is, the amount of data traffic per unit slot
received by the access point (AP) [3]. Therefore, pursuing the maximum system throughput

is always a worthy research hotspot.

1.2 Conventional methods to improve throughput in ad hoc networks

There are a number of conventional methods to improve throughput in ad hoc networks.
The throughput improvement methods of ad hoc network mainly focus on three layers,
namely physical layer, medium access control (MAC) layer, and network layer. Conven-

tional methods to improve throughput are shown in Table 1.1.

Table 1.1 Summary of conventional methods to improve throughput

Layer Category Problems Related work
MIMO-OFDM High spectrum costs [4]1-19]
Physical layer Aggregation schemes High bandwidth costs [10]
Block acknowledgement High complexity [11]-[12]
Enhanced MAC layer technology High complexity [13]-[14]
MAC layer MAC scheduling mechanisms Low traffic density [15]-[17]
Admission control mechanisms | High bandwidth costs [18]-[20]
Route discovery High overhead [21]
Network layer Route selection Low traffic density [22]-[23]

For the physical layer, [4]-[12] suggested that the throughput can be improved by em-
ploying multiple-input multiple-output with orthogonal frequency division modulation (MIMO-
OFDM) technology, aggregation mechanism and block acknowledgement. MIMO technol-



ogy improves performance due to its reliance on antenna diversity and spatial multiplexing,
which allows it to transmit and receive from multiple spatial channels simultaneously [4]-
[6]. In addition, OFDM overcomes the performance degradation of traditional IEEE 802.11
in a multipath environment [7]- [9]. [10] proposed aggregation schemes to transmit some
frames together into aggregated packets. In [11]-[12], they proposed block acknowledge-
ment, which consists of grouping frames and sharing the access time in the channel among
several frames that have the same destination. Unfortunately, these schemes require high
spectrum resources, and consume large amounts of bandwidth resources with a high degree
of complexity during signal modulation and demodulation process.

For the MAC layer, most of the researchers focus on three points, i.e., enhanced MAC
layer technology, MAC scheduling mechanisms, and admission control mechanisms, re-
spectively [13]-[20]. [13]-[14] developed an enhanced MAC layer, including aggregation
schemes and service differentiation, to support the throughput requirements of real-time
users. Additionally, some researchers focused on scheduling methods that improve through-
put performance and guarantee fairness of real-time streams in ad hoc networks [15]-[17].
The proposed scheduling methods are performed at the access point that maintain the list
of time slots reserved by the transmitter for the next transmission, which reduces the colli-
sions in the network and consequently effectively improves the throughput performance. A
distributed admission control mechanism is proposed for contention-based channel access
to protect higher priority data streams by incorporating a transmission budget for each ad-
mission control [18]. [19]-[20] proposed two local data control schemes and an admission
control scheme for ad hoc wireless networks with considering the MAC standard. However,
these MAC layer schemes are only applicable when the traffic load is not very heavy and do
not consider the bandwidth reduction in a multi-hop ad hoc environment.

For the network layer, some researchers concentrated on the routing protocol, includ-
ing route discovery and route selection [21]-[23]. [21] proposed a ticket-based throughput
routing protocol that uses tickets to find delay-constrained or bandwidth-constrained routes.
Based on it, [22]-[23] proposed trigger-based distributed-QoS routing methods, which are
location-based routing protocol. These protocols distinguish from others by using a local
neighborhood database and based on outage prediction during route discovery, thereby in-
creasing throughput. Unfortunately, these network layer protocols incur a large communica-
tion overhead and require additional information, such as the strength of the received signal,
and throughput performance is unstable when data traffic density is high.

Consequently, conventional studies to improve throughput focus on nothing more than
three points: adopting advanced techniques at the physical layer (i.e., MIMO-OFDM), en-
hancing the efficiency of mechanisms at the MAC layer, and boosting the routing accuracy of
network layer routing protocols. However, these methods always consume significant eco-
nomic and physical resources, or add significant complexity to protocol standards or network

architectures.



1.3 A new method: user cooperative mobility

In order to deal with these implementation problems, some researchers proposed a new
method, called user cooperative mobility, to improve the overall throughput. It allows a
movable user to change its geographical position to adapt links and eliminate performance
anomalies. Fig.1 depicts the application scenario for user cooperative mobility. We note
that some fixed users on the city’s periphery might experience a low transmission rate and
poor throughput performance due to their distance from the nearest AP. Meanwhile, for
work or business reasons, people close to an AP may move toward the edge of the city.
These mobile users are able to carry data traffic and act as relays forwarding data to fixed
users. Considering the signal-to-interference-plus-noise ratios (SINRs) between all users, it

is worth addressing the issue of how to move these mobile users to the optimum positions.

Fig. 1.1 Application scenario of user cooperative mobility.

Considering the effects of interference and SINR between all users, these movable relays
can move to the best location within a limited range to help the fixed users and increase
the throughput performance, especially in the earthquake, fire, and other emergencies. User
cooperative mobility approach is not only used in disaster or emergency scenarios, but also
can be applied in common scenarios. For example, in daily life, when fixed users are far away
from the access point or cannot access Internet directly because of strong outside interference
or low receive power, they can access Internet with the help of other movable users as relays.
In summary, this method is able to enhance throughput by simply moving users to the right
location at a negligible cost of execution compared to the traditional methods of increasing
bandwidth or improving protocol efficiency.

In recent years, many researchers focused on algorithms for improving system through-
put through user mobility methods. M. Grossglauser et al. [24] first theoretically proved

that user mobility behavior can be exploited to dramatically enhance the system throughput
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through path diversity. Subsequently, B. Baron et al. [25] demonstrated that the random
mobility of portable devices can be viewed as providing opportunistic access to data that can
effectively overcome base station constraints and increase throughput. Later, T. Murase [26]
and A. Chaintreau et al. [27] showed that cooperative user mobility can reduce the resource
consumption of service providers and effectively increase throughput. Thus, it can be effec-
tive to design an efficient algorithm based on human mobility paths to improve throughput
at a low complexity.

The independent mobility approach was proposed to boost SINR and throughput signif-
icantly. It requires the movable users to consider the interference between all the devices
interacting with each other, not just to increase their own transmission rate or reduce oth-
ers’ interference, i.e., the movable users have to behave cooperatively concerning system
throughput, rather than with selfish or greedy incentives. Sumiko Miyata et al. [28] pro-
posed an optimal AP selection algorithm for maximizing throughput while keeping newly
arrived user throughput stable. In [28], this algorithm should be applied within the movable
distance and acceptable throughput threshold. Ryo Hamamoto ef al. [29] introduced an AP
selection method based on collaboration among APs and user’s mobility under the single
user and the limited distances. In addition, Tianran Luo et al. [30], [31] evaluated system
throughput features of the single movable user and validated the best location under capture
effect or dynamic back-off time. However, these related work only centered on single-user
mobility strategies, which are limited in mobility distance and energy consumption.

To make this new approach simple to implement, some researchers introduced the intu-
itive method [32]-[33]. It means that these movable users move to an intermediate location
between the two assisted users for connecting each link. J. Li et al. [32] analyzed ad hoc
wireless networks’ capacity. They discovered a reasonable location scheduling; that is, the
average distance between the source user and the destination user must be equal to make
the network expands total throughput. R. Ohmiya et al. [33] investigated the throughput
properties of three different ad hoc network topologies and revealed that the best locations
are in the middle of two users. These papers verified that the intuitive method could improve

throughput.

1.4 Problems

These previous researches have not considered the motivation for these movable users,
1.e., why these users would want to act as relays to assist others with poor data rate. As a

result, the problems of the related work are summarized as follows:

1. Most researchers have only evaluated the features and performance of single-user mo-
bility without jointly considering the problem of multiuser cooperative mobility and
user interference in ad hoc networks [28]-[31].



2. Many proposed algorithms for throughput enhancement have not considered the com-
plexity of the practical execution process, and high complexity can lead to excessive
computing time [24]-[27]. The trade-off between the best throughput performance and
the least algorithmic complexity is a problem to be explored.

3. Few researchers have comprehensively studied the consideration of user motivation
for cooperation to maximize the throughput of social-physical ad hoc networks [32]-
[33]. A relevant practical algorithm for a multiuser cooperative mobility scheme in
a physical-social network has not previously been investigated due to the complex

transmission strategies and social intimacy requirements involved.

1.5 Challenges, approaches, and contributions

This thesis aims to solve the three problems of related work, which are pointed out in the
above sub-chapter. To this end, we challenge to study the throughput performance consider-
ing interference between each other, and investigate the useful mathematical theories to solve
an NP-hard problem. First, we study the relationship between signal attenuation and spatial
distance, as well as throughput. Additionally, we should consider how to move these users to
the best position in different locations, with multiple users interfering with each other. The

challenges in this thesis are summarized as follows:

1. We study a multiuser cooperative mobility approach for maximizing throughput con-

sidering the signal attenuation and interference with different positions of users.

2. We investigate a feasible and effective approach to achieve high throughput and low

algorithmic complexity for larger number of user application scenarios.

3. We explore an approach to improve the system throughput of social networks through
multiuser cooperative mobility, i.e., to maximize throughput with high intimacy for

relay selection.

To approach the above challenges, we firstly focus on multiple movable user mobility
and ad hoc networks considering the interference influence among users in different posi-
tion scenarios. In particular, a system throughput maximization problem is formulated for
optimizing and finding the best position of multiple movable users. We propose an interac-
tion position game (IPG) to realize maximization throughput performance. The originality
of this game lies in the exploitation of cooperative behavior between movable users, unlike
the selfish behavior in traditional games. As a result, this approach can obtain the global
optimum rather than suboptimal or local values, and then achieve better throughput than the

traditional game-theoretic approaches.



For reducing the complexity of mobility control algorithms and enabling high-throughput
performance, we utilize the coordinate information of cooperative users to propose a Maxi-
mum Throughput for Optimal Position (MTOP) algorithm, which not only maximizes sys-
tem throughput but also reduces computation cost and communication overhead. Specifi-
cally, the key idea of the algorithm is that by defining the conflict set of the location graph
and proving the upper and lower bounds, the solution space can be partitioned so that the
algorithm converges to the optimal or suboptimal solution with extremely low complexity.

For explaining the reasons and motivations for moving users, we consider a social net-
work based on multiuser cooperative mobility and formulate a throughput maximization
problem that specifies the requirements for both the social and physical layers. We propose
the Relay Selection and Link Interference Degree Graph (RS-LIDG) algorithm. The origi-
nality of the algorithm lies in creatively exploiting graph theory to prove that the nonconvex
problem can be transformed into a convex one by iteratively partitioning the mobility re-
gion to find the optimal locations of the mobile relays. As a result, the proposed RS-LIDG
algorithm can achieve a significant throughput gain and a reduction in relay selection time
compared to previous methods.

In summary, we focus on the following approaches and presents the following contribu-

tions:

1. We propose an Interaction Position Game (IPG) with jointly considering different geo-
graphical places and distances among all of the users to maximize throughput in Chap-
ter 3. Unlike traditional game-theoretic approaches, this game exploits cooperative

behavior among movable users to obtain a global optimum rather than a sub-optimum.

2. We introduce a new algorithm, called Maximum Throughput for Optimal Position
(MTOP), to obtain high throughput with low complexity based on multiuser cooper-
ative mobility in Chapter 4. Through this algorithm, the solution space can be parti-
tioned to achieve parallel search and rapidly converge to the optimal or suboptimal,
which greatly reduces the complexity. Therefore, in order to reduce complexity in the
presence of a large number of users, a compromise between optimal throughput and

minimum algorithmic complexity is required.

3. We propose the Relay Selection and Link Interference Degree Graph (RS-LIDG) algo-
rithm considering feasible relays and multiuser cooperative mobility with satisfactory
high social intimacy for throughput maximization in Chapter 5. This proposed algo-
rithm achieves a significant throughput gain and a reduction in relay selection com-
pared to conventional methods by iteratively partitioning the mobility region to find

the optimal locations of the mobile relays.

The chapters of this thesis are organized as follows. Chapter 2 shows related technolo-

gies (i.e., the definition ad hoc networks and user cooperative mobility) and related work



about this thesis. Chapter 3 introduces an interaction position game based on multiuser co-
operative mobility in ad hoc networks. Chapter 4 presents an optimal location allocation
based on multiuser cooperative mobility for high throughput with low complexity. Chapter
5 introduces an effective collaboration method to maximize throughput based on multiuser
cooperative mobility in social-physical ad hoc networks. Finally, the conclusion and future
work are presented in Chapter 6. This thesis is based on my three published open access

journals [34]-[36]. These three journals give me their copyrights.



Chapter 2

Related Technologies

This chapter shows related technologies, the definition of ad hoc networks and user co-
operative mobility, and related work for this thesis. This chapter highlights the problem of
these related technologies and the novelty of this thesis. The following subchapters summa-

rize challenges, approaches, and contributions in each chapter.

2.1 Throughput improvement in ad hoc networks

2.1.1 Ad hoc networks

As smartphones become massively popular, the information explosion has arrived, and
the amount of data will grow geometrically over the next decade. Device-to-device (D2D)
technology has received comprehensive attention to address this challenge to overcome the
shortcomings of traditional cellular networks [37]. D2D allows users to communicate di-
rectly without the base station to provide services. Additionally, D2D improves the user ex-
perience of short-range communications and address data flooding disasters in information-
centric networks to enhance the robustness of the infrastructure [38]. Recently, ad hoc net-
works that can be easily established leveraging D2D attributes have been widely deployed in
small areas and populated organizations to aid personal and business usage.

Ad hoc networks are traditionally structured and decentralized independent networks that
maintain each device function as an independent router and generates independent data with-
out the need for any network infrastructure based on a base station [39]. Wireless transmitters
and receivers are equipped with ad hoc networks nodes by using a cooperative transmission
protocol, which may use broadcast [40], amplify-and-forward (AF), or decode-and-forward
(DF) [41] transmission. IEEE 802.11 standard presents ad hoc network as an indispensable
class of local area networks [42] that can be widely adopted in small-scale environments and
communities, such as meeting rooms, exhibition halls, and hotels.

Fig. 2 describes the basic concept of ad hoc networks. In a limited area, movable devices
play the role of intermediate nodes that can send and receive data packages from the access
point or source device and then relay to other required devices. It can be noted that an ad hoc
network is an infrastructure-less wireless network of single-hop or multihop paths of mobile

nodes that are free to move in any direction and operate as both hosts and routers.
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Fig. 2.1 The concept of ad hoc networks.

2.1.2 Throughput requirements

The current ubiquitous access to smart devices and the huge traffic generated by emerging
multimedia applications, such as YouTube and Netflix, urgently requires the construction of
high-speed communication networks. The increasing demand for ad hoc networks for high
transmission rate, low latency, and quality of service (QoS) is a significant issue that requires
further exploration. Thus, it is necessary to maintain the QoS in ad hoc netwroks.

System throughput is a vital criterion for judging the user experience to ensure that QoS
requirements are met. Generally, the system throughput is defined as the amount of data
traffic per unit slot received by the access point (AP). How to maximize throughput in ad hoc
networks is always a topical issue to be explored.

However, due to the unpredictable link properties, node mobility, and bandwidth resource
limitations, it is challenging to improve throughput as a result. First, physical distance often
determines throughput among users at the interference area, error rate, and transmission rate,
which are calculated by bandwidth and protocol behavior. Additionally, during the transmit-
ting process period, the interference among different users causes a performance anomaly
[43], which degrades the transmission rate and system throughput to poor performance due
to the carrier sense multiple access with collision avoid (CSMA/CA) protocol. Finally, the
waste of transmission time because of channel capture for one user causes not only a delay
but also increases communication overhead in the operational process.

Therefore, we seek to construct network architectures and propose protocol mechanisms

that can satisfy demands for throughput maximization in ad hoc networks.



2.1.3 Conventional approaches for throughput improvement

Currently, there are a large number of conventional approaches for achieving throughput
improvement in the physical layer, network layer, and medium access control (MAC) layer
[44]. The MAC layer plays the most critical role for throughput enhancement since it is a
medium for communication and support of other layer services, especially service differen-
tiation, minimum latency, and fairness in bandwidth allocation. Overall, we mainly discuss
the proposed MAC mechanisms that lead to achieving high throughput, which are shown in
Table 2.1.

Table 2.1 Summary of conventional approaches for improving throughput in the MAC layer

‘ Category ‘ Approach ‘ Problems ‘ Related work ‘
Congestion control ) ) [13]
Enhanced MAC layer technology Contention mechanism High complexity (14]
TXOP sharing method [15]
MAC scheduling mechanisms Transmit to multiple users Low traffic density, No fairness [16]
simultaneously
Block acknowledgment of [17]
frame aggregation
WGPD algorithm [18]
Admission control mechanisms Distributed topology High bandwidth costs, Management overhead [19]
management algorithm
POPR protocol [20]

Providing high throughput through an enhanced MAC layer, Sandip et al. [13] proposed
a design for achieving gain in transmission control protocol (TCP) throughput for different
congestion control schemes, which combines 802.11e Hybrid Coordination Function (HCF)
and 802.11n frame aggregation schemes. The proposed design includes several mechanisms
such as admission control, calculation of the transmission opportunity (TXOP), and a sched-
uler that aims to increase the throughput of best-effort traffic. However, this design only
guarantees that this mechanism supports small real-time traffic, and no consideration was
given to the different interference and noise levels. Zhiqun et al. [14] focused on bandwidth
allocation schemes for distributed wireless LANs based on the IEEE 802.11ac contention
mechanism. For this purpose, they proposed Markov chains under non-saturated conditions,
but they only consider ideal channel conditions, and all the enhanced PHY/MAC character-
istics are not included.

MAC scheduling mechanism aims to design an effective scheduler for frame aggregation
to achieve high throughput at the upper layer. Aajami et al. [15] proposed a TXOP sharing
method based on throughput awareness. In this method, the ant colony optimization mech-
anism is applied to achieve the scheduling and joint link adaptation of the TCP downlink,
but this TXOP does not support dynamic channel management. In [16], Mounir et al. pro-
posed a method that can transmit to multiple users simultaneously and provide appropriate

transmission parameters for selected users. Then, it is helpful to select different transmis-
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sion parameters and improve user throughput. However, the interference of noise and the
fairness of channel bonding is not considered. In [17], Mustafa ef al. implemented the block
acknowledgment of frame aggregation and tuning the TCP congestion algorithm to improve
the algorithm’s performance and increase the packet transmission rate. Yet, the authors did
not consider the different channel conditions while implementing the TCP congestion algo-
rithm. In brief, most algorithms or mechanisms did not consider different channel access
conditions, as well as sacrifice significant bandwidth or management resources to boost lim-
ited throughput. Hence, they are sometimes inefficient in practical applications.

Akyol et al. [18] proposed the wireless greedy primal-dual (WGPD) algorithm for com-
bined congestion control and scheduling to solve the utility maximization problem. In [19],
Bao and Garcia-Luna-Aceves proposed a distributed topology management algorithm that
constructs and maintains a backbone topology, which makes the provision of QoS services
more stationary by topology management. Rajesh et al. [20] presented a path observation-
based physical routing protocol named POPR, which improves physical forwarding and in-
tersection. Unfortunately, both of those algorithms sacrifice considerable bandwidth or man-
agement resources to elevate finite throughput and would be inefficient to apply in practice.

Consequently, conventional studies of throughput improvement in MAC layer focus on
nothing more than three points: queue scheduling and congestion control mechanisms, topol-
ogy management, and increasing protocol efficiency. Unfortunately, these methods always
consume a substantial amount of economic and physical resources, high overhead or add a

great deal of complexity to protocol standards.

2.2 User cooperative mobility approach

2.2.1 Single-user cooperative mobility

To reduce economic costs and implementation challenges, some researchers have pro-
posed cooperative user mobility approaches to improve throughput. It allows a movable
user to change its geographical position to adapt links and eliminate performance anomalies.
Thus, it can be effective to design an efficient algorithm based on human mobility paths to
improve throughput at a low resource cost.

Fig. 2.2 depicts the operation of the single-user cooperative mobility approach. A data
package is received by the movable user and relayed to the fixed user and then retransmitted
to other devices that cannot receive radio or signal directly from the AP. The QoS of many
users cannot be satisfied to meet the typical requirements due to the distance away from
AP. When many users are far away from AP, the transmission rate is low due to the signal
attenuation, especially for remote nodes. According to the abnormal performance, the lower
rate nodes will seriously affect the system throughput. The movable user can select the best
position to improve system throughput considering the effects of interference and signal to

interference plus noise ratio (SINR) among all users.
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In recent years, many researchers have been working on methods to improve throughput
through single-user mobility approach. S. Miyata et al. [28] introduced an algorithm for
selecting the optimal AP based on user mobility to maximize throughput. Hamamoto et al.
[29] introduced an AP selection method based on movable APs and users. T. Luo et al.
[30], [31] experimentally verified the system throughput gain for a single mobile user at the
optimal location and validated the range of throughput variation under the capture effect.
In addition, K. Okumura et al. [45] proposed direct and indirect methods of analyzing the
throughput performance of multiple networks in the presence of link bottlenecks.

However, these papers only verified that single-user mobility can improve throughput

and did not consider the interference interactions between different users.

2.2.2 Multiuser cooperative mobility

Fig. 2.3 depicts the scenario and operation of the multiuser cooperative mobility ap-
proach. There exist many movable users, all of which can act as relays or hosts to transmit
data. These mobile users can act as relays to help fixed users who are unable to establish a
connection with the AP, enabling them to successfully transmit data with the AP. However,
moving these mobile users to the optimal location is a challenge, since users in different
locations can interact with each other on SINR and ultimately affect throughput.

At present, most of these previous approaches are only centered on single-user mobil-
ity strategies, which are limited in mobility distance and energy consumption. Moreover,
multiple user mobility leads to the NP-hard problem and high complexity in traditional al-
gorithms. Currently, the effective algorithm of multi-user cooperative mobility strategy has
not been proposed. According to the knowledge, this thesis is the first to using the multiuser
cooperative mobility to maximize throughput.

In this thesis, the multi-user cooperative mobility approach is demonstrated to signifi-
cantly improve SINR and throughput. It requires the multiple movable users to consider the
interference between all the devices interacting with each other, not just to increase their

own transmission rate or reduce others’ interference, i.e., the movable users have to behave
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cooperatively concerning system throughput, rather than with selfish or greedy incentives.

2.3 Challenges, approaches, and contributions in each chapter

2.3.1 Challenges, approaches, and contributions in Chapter 3

In Chapter 3, we focus on multiple movable user mobility and ad hoc networks without
limiting transmission time and distance. We challenge the interaction between signal fading
and spatial distance for movable users, and considers the problem of interference between
users. Unlike the non-cooperative game described above, the cooperative behavior is ex-
ploited by the utility function of position mobility to maximize the throughput performance.
Different from a traditional specific position of single-user mobility, we consider the inter-
ference influence among users in different position scenarios. The contributions of Chapter

3 is summarized as follows:

e We jointly consider different geographical places and distances among all users. A
system throughput maximization problem is formulated for optimizing and finding the

best position of multiple movable users.

e We propose an interaction position game (IPG) based on system throughput and user
position information. For the conventional game-theoretic approach, it exploits self-
ish decentralized behaviors among players and maximizes their own benefits. In this
game, we exploit cooperative behaviors among movable users rather than assuming
selfishness as in traditional game models. This IPG game-theoretic approach consid-
ers the interference impacts on other players in the optimal position while maximizing

their throughput.

e We introduce the simulated annealing (SA) algorithm to solve this NP-hard problem
as a comparison. Finally, a simulation is conducted to evaluate and compare the per-
formance in terms of the proposed interaction position game (IPG) method, intuitive

method, SA algorithm, and exhaustive global search by NS3.
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2.3.2 Challenges, approaches, and contributions in Chapter 4

From the above, it is clear that most previous algorithms for improving throughput per-
formance have high complexity and high communication overhead, which are sometimes not
efficient in existing communication systems. Nevertheless, the relevant practical algorithms
for cooperative multi-user mobility schemes have not been explored due to the complex
transmission strategies and optimization conditions.

In Chapter 4, we challenge a feasible and effective approach to achieve high throughput
and low algorithmic complexity for larger number of user application scenarios. Different
from previous mobility strategies, we utilize the coordinate information of cooperative users
to propose a new heuristic algorithm, which not only maximizes system throughput but also

reduces algorithmic complexity. The contributions can be summarized as follows:

e We employ the Poisson point process (PPP) and calculate the cumulative distribution
function to present the property of fixed nodes positions. From this, the Decode-and-
Forward (DF) transmission technique is exploited in formulation of system through-
put maximization problem, which is a mixed-integer with non-linear and non-convex

problem aimed at finding the optimal location for multiple moveable users.

e For solving this NP-hard problem, we define a domain concept in which the optimal
locations for movable nodes can definitely be found. Furthermore, this domain is
classified as two boundaries, called as lower and upper bounds, to delineate the domain

scope.

e We propose a Maximum Throughput for Optimal Position (MTOP) algorithm. A con-
flict set of locations graph (CSLG) is proposed to clarify and calculate the values of
lower bound and upper bound. Different with the previous conflict graph methods, we
allocate the feasible location partitions as exploitable resources to movable nodes in
CSLG. Moreover, the allocation policy is specified based on the conflict conditions of
the SINR. It is proved that the optimal locations for movable nodes must be located in
the domain.

2.3.3 Challenges, approaches, and contributions in Chapter 5

In Chapter 5, a relay selection scheme and a multiuser cooperative mobility strategy are
employed to ensure link reliability and stability in terms of physical link (high throughput)
and social link (good intimacy). To the best of our knowledge, in the context of social-
physical ad hoc networks, this is the first to comprehensively challenge an optimal scheme
based on both relay selection and a multiuser cooperative mobility strategy to address the

above issue. The contributions of this thesis are summarized as follows:

e We model a social-physical network based on multiuser cooperative mobility and for-

mulate a throughput maximization problem that specifies the requirements for both
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the social and physical layers. Specifically, we define the concept of link reliabil-
ity by jointly considering both social intimacy and the probability of successful data
transmission. A nonlinear and nonconvex (NCNL) optimization problem is then con-

structed, which is a classical NP-hard problem.

We propose the Relay Selection and Link Interference Degree Graph (RS-LIDG) al-
gorithm. The original optimization problem is decomposed into two subproblems: a
relay selection scheme and a multiuser cooperative mobility strategy. For the relay
selection scheme, it is demonstrated that high intimacy is achieved first while ensuring
cooperation, and then optimal stopping theory is used to select the user who maximizes

the effective transmission time as the optimal relay.

We creatively exploit graph theory and prove that the nonconvex problem can be trans-
formed into a convex one by iteratively partitioning the mobility region to find the op-
timal locations of the mobile relays. In the multiuser cooperative mobility strategy, the
relays’ different locations and the interference between users are jointly considered.
Simulation results show that the proposed RS-LIDG algorithm can achieve a signif-
icant throughput gain and a reduction in relay selection time compared to previous

methods.
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Chapter 3
An Interaction Position Game for Maximizing Throughput

3.1 Related work

In recent years, game theory methodology has been widely applied in the field of wireless
communication. Quang Duy La ef al. [46] summarized game theory applications in radio
resource management for wireless communications systems and networking. This book ini-
tiated formulating game theory applications in solving NP-hard problems. Koji Yamamoto
et al. [47] introduced the properties of potential games and discussed a variety of channel
assignment problems that can be solved by potential games. The summary of related work

for maximizing throughput by game theory methodology is shown in Table 2.2.

Table 3.1 Summary of related work for maximizing throughput by game theory

Behavior Multiuser cooperative mobility | Ad hoc networks | Related work
Noncooperative X v [46]-[47]
Noncooperative X X [50]-[52]

Cooperative X v [48]-[49]
Cooperative v v Our work

For ad hoc network applications, Zhangyu Guan et al. [48] used Nash equilibrium (NE)
points to obtain nonlinear and nonconvex problem solutions in cognitive ad hoc networks.
Moreover, in [49], Yuhua Xu ef al. proposed a local altruistic game that can maximize the
network throughput by considering payoffs both for each user and its neighbors. Zhang,
Yan, and Mohsen Guizani [50] summarized multiuser games in wireless communications
and networking, including the definitions and conditions of the noncooperative games and
cooperative games. Further, they analyzed the Nash equilibrium and Nash bargaining in the
examples of the power and channel allocation games. However, the authors did not elaborate
on cooperative strategies in detail and did not introduce the properties of the final solution of
cooperative manners.

For conventional noncooperative game-theoretical methods, D. Goodman et al. [51] pre-
sented utility functions for voice and data, and then proposed a new algorithm to obtain Nash
equilibrium by power control for maximum utility. This thesis early introduced the concept
of game theory into the research field of power control. Furthermore, Tsiropoulou, E.E., et
al. [52] proposed a non-convex noncooperative game to make a trade-off between the uplink

throughput performance and power consumption. In this noncooperative game, each user
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is associated with power control utility to maximize uplink throughput performance. In the
noncooperative game, the users can selfishly maximize their utility throughput performance
under the limitations.

In summary, few research papers have jointly considered the different geographical posi-
tions and interference among all of the users in ad hoc networks. Furthermore, a productive
algorithm or game method has not been proposed and adopted in multiple cooperative user

mobility systems for maximization throughput.

3.2 System model and problem formulation

In this subchapter, we illustrate a detailed system modeling of multiple user cooperative
mobility. Additionally, we formulate the system throughput maximization as an NP-hard

problem and qualitatively analyze the different position cases.

3.2.1 System model

As described in earlier sections, the intermediate nodes of ad hoc networks can act as
both receivers and transmitters in the communication link by D2D or peer-to-peer (P2P)
technology. The multiple user cooperative mobility transmission system is shown in Fig. 3.1,
in which there are multiple movable users and fixed users within the coverage of a destination
user. The source user wants to send data packets to the wireless access point. However, due
to limiting factors, such as long-distance or poor communication circumstances, this user
cannot directly connect with the AP. The fixed users and movable users decide to cooperate
with others as helpers or participants to help data transmission for the destination user and
their own data uploading. In other words, the source user sends data packets by helpers (fixed
and movable users) to AP in this data flow. Finally, an ad hoc network is formed as a result.

In this transmission system, we set all users to generate data traffic toward the AP, and all
links are saturated. Then, the system throughput is defined as the amount of traffic per unit
time received by the AP, which is equal to the average harmonic value of the transmission rate
of all users. The transmission link assumed here is a multihop chain topology. The topology,
that is, connectivity of the users, does not change even though the users move. The reason is
that the communication link between each user is determined by social intimacy [66]. Social
intimacy means that if two users are friends and form a social relationship, then the wireless
link can be established between these two users in social network. This social relationship
ensures the transmission route among users unchanged. The transmission route logic is that
two users with a high degree of relationship transfer, otherwise not transfer. Thus, social
intimacy among users can guarantee the uniqueness of the transmission link and keep the
topology unchanged. Therefore, we can assume that the topology keeps unchanged even if
users move dramatically.

For simplicity, we assume that movable users can move within a limited area where the
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Fig. 3.1 Multiple user cooperative mobility transmission system.

location is between the source user and destination user. Without loss of generality, we
define the unit length of each user’s mobility as one meter, and movable users move in four
directions. This is because our purpose is throughput improvement instead of the accuracy
of the step unit, which is not related to the objective.

The best strategy for maximizing system throughput is to find the best position of mov-
able users considering receiving power and interference overall among users, i.e., the optimal
geographical positions of users have enough to maintain maximized throughput due to sys-
tem signal to interference plus noise ratio (SINR). As a result, movable users A and B select
optimal positions within the range area to achieve maximum system throughput. To precisely
determine users’ positions and calculate interference easily, we design the mathematical lo-
cation model, as shown in Fig. 3.2.

The angle difference G, x,y between user X and Y can be expressed as

Oxy = |0x — Oy|,0x # 0,0y £0 (3.1)

where @ x and @y are the angles between the fixed users and the horizontal line, respectively.
We assume that all of the users are not located on a same line if and only if Ox # Oy,
Ox # 0, Oy # 0. The research makes no sense since the optimal location for the scheduling

and finding of movable users can be easily found by intuitive methods when all of the users
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are at the same line [14]. Then, the distance between fixed users d x,y can be derived as

dyy = ||dx — dy|
|dx —dy|,Ox =6y,O0x #0,0y #0 (3.2)
\/d%( -+ d%/ — 2dxdy cos éX,y, Ox ?é Oy

where dy and dy denote the location of user X and user Y, respectively. L is the distance
V5L
" 2

dxy < V/2L. Therefore, we can accurately calculate every position case of users based on

from the source user to the destination user, which is a constant, dxy < @, dy < and

the above location model.

3.2.2 Problem formulation

In [67], Singhal, Chetna et al. introduced two transmission models, the model of two-
tier femtocell and the model of Visible-Light Communication Local Area Networks (VLC-
LANSs). We refer to the representation of their model schema.

In this ad hoc network system, the communication mode is adopted in the outdoor and
shadowed urban places, e.g., large squares, playgrounds, museums. Consider the actual
implement site of mobility users, then the fading of the signal is mainly due to multi-path
propagation. There are a lot of scattering, reflection, and refraction bodies around the mov-
able users, causing the multi-path transmission of the signal. Therefore, we set the path loss
model as the not line of sight (NLOS), so the multi-path signals superimpose. The strength
of the total signal obeys the Rayleigh distribution approximately. The signal of SINR is
short-term fading (fast fading) obeys the Rayleigh distribution.

Next, we describe the transmission model. It is assumed that all of the users can commu-

nicate with other users in the range of radio transmission through the same channel, which
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would cause interchannel interference and capture effects. We set the number of fixed users

and movable users as |S|, | M|, respectively, in this ad hoc network, where all users located

at a limited area (the square with side length L ). Denote S and M as the set of fixed and
movable users, respectively, s € S, m € M. Besides, Sor and Des denote source user and
destination user, respectively. Let H = {Sor} UM USU{Des} as the total set of all users.

Assume user ¢ sends data packets to user j , the transmission power from user ¢ is denoted

as I;, and the distance between two users can be expressed as d; ; ; then, the received power

P; at user j is given by

P = QH% (3.3)
where g, ; is the antenna gain and the parameter « is the path loss exponent, 2 < a < 4,
which is the usual model outside a small neighborhood of the transmitter [68]. In this system,
consider the actual implement site is the outdoor and shadowed urban area of mobility users.
Then, we refer to the path loss model by shadowing model [69], which could be better close
to reality and match with the NLOS setting parameter. The path loss is usually measured in

dB, which can be expressed as

P d. -
— = —10al —L + A 34
(P‘)dB Oarlogyg do + (3.4)

J

where d is determined by measurements for microcellular systems and vary between 1m
and 100m, A is a Gaussian random variable with zero mean and standard deviation o [69].
At the shadowed urban area, the value of o is from 4 to 12. Then, the antenna gain g; ; can

be calculated by (3.4). The SINR of user 7 can be expressed as
b

(3.5

=

No + Zk¢i k.5 ﬁ
»J

SINR: =

where Nj is the background noise power, and £k € & U M. For the capture effect, if the
received power of the signal from user ¢ is more significant than others, then the other weak
signals are ignored as noise. We can describe this physical model as the SINR should be

larger than a certain threshold, which can be given by

SINR > 3 (3.6)

where the SINR threshold /3 is necessary for successful reception for receiving users.
We assume that the transmission link will not cause a bottleneck and guarantees flow
balance because the chain topology is stable, and all links are saturated. Thus, the system ca-

pacity is approximately equal to the transmission rate. According to the Shannon’s capacity
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theorem, we can obtain the maximum transmission data rate of sender ¢
R; = Wlog, (1+ SINR}) 3.7

where W is the physical channel bandwidth, which can be normalized as 1. In this transmis-
sion link, the total throughput is defined as the average harmonic value of every user because

all links are saturated [70]. Therefore, the system throughput can be defined as
S|+ M| +2
2ses <RA) + 2mem (#) + R + oo

where Rg,, and R4, denote the transmission rates of the source user and destination user,

(3.8)

Unetwor‘k -

respectively. For the sake of brevity, it is assumed that all of the users have the same trans-
mitting power and antenna gain as P and g , respectively.
In this ad hoc system, movable users move in a small area and the relationship between

5 | Consider the movable

convergence radius 7 and transmission power P is P o< r? ~ r
distance is short and convergence radius slightly changed, then transmission power for every
user can be regarded as nearly unchanged. In addition, the topology always keeps chain-
type and does not change to star or tree type. We can assume all of the users have the same
transmitting power and antenna gain because of fixed senders and receivers in the route.

Let ﬁ” denote the matrix distance between user ¢ and user 7, which can be expressed as
D;; = ||d; — d;| (3.9)

where d; and d; denote the location set of user ¢ and user j, respectively. The distance
matrix for fixed users is denoted with ﬁ&j = (CZSJ), s€S8,je H\MU/{m}, where

A

d, ; represents the distance between fixed user s and other user j except for movable user.

Similarly, the distance matrix for movable users is denoted with Dmm/ = ((fmmr) ,meM,

m € M\ {m}, where dm,m’ represents the distance between movable user m and other

movable user m'. Denote the distance matrix for movable and fixed users as ﬁmyj = (dmj) ,

m e M, je H\ MU {m}, where d,, ; represents the distance between movable user m
and other user j except for movable user.

For fixed users, source user and destination user, the location set for them is defined as
d=(d;),i € H\MU/{m}. dis aset of constants, because the location information of
these users is known. Let d = (czm> ,m € M\ {m} denote the location information set of
movable users, which is a set of variables.

From above, it is noted that ﬁmﬂ and ﬁmm, are the unknown matrixes of variable, and

ﬁ&i 1s the known matrix of constants. ﬁmz and ﬁm,m/ can be expressed as ﬁmﬁj = ||J—d ,
D, = ||dm — dy |, respectively, so both of them are the functions of the variable set of
d.
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When a fixed user s, s € S is a sender, the SINR Ff of a receiver j, j € H, can be

derived as

1
FJS = ﬁa<+Da ﬁ +_f) o
No==505 2+ D <—ka> (3.10)
ie M\ {j},meM

where ﬁs,i is a matrix of constant, ﬁs,m and ﬁjk are the functions of the variable set of ci,
SO Fj can be rewritten as [ (d) . Similarly, if a fixed user m, m € M is a sender, the SINR

I'j" of areceiver j, j € H, can be derived as

I = !
j a N ﬁ%,i—’—lj'ran,m’ ﬁm/ai—"_ﬁ'm,’m’ o’
0= 4 D <—Dm ) (3.11)

i€ H\M,m'e M

where ﬁml ﬁm’m/ and ﬁjﬁk are the functions of a variable set of d~ then F]m also can be
rewritten as [, (J)
Substituting (3.10) and (3.11) into (3.7), we obtain the transmission rate of a fixed user

s,s €8, R, (J), and a movable user m, m € M, R,, <ci>, respectively as
R. (d) — log, (1 e (J)) (3.12)

R,, (d’) — log, (1 Ty (J)) (3.13)

For the source user and destination user transmission rate, substituting (3.3) and (3.5)
into (3.7), Rgor (ci) and Rp.s <d> can be expressed respectively as

< 1
Rgop <d> = 10g2 1+ Ao

Ds,Sor+ﬁ7o:7,,Sor Ds,So7'+Dm,So'r @ ’
No==20 5230 % Sor D, (.14)

jeHme HNM,se€ HNSU{Des}

= 1
RDes (d) - 10g2 1+ ~a ~a -~ = a |
Ds, es+Dm, es Ds, o’r"l‘Dm, es
NoPepestDmbes 457 ((Poset Do ) (3.15)

jeHme HNM,se€ HNSU{Sor}

The global objective is to find and select the best position for movable users to maximize
the ad hoc network system throughput. Then, the system throughput is a function of the

location information of movable users, i.e., a function of a variable set of d, which can be
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rewritten as

Unetwork <d

)_ S|+ [M]+2 (3.16)
1 1 1 1 .
ZSGS m + ZmGM Rm<J) + Rsor (J) T Rpes (‘i>

Summarizing (3.12), (3.13), (3.14) and (3.15) into (3.16), the system throughput opti-

mization problem can be derived as

Hl[E)iX Unetwork <d>

st. I (ci) >0

I (d) > 8
bjSor—i_bfnSor <ﬁ350r+1’ijor)a
No— — + Z — : > p
gP Lt D,, (3.17)
bj es+bfn es Ds or"’bm es "
NO D e D + Z ( ,S ,\ D > 2 6
9 k#Des Djvk

0<||Dijll < V2L, i,j€ H

However, finding the optimal position of movable users under the limitation based on the
above problem (3.17) is nontrivial. In this problem formulated in (3.3)-(3.17), the expres-
sions defined in (3.3)-(3.7) are nonlinear functions of the problem variables. Furthermore,
the search space is L™ profiles in variable vector d. These factors cause the problem to be
a nonconvex problem, which is generally NP-hard. The traditional exhaustive global search
method is not favorable in the ad hoc network due to the high complexity and computational
cost. Therefore, the demand for adaptability and small computational cost burden requires a
high-accuracy and low-cost solution for the throughput maximization problem.

In chapter 3.2, we first propose an Interaction Position Game (IPG), then design the
payoff function based on the derived objective function of the global maximum throughput,
which must guarantee the existence of the Nash equilibrium, and optimal NE points coincide
with the optimal solution. Moreover, we prove that the IPG is a bilateral symmetric interac-
tion (BSI) game based on the proposed payoff function. BSI has at least one pure strategy
NE point, and previous learning algorithms can find the global maximum of the potential

function.

3.2.3 Qualitative analysis of different position cases

Since movable users move to random locations within the square range, it would cause
different cases consisting of interference and capture effects among all of the users. To
validate the above mathematical derivation, it is necessary to qualitatively analyze the best

position for maximizing throughput according to the interference and SINR variance.
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Table 3.2 Different position cases for fixed users.

CASE | dyn | dup dy
I short | short | short
II short | long | long
I1I long | long | short
v long | short | long
A\ long | long | long

For convenient analysis, we consider only two fixed users, user M and user N, and then
define short and long distances as the qualitative distance standard. If the distance between
two users is larger than 0.5L, it can be defined as long; otherwise, it is short. There are
five position cases, which are shown in Table 3.1. d,; and dy denote the distance from
the destination user to the user M and user N, respectively. These cases do not include d M.N
marked as short, while dj; and dy are marked as long or short because of their unsatisfactory
distance limitations and definitions. Besides, the case where d v, v marked as long while both
dyr and d are marked as short, is also not included in the correct situation. Thus, there are
only five cases other than eight cases that need to be considered.

As shown in Fig. 3.3, we present two movable users’ best position cases under the
different positions of fixed users. For case I shown in Fig. 3.3 (a), the main impact for the
first movable user A is the interference from user M and N, so the optimal position for user
A is to keep too far away from user M and N and remain close to the source node. The main
impact for movable user B is interference from the source node and user N and increasing
receive power from user A. Therefore, the optimal position for user B is the place where it is

located at the line between user A and user M but is closer to user A.

9 1 [ ] User M
UgA UgA User M UgA r“g«).\
User M ) ) ($huser N
[o) Optimal location B 04
(“Ws‘g\r N i) Optimal location B
i)

Optimal location A

]

9 Optimal location B 9 9
Destination \ ® Source user  Destination ® Source user Destination usebptimal location A Source user

usef [V user & &b
Optimal location A User B User B User B
(a) (b) (c)
| 4 1
&b Usgr N & Us(?r M
User A ) User A )
Optimal location B
ser M
O ) )
(‘\5‘“\ Optimal location B
(o) (o) () o
— ” 0 Optimal location A 0
Destination user ® Source user Destination user ® Source
User N [V user
Optimal location A User B User B

(d) (e)

Fig. 3.3 Qualitative analysis of different position cases.
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Cases Il and IV are shown in Fig. 3.3 (b) and (d). Movable user A should remain close to
the source node and not far away from user M because it could enhance the receiving power
from the source node, maintain the SINR from user B and diminish the interference from
user M. Movable user B should also mitigate the receiving power from user A. Thus, the
optimal position for user B is the place located at the line between user A and user M but
closer to user A.

For case III in Fig. 3.3 (c), user A should remain too far away from user N because of
the interference from user M. The optimal position of user B is located at the middle of the
line between user A and user M, where it can maintain the traffic balance between A and M
and prevent bottlenecks. Finally, for case V in Fig. 3.3 (e), user A should remain close to
the source node and not far away from user M, which increases the receiving power from
the source node and maintains the high SINR of user B. Meanwhile, the optimal position of
user B is located at the middle of the line between user A and user M considering the traffic
balance and bottleneck.

We can summarize that the optimal position for movable users should mitigate the inter-
action interference and strengthen receiving power simultaneously at the different locations
for fixed users. The above qualitative analysis can be used as a basis for determining the

correct results of the simulation.

3.3 Game theory method and SA algorithm

In this subchapter, we propose an interaction position game and then design the utility
function of this game, which has proven to be a bilateral symmetric interaction (BSI) game.

In addition, we introduce the conventional simulated annealing algorithm as a comparison.

3.3.1 Game theory method

Game theory is an analytical tool for helping to formulate and observe results when
decision makers cooperate and interact in this ad hoc network, which can be a helpful method
for solving NP-hard problems. To demonstrate the game method, we further define an IPG
and refer to the basics therein of the potential game [71], [72]. Not all optimization problems
can be solved by game theory, because the problem might not exist in Nash equilibrium. We
define this new game based on throughput problems and make use of three theorems to prove
the existence of Nash equilibrium in this game.

The notation of this game theory method is shown in Table 3.2. A standard cooperative
strategic game can be established by a structure G := (M, (A;), s+ () ;e ), OF simply
given by G := (M, A;jcrr, Ujerr), where M is a finite set of players or decision makers and
A; is the set of strategies for player ¢ € M. The payoff function for each player i € M
can be denoted as u; : [[.A; — R, which must be maximized. If £ C M, the Cartesian
product can be denoted as Ax. If K = M \ {i}, then let A_; denote Ax. For simplicity, we
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define u; (@) := u; (a;, a_;), which is the standard notation on game theory, where a_; :=

(al, Ce i1y Qg ,a|M|) € A_;, a_; refers to the joint strategy adopted by player ¢’s
opponents.
Table 3.3 Notation.
Parameters Description
g Strategic form game

M Finite set of movable players, M = {1,2,...,[M[}
A, Set of strategies for player i € M

A Strategy space, [ [ iemA;

a; Strategy of player 7, a; € A;

a, Other strategy of player i except for a;, a; € A;
u; Payoff function for player i, i € M

U Set of utility functions

10} Potential function
A, K =M\ {i}, Ac

a_; Strategy of player 7, 7 € M\ {i}

€ Selection function of feasible movable users
ul Utility function of system throughput

u2 Intermediate utility function

ol Potential function corresponding to u1

P2 Potential function corresponding to u2

(1 BSI game utility function of system throughput
(2 BSI game intermediate utility function

(A BSI game potential function corresponding to (1
V2 BSI game potential function corresponding to (2
S| Number of fixed users
M| Number of movable users

Definition 1 (Interaction Position Game (IPG)): An interaction position game is a tuple

G := (M, A, U) where:

e M denotes the set of movable users, in which each user i := (1,2,--- ,|M]|) corre-

sponds to a player.

e A denotes the set of strategies for different positions, which are Cartesian products of

all individual strategy sets. Here, we let the strategy profile a; denote the location of

user d;. Each individual strategy A; has L? profiles. Thus, the strategy space of this

game A includes L2 profiles.

e U represents the set of utility functions for all movable players. Specifically, the utility

function of each player i € M is given by u; (a;,a_;). The function denotes the

system throughput utility or payoff for each movable user. [
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The IPG is a kind of strategic game in which all movable users select the best position,
and the utility function is only dependent on its own strategy or their opponents’ actions.
Definition 2 (Nash Equilibrium): The action strategy profile a* = (af, a3, - ,a},) is a
Nash equilibrium if and only if it satisfies the following inequality for any i € M, a; € A;

i) —1 —1

ui (af,a*;) = u; (a;,a”;) (3.18)

[

Although the proposed IPG satisfies the standard game definition in this ad hoc network,

the existence of NE points is not guaranteed unless this game can prove as a potential game
that has at least one pure strategy NE.

Definition 3 (Potential Game [73]): A strategic form game is an exact potential game if there

exists an exact potential function ¢ : A — R such that

/

U (a;, a,i> —u; (a,a_;) = ¢ (ai, a,i) — ¢ (a,a_;) (3.19)

foreveryi € M, a;,a_, € A;anda_; € A_;. O

According to (3.17), we define two functions f; and g; to denote the receiving power and
interference from opponents. The functions can be characterized as f; : A; x Axr, — R and
gi + A X Ap, = R, where M, := {j € M\ {i}} denotes the set of user ¢ ’s opponents,
and apy, = {aj |7 € M{i}} represents the position strategies of the other users. For each

movable user i € M, the receiving power function f; (a;, ar,) can be defined as

la; — ail®

P e M, je M\ {i} (3.20)

fi(ai,anm,) = fi(ai,a;) = Ny
The interference function g; (a;, a ;) can be given by

gi (a;, an,) = gi (a;, a;, ag)

Z (M)a,iGM,jeM\{z’},k:eM\{i}U{j}

dszen Mas = ar

(3.21)

where a_; and a, have the same meaning. For ease of expression, a_; is used uniformly
to denote a n, subsequently.

Consider the limited condition in the optimal formula in (3.17); all users’ SINR should
be larger than the threshold (. Note that these inequations are challenging to express in the
utility function. The NP-hard problem can be converted to the product of system throughput
and selection function € (a;, @_;), which can distinguish feasible users who meet the SINR
requirement; i.e., only qualified users can be eligible to select the best positions and max-

imize throughput; otherwise, they are ineligible. Thus, this conversion is reasonable. The
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function € (a;, a_;) approximates constraints of equation (3.17), which can be expressed as

(3.22)

qwa>:{0ﬁuyw+%@ >
o 1, fi (a;,a_;) + gi (a;,a_;) <

= I

Then, the utility function of system throughput u1; (a;,@a_;) can be rewritten by the utility

function format as follows:

S| + M| +2

Ull (ai, CL,Z’> = € (ai, CL,Z‘) (323)

1 1
ZiEM [Ri(ai,a_i) + R]-(a,i,a_i)

where R; (a;,a_;) and R; (a;,a_;) denote the movable user 7 ’s and the other user j €
{SU{Sor} U{Des}} transmission rate functions, respectively. Based on (3.12)-(3.15), the

rate function R; (a;, a_;) can also be rewritten as

1
R; (a;, a_;) = log, {1 R — (a0 a ]
fz (aza a’—z) + gi (a“ a_ ) (324)

o e e
082 filai,a—i) + g (ai, a)

To analyze the utility function easily, we define the other function u2; (a;,a_;) as fol-

lows: S M 5
u2; (ara_p) 2 1S IMI+2
ul; (a;,a_;)
1 1 1 (3.25)
- - Z _ _
€ (au a'—i) e { R; (ai; a—i) Rj (az‘, a—i)]
Then, —m can be expressed as
1 B 1
Ri(ai,a;)  logy [fi(ai,a;) + gi (i, aj, ax)]

1 (3.26)

- llaj—a;||® lla; —asl| “
logy | No—5 +Zi¢j,j¢k<||aifakn> ]

For other users’ (except for movable users) transmission rates, the function R; (a;, a ;)
is managed only by the distance between the movable and fixed users. Therefore, we define

a function 1" (a;, a4, ), which is dominated by variable strategy a; and can be given by

1

T(a.a )& ———MM
(al,a Z) Rj (Clma—z’)

1 (3.27)
log, [N Mol 45 (H)a]

where ciw and CZU are known constants and denote different fixed locations. Based on (3.26)
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and (3.27), we can derive and rewrite the utility function u2; (a;, a_;) as

1 1 1
2i i, A—j) = —F——— llaj—a;ll laj—a;ll \ ¢ . T i
“ (a . ) € (a/iy a—z‘) lez‘/\/t logs |:N0]7+Z’L75J J#k (Hai—a,kH) :| + € (ai, a_i> IGZ/\/[ (CZ
(3.28)

Definition 4 (Bilateral Symmetric Interaction (BSI) game [74]): A strategic form game G :=
(M, (Ai)jenr » (1) 0q) i called a BSI game if there exist functions ; j (a;, a;) © A; x A; —
R and 1; (a;) : A; — R such that

U; aza fz (Z ng Gy, Q5 ) +1/}1 (az) (329)

7]

where ¢ # j and (;; (a;, aj) = (i (ai, a ) for every (a;,a;) € A; x A;. O

The definition of an exact potential game exploits a potential function (3.19). However,
we sometimes do not know whether a given game is an exact potential game, because it is
difficult to determine it directly based on the potential function. In this case, we can convert
the IPG game to a BSI game, knowing that it is an exact potential game. If we can prove that
the IPG game is a BSI game, then the IPG game is an exact potential game.
Theorem 1: A BSI Game G := (M, (A;),_ > (4i);c0q) 1S an exact potential game with a

potential function such that

¢ (ai, a—;) ZZQ] s, O +Z¢z a;)

L (3.30)
= ZCU A, Qj +sz CLZ
1<J
Proof. The proof procedure can be referred to in Section 2 in [73]. [l
Theorem 2: Game G := (M, (A;),c 0 (u2:);c ) 18 an exact potential game, where the
potential function can be expressed as
2(ai,a) = ) (2 (a,a5) + Z ¥2; (a;) (3.31)
1<J

where (2; ; (a;, a;) and 12; (a;) can be given by

1 1
C2TJ (CLi, aj) - € (ai7 a_i) {10g2 [fl (CL,“ aj) + gi (a/ia aj? CLk)] }
o 1 (3.32)
¢ (ai, a—;) log, [N Haj_aZH + Zz#] J7k (HZ:Z;H) }
T iy b—g
V2, (a;) = % (3.33)



Proof. Itis evident that u2; (a;, @a_;) can be divided into two parts, (2; ; (a;, a;) and ¥2; (a;).
For g¢; (a;, a;, ai), since a; and a;, denote other strategies except for a; and a;, ay, € M,,j #
k. Thus, even though g; (a;,a;,a;) has three variables, the summation of f; (a;,a;) and
i (@i, aj, ax) also varies only by a;, ;. Each user satisfies the symmetry condition (2; ; (a;, a;) =
(2, (a;, a;) due to interactive interference. Finally, according to Definition 4, Theorem 1,
and Theorem 2, we can prove that this game is a BSI game as well as an exact potential

game. [

Theorem 3: The maximum of the potential function ¢2 (a;, a_;) in this game u2; (a;, a;)
is proportional to the maximum system throughput potential function ¢1 (a;, a_;) of game
ul; (a;, a;j); i.e., the result strategies of game u2; (a;, a;) can be considered the best strategies

for maximum system throughput.

Proof. In (3.25), we know that the relationship between utility function u2; (a;, a;) and
Ull (Gi, aj) 1S
S+ M +2

w2 (one) = = )

(3.34)

It is known that the utility function u1; (a;,a_;) can be expressed by (1;; (a;,a;) and
¥l1; (a;) as
uli(ai,a_s) = Y Clij (ai, a5) + 1 (a;) (3.35)
i#j
where (1;; (a;, a;) and 11, (a;) can be given by

Yici $2ij(ai,ay)
([S]+ M| +2) =505
sz’az( z) (3.36)

. > icj C2ij (aiy az) + 32, 12 (a;)

(lij (ai, a;) =

(a __(S[+MI+2)
Y1 (a;) S0 (@) (3.37)

Then, the potential function ¢1 (a;, a_;) can be given by

$1(a,ai) = Clij(a,a;) + Y ¥l (a;) (3.38)

i<j i
Finally, we can obtain that ¢1 (a;, a_;) is proportional to ¢2 (a;, a_;).
ol (a;,a_;) x @2 (a;, a_;) (3.39)

]

There are a variety of algorithms for facilitating and converging a pure Nash equilibrium
point. However, spatial adaptive play (SAP) maximizes the potential function with a high

probability of converging to optimal NE [75]. In SAP, each player is randomly assigned to
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select a position profile within the square range at first. Then, in the kth step, player i € M
updates its selection and strategy with a probability z; (a;) according to the Boltzmann-Gibbs

distribution as
exp {yui (ai, a—; [k])}

Yajea, P [yus (d; a—i [k])]

where this process denotes that player i changes strategy from a; [k] to a; with probability

z; (a;), and v (0 < v < 00) is related to the inverse temperature in the statistical physics
parameter. When the parameter v — oo, the SAP approaches the best dynamical response.
This SAP process can be executed iteratively as Algorithm 1 until a predefined iteration is

reached.

Algorithm 1: Spatial adaptive play (SAP)

1: Initially, set £ = 0 and let each movable user i € M randomly select position a; € A;
within the limited square area with equal probability.

2: All of the movable users exchange and collect information about opponents’ strategies.

3: A player is randomly selected, called user 7, ¢ € M.

4: User 7 calculates the utility function over all its available actions with strategies
information received from opponents, i.e., u2; (a;, a_;), Va; € A;.

5: User 7 updates its position strategies according to (41). During this interval, other
movable users repeat selections.

6: These steps stop if the predefined iteration is reached; otherwise, go back to step 2.

For strategy information acquisition from other movable users, it is easy to collect mes-
sages by a broadcast method when they connect and constitute an ad hoc network system.
Note that the parameter v implies that movable users are more inclined to select a suboptimal
or locally optimal strategy at a smaller value ~. In contrast, more significant factors make
them prefer to choose the best response action, e.g., movable users decide on any action
a; € A; as v = 0, while v — oo signifies that they tend to select a strategy from the set of

best response actions. Equation (3.40) can be rewritten for approximate maximization as

1
2(a;,a_;) = E i (a; ia—i__E i(a; i (ai
Inaxy (a;,a_;) =~ max x; (a;) u2 (a;, a_;) 5 z; (a;)log z; (a;)
a; EM; a; EM;
(3.41)

This derivation is referred to in [76]. From (3.41), it is evident that the SAP algorithm
converges to a global optimum as the iteration increases and makes v — oo. However, the
iteration process may not satisfy convergence in practical implementation, which causes a
deviation between the calculated value of this algorithm and the real optimal value. There-
fore, we need to make a trade-off between iteration convergence and optimal value. The
trade-off is determined by the circumstances in which the proposed system is used. In other
words, it depends on the situation, such as the margin of calculation time and accuracy. To

balance the trade-off between iteration convergence and the precision of results, we choose
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~ = k in our simulation, where £k is the iteration step [49].

3.3.2 Simulated annealing algorithm

For the NP-hard problem, many heuristic algorithms can calculate and obtain approxi-
mate optimality or suboptimality, e.g., greedy algorithms, genetic algorithms, and simulated
annealing (SA) algorithms. It is well known that the SA algorithm is an effective and gen-
eral algorithm that is widely adopted to solve the NP-hard problem in engineering, which
is a stochastic optimization algorithm based on the Monte-Carlo iterative solution strategy
[77]. Thus, we consider it a comparison with the game theory method in performance.

The SA algorithm selects the similarity between the annealing process of solid matter
in physics and the general combinatorial optimization problem as a starting point. The SA
algorithm starts from a specific high initial temperature and is combined with the probability
jump characteristic with the continuous decline in temperature parameters [78]. Then, the
optimal global solution of the objective function can be randomly found in the solution space,
1.e., the optimal local solution can jump out of the solution probability and eventually tend
to the global optimality [79]. This algorithm process can be performed by Algorithm 2 to
maximize system throughput.

Note that the SA algorithm has many advantages compared with a conventional greedy
algorithm. This algorithm accepts a solution that is worse than the current solution based on
a certain probability; thus, it can jump out of the local optimum to a certain extent, and the
iterative search is efficient and parallelized. Additionally, the final solution is independent of

the initial solution; therefore, it has robustness properties and asymptotic convergence.

Algorithm 2: Simulated annealing (SA) algorithm

1: Initially, let each movable user i € M randomly select position a; € A; as the initial
status .5, and then, set temperature 7,,, = 1000, T,,;, = 1 and the number of iterations
at each 7" as £ = 100.

2: Repeat from step 3 to step 6 for each iteration [ = 1,2, - -- | &.

3: Generate a new position a,., = a; + Aa and set it as a new status .S,,.,,, where Aa is
the per unit step with four directions for movable users.

4: According to (3.18), calculate the system throughput increment
AU = U (Spew) — U (S) as the decision function.

5: If AU > 0, then, accept the new position a,,.,, of status .S,,.,, as the current solution

position, otherwise accept a,.,, as the new current solution position with the probability

exp (%), where K denotes the Boltzmann constant and 7" is the current temperature.

6: Define the termination condition as several consecutive new solutions are not accepted.
Then, these steps stop if the termination condition is satisfied; otherwise, decrease the
temperature, T' > T},;,, and go back to step 2.

However, there are many problems to be considered in the SA algorithm. First, setting
the initial temperature is the critical, influential factor in search performance. If the initial

value is high, then it has a greater successful probability of obtaining the optimum at the cost
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of computation time. Otherwise, it achieves a suboptimum. In the simulation, to maintain
the accuracy, we set it to 1,000. For the number of iterations at each temperature 7'; i.e.,
the annealing speed and temperature management need to make a trade-off between the
accuracy and computational cost. Thus, we set the number of iterations £ as 100 to maintain
the accuracy of the solution as well as the annealing temperature following the exponential

descent function.

3.4 Simulation and numerical results analysis

To verify the effectiveness of the IPG proposed in this paper in multiple movable user ad
hoc networks, we simulate and compare the proposed game theory method with the intuitive
method, SA algorithm, and exhaustive global algorithm. The performance of the different
methods by analyzing the system throughput and computational cost time is evaluated. Fur-
ther, we compare the communication overhead between the SAP and SA algorithms. Finally,
we analyze the effects of different SINR thresholds and a varied number of users. We use
MATLAB and NS3 to simulate multiple user mobility in the ad hoc network.

3.4.1 Simulation scenario

In this ad hoc network scenario, all users (except the AP) are located at the 100 x 100m?
square field without any obstacles, where the radius is 100 m. Every movable user has four
directions, and the per-unit step is 1 m.

We define the mobility speed for each movable user as 1.5 m/s, which is the normal
speed of ordinary pedestrians with reality. It indicates that the location information of each
mobile user is updated 1.5 times per second. The different mobility speeds only change
the convergence time to achieve optimal throughput performance, i.e., the time for mobile
users to reach the optimal location, but they would not have impacts on the final throughput
performance results. The AP sends data packages to the source user with an infinite stream
to retransmit to the destination user. The topology always keeps chain-type and does not
change to star or tree types, even though movable users move to a random position because
social intimacy among users can guarantee the uniqueness of the transmission link.

In system throughput simulation, we only consider two movable users to facilitate anal-
ysis. The numerical results show locations change of two movable users, because it is too
difficult to numerically show for three mobile users’ scenarios, even though the system model
and approaches apply for more than three movable users.

All of the uploading transmission links are saturated, and the capacity is nearly equal to
the transmission rate. Thus, we can use the average harmonic value of all users to represent
the system throughput. Due to the reflection and refraction of building and ground, the big
transmission area, and the high wave frequency as 2.4 GHz, we set the path loss exponent as
4.00. We set the SINR threshold as 24.56 dB in system throughput simulation. To validate
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the effect of different SINR thresholds, we set two different values, 24.56 dB and 10.79 dB.
We employ IEEE 802.11g as the communication standard and user datagram protocol (UDP)

in NS3 [108]. The other main parameters in our simulation are given in Table 3.3.

Table 3.4 Parameter values for simulation.

Parameters Value
Area 100 x 100 m*
Communication Standard IEEE 802.11¢g
Transport Protocol UDP
Length side of the square (L) 100 m
Path loss Exponent («) 4.00
Reference Loss 40.045997
Mobility Speed 1.5 m/s
Tx Power 32 dBm
Tx Rate Source 54 Mbps (3=24.56 dB)
Tx Rate Source 18 Mbps (5=10.79 dB)
White Gaussian Noise 1078 W
Bandwidth 125 kHz
Wave Frequency 2.4 GHz

3.4.2 Simulation results

Since fixed users locate random coordinates that cause different optimal position strate-
gies for movable users, we need to consider a variety of circumstances about fixed users’
locations; For simplicity, fixed users move unit step intervals; then, we can consider only
three scenarios, which are described as follows to present different situations because these
three scenarios present the changing location cases based on the above qualitative analysis
and show the location of all possible state of affairs. Here, we set different positions of fixed
users as the reference and compare the performance of different methods by two movable
users’ mobility when two fixed users change location coordinates. In the following through-
put comparison figures, the X-axis denotes the distance between fixed users M and N, and
the distance unit is one meter. The Y-axis denotes the system throughput values.

As shown in Fig. 3.4, fixed users M and N are located around and close to the destination
user at the beginning, after which user N moves away by moving a unit step from user M
and approaches the source user. This scenario denotes location coordinate cases that change
status from case I to case IV, as shown in Table 3.1.

We analyze the system throughput performance of different methods as scenario I with
an increment of the X-axis, which means the distance between user M and N. These meth-
ods include the intuitive method, SA algorithm, game theory SAP algorithm and exhaustive

global search, as shown in Fig. 3.5. Exhaustive global search indicates that all of the possible
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Fig. 3.4 Scenario I: Fixed users M and N are close to the destination user at first; after that,
user N changes location coordinates and moves close to the edge of the area while user M is
unchanged.

suitable position coordinates for movable users within a limited square range are traversed by
the NS3 simulator, which implies the global optimum. It is shown that the system throughput
curve increases with distance growth and remains stable after 28 m. The performance of the
game theory SAP algorithm is approximate to the global optimum and sometimes obtains
the optimum global value. The reasons are that i) the interference between the destination
user and user N weakens, and the receiving signal power of the source user increases when
user N remains far away from the destination user and close to the source user. Then, the
average SINR increases, and the system throughput increases as a result; ii) the SINR re-
mains steady when user N moves close to the edge of the limited space. Moreover, we can
observe that compared with the intuitive method and conventional SA algorithm, the game
theory SAP algorithm performs better than the former two methods and improves the max-
imum throughput ratio by 10.62% and 26.03% at a distance of 8 m. The reason is that the
proposed IPG method makes users cooperate and attains the nearly global SINR optimum
instead of the local optimum by the SA algorithm. The intuitive method is the worst per-
forming method because it chooses the central location of each link as the movable users’
moving position, but other methods measure the SINR by users’ coordinate information to
calculate interference and receiving power.

As shown in Fig. 3.6, fixed user M is far away from destination user, but user N is close
to destination user at first. After that, user N changes location coordinates and moves far
away from destination user and close to user M, while users M unchanged. This scenario
denotes that location coordinate cases change status from case II to case III, as shown in
Table 3.1.

The throughput comparison in scenario II is shown in Fig. 3.7. It is noted from the figure
that only a small performance degradation of the optimum, i.e., exhaustive global search, is

observed for the game theory SAP algorithm. The system throughput performance of the
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Fig. 3.6 Scenario II: Fixed user M is far away from destination user, but user N is close to
destination user at first. After that, user N moves far away from destination user and close to
user M, while users M unchanged.
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SAP algorithm is better than that of the SA algorithm and intuitive method and sometimes
is equal to that of the SA algorithm because they obtain the same local optimum value at
the same time. The improvement of the maximum ratio of the SAP algorithm to the SA
algorithm and intuitive method is 27.27% and 57.35% at 36 m, respectively. The reason is
that the receiving power of user M and the source user degrade and interferences between
user N and the destination user increase, which causes the average SINR to decline; then, the
system throughput drops down consequently until user N is close to source user. Thus, the
curve decreases with increasing distance. The intuitive method is also the worst performance
method due to the least system SINR.
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O 1 1 1 1
0 10 20 30 40 50

Distance (m)

Fig. 3.7 System throughput comparison in the scenario II.

Finally, scenario III is shown in Fig. 3.8, where fixed users M and N are located far away
from the destination user at first, then user N moves through the source user while user M
remains unchanged. This scenario denotes that location coordinate cases change status from
case II to case V, as shown in Table 3.1.

Fig. 3.9 depicts that the system throughput curve distance increases from 0 m to 30
m, then reaches the maximum at 30 m and descends until maximal distance. The system
throughput performance of the game theory SAP algorithm is still better than that of the SA
algorithm and intuitive method. The improvement of the maximum ratio of the IPG method
to the former two methods is nearly 8.62% at 24 m and 17.89% at 46 m, respectively. In this
scenario, as user N moves close to the source user, the receiving signal power of the source
user increases; therefore, the system throughput increases. Whereas user N moves far away
from the source user, the receiving signal power of user N and the source user decrease so

that the average of SINR degrades; therefore, system throughput decreases as a result.

37



User A UserB User M

LV
‘ Movable user UserN

O@D Fixed user

?@

D ——————————

D-——————————

@
®»)~r @ T ©

Destina*ion user Sourice user

Wireless Access Point

1
1
1
1
1
UserN

1
1
1
1
1
Data flow: Source user-->user N-->user M-->user B-->user A-->Destination user-->AP

Fig. 3.8 Scenario III: Fixed user M and N are far away from the destination user at first.
After that, user N moves through the source user while user M remains unchanged.
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Fig. 3.9 System throughput comparison in the scenario III.
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3.4.3 Computation cost and overhead

From the above throughput result analysis, we observe that exhaustive global search by
NS3 accomplishes optimal performance, while the game theory SAP algorithm is inferior. In
this section, we analyze the convergence behaviors with iteration numbers, computation cost
and overhead of the SAP algorithm, SA algorithm, and exhaustive global search method.

The convergence behavior comparison is shown in Fig. 3.10. Here, we set 1) the trans-
mission scenario in scenarios I, and 2) the distance between users M and N is 8 m, where
it is more obvious to observe the comparison due to the maximum ratio of throughput im-
provement of 10.62%. It can be noted that the curve of convergence speed of SAP ascends
significantly more than SA with the increment in the number of iterations. When the number
of iterations is 30, the SAP algorithm catches up with a maximum system throughput of 1.86
Mbps, which is the global optimum by NS3. However, the maximum of the SA algorithm
reaches 1.68 Mbps when the number of iterations is 84. Moreover, the SAP algorithm con-
verges to the global optimum faster than SA. The reasons are that i) SAP calculates only
the utility function and updates the position strategy other than the annealing temperature
for many recycles of the SA algorithm, ii) the domain of SAP is smaller than SA; therefore,
the curve of SAP is steeper before the convergence, and iii) SA always obtains a local opti-
mum instead of the global optimum. This is because the iterations converging to the global
optimums are random variables,which are determined by the stochastic nature or parame-
ters of the learning algorithms. Thus, we compare the convergence speed toward the global

optimum of SAP and SA from a statistical perspective.
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Fig. 3.10 Convergence behavior of SAP, SA, and global optimum (exhaustive global search
by NS3) in the scenario I (dyny = 8m).

Specifically, the cumulative distribution function (CDF) of the iterations converging to
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the global optimum is shown in Fig. 3.11. It is noted from the figure that the convergence of
the SAP increases significantly, whereas SA increases slightly when the number of iterations
increases. Furthermore, the convergence speed of SAP is faster than that of SA, as expected,
and the convergence speed increases by 2.8 times. These results show the advantage of SAP
over SA.
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Fig. 3.11 Convergence speed of SAP and SA algorithm in the scenario I (JM,N = 8m).

The computation complexity of SAP is O (L|M| . n) , where | M| is the number of mov-
able users in the network, L is the length side of the square, and n is the number of itera-
tions. For the SA algorithm, the complexity is O <L2‘M| (Tmax — Tonin)© - n), where Thax
and 7T,,;, denote the maximum and minimum of temperature, respectively, and £ is the max-
imum number of iterations at each temperature. Here, consider high accuracy of the SA
algorithm, we set the value of (T — Tmin)£ as 10°. Then, the complexity of the SA al-
gorithm is O (105 S LPMIL n) It is noted that the proposed game theoretical method (IPG)
significantly reduces computation cost compared with the conventional SA algorithm.

The simulation computer configuration is an Intel(R) Core 17-8700 3.20 GHz. For com-
parison, we simulate the unit distance as 10 m and set the transmission scenario as scenario 1.
The completion time comparison of the three algorithms is shown in Fig. 3.12. It is noted that
SAP remains absolutely stable as well as exhaustive global search by NS3. In contrast, SA
increases slightly at first and then decreases after 30 m. Since the SAP algorithm considers
all interference and SINR for users, the completion time is not related to distances and loca-
tions between fixed users by SAP. The exhaustive global search method should traverse all
possible positions of movable users so that the completion time remains stable. The reason
for the SA algorithm is that the initial temperature is not adaptive to distance; additionally,

the annealing speed and temperature management are also random and arbitrary.
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Table 3.5 Computational cost time comparison in scenario | (JM,N = 30m).

Algorithm SAP | SA | Exhaustive global search

Computation time (Sec) | 20.85 | 52.64 121.21

Intending to calculate and observe the maximum improvement of computational cost
time, Table 3.4 shows the computational cost comparison among SAP, SA, and exhaustive
global search by NS3 at 30 m distance. This result shows that SAP reduces by 60.39%
and 82.79% compared with the SA and exhaustive global search methods, respectively. It
is noted that even though the exhaustive search can obtain the best throughput, it requires
too many computations and does not meet the actual application. Our proposed game theory
method achieves the highest throughput benefit at the lowest computational cost. Thus, it can
be concluded that the proposed IPG method has the best performance in a comprehensive
analysis.

In practical application, we also need to consider the communication overhead during
algorithm execution besides throughput performance and computation cost. The comparison
of communication overhead between the game theory SAP algorithm and the SA algorithm
is shown in Fig. 3.13. In this figure, X-axis denotes the computation cost of the algorithms.
Y-axis denotes the percentage of redundant data in total transmission data. Here, we set the
percentage of redundant data in total data as the evaluation index of overhead. If this value is
high, then the communication overhead of the algorithm costs large. The total transmission
data contains redundant data and valid data information. The redundant data is defined as the
command control information, the movable users’ locations information, and the effective
strategies information of movable users.

Fig. 3.13 depicts that the proportion of redundant information becomes smaller with the
increase of algorithm computation cost. For the SAP algorithm, this is because the strategies
and locations information required by the algorithm is decreasing until the Nash equilibrium
is finally obtained with the iteration of the algorithm. Also, for the SAP algorithm, the
required locations information continuously decreases until it reaches the global or local
optimal. For the SA algorithm, the percentage of redundant data is lower than the SAP at
first. As computation time goes on, the curve slowly decreases until the end of the algorithm.
The SA algorithm only needs to obtain the location range of the movable users initially. With
the execution of iterations, it iterates under the defined parameters and function. Thus, the
overhead of the SA algorithm is lower than the SAP.

The performance of communication overhead is the sum of redundant communication
data during the whole period of algorithm execution. In Fig. 3.13, communication overhead
is the area around the curve and X axis. We calculate that the communication overhead of
the SAP algorithm is 108.368, and the SA algorithm is 80.08. It can be noted that after

two algorithms execution, the communication overhead of the SAP algorithm is 35.32%
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Fig. 3.13 Communication overhead comparison between the SAP and SA algorithm.

42



higher than the SA algorithm. The reason is that the SAP algorithm makes all movable users
cooperate and satisfy with game-theoretic convergence condition. This indicates that during
the iteration time, the transmission data should contain the other users’ available strategies
and action information, and then find Nash equilibrium. The SA algorithm only iterates
under the defined temperature and the decision function. It is obvious that the SAP algorithm
requires more redundant data than the SA algorithm and generates a larger communication
overhead.

In summary, we can extrapolate the practical application places based on the advantages
and shortages of these two algorithms. Firstly, for the throughput performance of improve-
ment, the SAP algorithm is better than the SA algorithm. In addition, the computation time
and complexity of the SAP algorithm are lower than the SA algorithm. However, for the
communication overhead, the SAP algorithm costs higher than the latter. Therefore, in the
real-world system, the SAP algorithm is suitable for communication environments with high
throughput performance requirements, low feedback delay, and high communication over-
head. For example, it is better to be implemented at high-traffic malls or office buildings with
high data traffic demand. For the SA algorithm, it is better to be implemented at the envi-
ronments with low throughput performance, loose delay, and low communication overhead,
such as private gatherings or residence with low data traffic and low throughput improvement

requirements.

3.4.4 Different SINR thresholds and a varied number of users

According to the above, we elaborate that if the actual SINR identified at the receiver is
smaller than the SINR threshold 3, then the transmission data package cannot be correctly
decoded and is failed. Therefore, the value of the SINR threshold 3 plays a vital role in
determining whether or not a transmission is successful. For studying the effects of different
SINR thresholds [ for system throughput, we refer to the IEEE 802.11a standard and set two
different values as a comparison, f = 24.56 dB and # = 10.79 dB. In addition, a varied
number of movable and fixed users also has an impact on throughput performance. From
above, |S| and | M| denote the number of fixed and movable users, respectively. Here, we
set the varied number as 2 and 10, respectively. Then it contains four combinations, i) |S| =
2, M| =2,ii) |S] =2, IM]| =10, iii) |S| = 10, IM]| = 2, and iv) |S| = 10, | M| = 10. We
simulate to comprehensively analyze the effects of different SINR thresholds and a varied

number of users.

For simplicity, we regard the scenario I as an application scene and compare the through-
put between the SAP and SA algorithm. As shown in Fig. 3.14, we present the throughput
comparison under different SINR thresholds with four combinations of different numbers of
users. Here, for Fig. 3.14 (c) and (d), the number of fixed users is 10. In order to simplify
the transmission model and correspond to the scenario I, we assume that the user close to the

source user is regarded as user M, and the other nodes are aggregated into a group as virtual
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user N. X-axis also denotes the distance between user M (close to the source user) and user

N (the group users).
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Fig. 3.14 The throughput comparison under different SINR thresholds, and the number of

users satisfy: (a) |S| = 2, M| =2, (b) |S| =2, |M| = 10, (¢) |S| = 10, | M| = 2, and (d)
S| = 10, | M| = 10.

The curve shapes of throughput in these four figures are also consistent with the previous,
1.e., rising first and then stabilizing as the fixed user distance increases. Despite changes in
the number of users, since the locations information of fixed users refers to scenario I, the
analysis of user-to-user interference remains unchanged. For the analysis of different SINR
thresholds, it can be noted that the throughput of 5 as 24.56 dB, is larger than that of 3 as
10.79 dB. It is because the SINR perceived at the receiver has to exceed the threshold /3 for
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successful transmission. Then, if the decision standard of SINR is improved, the link can
sustain the higher transmission rate. Therefore, the transmission rate of 5 as 24.56 dB is
greater than that of 5 as 10.79 dB. Finally, the throughput of the higher SINR threshold is
more than that of the lower SINR threshold.

The effect of a varied number of movable and fixed users for the throughput is shown in
Fig. 3.15. Here, we set the execution algorithm as the SAP algorithm and SINR threshold
value as 24.56 dB. It shows that the case of |S| = 2, | M| = 10 has the best performance and
obtain the highest throughput, while the case of |S| = 10, | M| = 2 is the worst. Meanwhile,
both the cases of |S| = 2, M| =2 and |S| = 10,

The reasons are that i) more movable users mean more effective strategies, available ac-

M| = 10 have comparable performance.

tions, and higher throughput benefits through cooperative mobility, ii) on the contrary, more
fixed users reduce the proportion of effective strategies and opportunities by movable users,
then the benefits of throughput are not high, and iii) the harmonic value of system throughput
ensures that the benefits through multiple user cooperative mobility are unchanged. It illus-
trates that the higher the proportion of movable users in the total number of users, the higher
the throughput gains. Of course, this is also in line with the universal values of society: the
more cooperation, the more benefits. However, in practical application, we also need to take

into account of computation cost and overhead of algorithms.
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Fig. 3.15 The throughput comparison of a varied number of users under the SAP algorithm
and SINR threshold [ is 24.56 dB.
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3.5 Summary

In this chapter, we model the multiple user cooperative mobility transmission system and
address the optimization of the NP-hard problem for system throughput, jointly considering
different geographical places and distances among all of the users. Then, an interaction po-
sition game is proposed for the global optimization of the problem. We prove that this game
is an exact potential game and that optimal Nash equilibrium (NE) points exist. Moreover,
we investigate SAP algorithm to obtain NE points and introduce the simulated annealing
algorithm as a comparison. Specifically, compared with the intuitive method and SA algo-
rithm in different position cases, the maximum ratio throughput at the NE points increased
by 57.35% and 27.27%, respectively. Additionally, the computational cost of this game is
reduced by 82.79% compared with the exhaustive global method. Moreover, we validate that
the higher the proportion of movable users in the total number of users becomes the larger

the system throughput improves.
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Chapter 4

An Optimal Location Allocation for High Throughput and
Low Algorithmic Complexity

4.1 Related work

A significant work in using graph theory to solve wireless network problems is reported
in [53], S. Ramanathan et al. proved that directed graph can be used for near-optimal
scheduling and can be extended to any network. The summary of related work for improving
throughput by graph theory methodology is shown in Table 2.3. The length of the scheduling
is proportional to the graph thickness multiplied by the optimal color number. Kamal Jain e?
al. [54] first proposed using a conflict graph to determine the optimal throughput boundaries
for a given network and workload. Lijun Chen et al. [55] presented using contention graph
and contention matrix to formulate resource allocation in the network with joint congestion

control and media access control.

Table 4.1 Summary of related work for improving throughput by graph theory methodology

High throughput | Low complexity | Multiuser cooperative mobility | Ad hoc network | Related work

v X X X [54]-[55]
N X X v [56]

X v X v [57]

v v v v Our work

For the conflict perspective, based on [54], Shaohe Lv et al. [56] introduced a conflict
set graph to characterize the interference and define interference degree to measure a link’s
interference. Jun Luo et al. [57] employed a practical interference model based on SINR,
which is used to make the link transmission coordinate without conflict. In [57], a graph
network model, and the SINR calculation algorithm for spatial reuse time division, multiple
access link scheduling is proposed. Unlike the previous time-scheduling concept, we split
the feasible location partitions into mobile nodes by using cooperative behavior to maximize
throughput performance.

In summary, few research papers have jointly considered the issue of interference in ad
hoc networks in multi-user cooperative mobility. Further, a suitable algorithm has not yet
been proposed and adopted for a multi-user cooperative mobility system, i.e., to maximize

throughput while ensuring low complexity.
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4.2 System model and problem formulation

In this subchapter, we demonstrate a detailed system modeling of multiple user coopera-
tive mobility. Besides, we formulate the maximizing system throughput as a mixed-integer

with a non-linear and non-convex problem.

4.2.1 System model

We model an ad hoc network as a set H of nodes h;, which consists of a set F of fixed
nodes f;, a set M of movable nodes m;, with H = FUM. The number of fixed and movable
nodes are |F'| and |M |, respectively. Each node h; € H is associated with a geographical
location, whereas each movable node m; € M could move within a limited two-dimensional
circle C, radius R.. The multiple user cooperative mobility system is shown in Fig. 4.1,
where transceivers pairs form communication links by Device-to-Device technique.

We hypothesize the following:

1) Each node is equipped with a single-antenna and cannot send and receive packets

simultaneously.

2) All nodes have the same transmission power due to the same antenna performance and
a slight convergence radius change, both of which generate data traffic, and all of the

links are saturated.

3) The topology of the data flow remains a multi-hop chain. It does not change to star
or tree type with node mobility because stable relationships between nodes, such as

friends and collaborators, ensure that the transmission path remains unchanged.

The application scenario of the cooperative mobility communication system, which is
depicted in Fig. 4.1. Initially, these fixed and movable nodes are randomly located in a
limited circular space. Several nodes are far away from AP, and they ask other movable
helpers or partners to become intermediaries and relay the data traffic. We assume that a
virtual central controller is deployed in the AP, such as Google Maps Navigation, which can
run the proposed algorithm and arrange each movable node’s location. The AP sends control
messages through the control channel at the physical layer to arrange each movable node’s
geographic location. The frame header of data traffic contains the control information, so
two-hop or multi-hop nodes can also receive it. This method of sending a control message is
similar to “beacon.”

During the transmission period, these collaborators transmit by the User Datagram Pro-
tocol (UDP) service. To facilitate analysis system throughput, we calculate the uplink data
generated from all users to the AP while all links are saturated. Based on this consideration,
system throughput is defined as the amount of data per unit time received by the AP, i.e., the

average harmonic of all users’ transmission rates [80].
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Fig. 4.1 Multiple user cooperative mobility transmission system.

This work aims to assign each movable node a suitable location within the limited circle
space while assuring the system throughput performance as better as possible. Specifically,
the best strategy for maximizing system throughput is to attain the best position for them
deliberating mutual interference. The best geographical positions maintain the maximum
throughput keeping desirable SINR.

However, it is a combinatorial optimization problem of exorbitant complexity consider-
ing mobility user locations’ diversity and inter-user interference. Solving this optimization
problem will result in a tradeoff between the accuracy of the best throughput performance
and the allowed computation cost [34]. We deduce and propose an effective algorithm by an-
alyzing the relationship between SINR, the location of movable nodes, and system through-
put. The virtual control center executes the algorithm to efficiently allocate the best location
to the movable nodes, which improves the overall throughput of the system. Before the
problem formulation, we present the location model’s definition and the location distribution
function of fixed nodes.

We deploy polar coordinates to define the positions and the distance between two nodes.
Let the position coordinate of node h; € H be expressed as h; (p;, ©;), where p; is the polar
diameter, p; < R, , and O; is called as the polar angel. Then, we define the set of nodes
H positions as H (p, @), H (p, @) = {h; (p;,0;) |h; € H ,p; € p,O6; € O}, |p| < R,
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0 < |®| < 7 where p and @ denote the set of polar diameter and angel, respectively.
Correspondingly, for fixed and movable nodes f; € F, m; € M, the position sets can
be expressed as F (p;, Of) = {f; (pi,©:)|fi € F . fi € ps, i € Os}, M (p,,, On) =
{m; (pi, ©;) |m; € M ,p; € p,,,0; € O, }. The polar coordinate unit is defined as 1. As
for arbitrary two nodes h4 (p1, ©1) and hy (p2, ©2), the distance dj,, 5, can be given by

dhy hy = ||h1 (p1,01) — ha (p2, ©1)]|

_ lp1 — p2| ,©1 =O2,01 # 0,05, #0 4.1)
VP4 P3 = 2p1pacos (01 — 6,),01 # Oy

Here, we define that all of the nodes should not locate at the same line, i.e., ©; # 0.
This is because that the best position for movable users is at the bisection position if ©; = 0,
which makes no sense to calculate. In order to better fit the practice and simulate fixed nodes,
we utilize the Poisson point process (PPP) [81] to present the property of positions. In the
limited circle C' : r (0;) = R,, the positions of these fixed nodes f; (p1,01), f2 (p2,O2), ...,
fr (pr, ©F) are independent of each other.

Definition 1: Fixed nodes set F is located in the region spaces set x, fi — Xi, fi € F,Xi C
X, which is a space homogeneous Poisson point process, the following two conditions are
satisfied.

1. For a random regions y; that lies in the space of the restricted circle C' : r (6) = R,
xi € x € C, X = §(x;) obeys Poisson distribution with mean value of Av, (x;),
which can be expressed as

4.2)

P65 (i) =k = Py (xa)]" exp [M]

m)

where 0 (x;) is the number of points in the bounded region y;, A is a constant, which
is denoted as the average number of points per unit area, and v, (x;) is an area of the

bounded region ;.

2. Random bounded regions X1, X2, .., X do not intersect with each other, then

d(x1),0(x2),-.-,0 (xr) are independent of each other.

Accordingly, the fixed nodes in space are completely random, and the expectation of the
number of points J (;) per unit area is constant A\, which is unchanged with the area and the
position of the limited circle space C'. In that case, random variable of the distance between
any two fixed nodes, Iy, f. , is independent and identically distributed, which can be subject
to exponential distribution with A. The probability that no fixed nodes exists in the bounded

region y; is P [§ (;) = 0] = e~ (X?)_ Then, the cumulative distribution function F' (l i, f].)
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can be derived as

F(lf:A) = F (ly.p, <7)
=1-P[6(xi) =0 (4.3)
—-1— ef)wrr2

where F' (y, ;, < r) denotes the probability that the distance between fixed node f; and f;

is at most r. Therefore, the expectation of I, i E [l i, fj] , we have

R.
E [l ] :/0 27172 exp (—A7wr?) dr

_ 67’fi (R ﬁﬁ) R eXp( )\ﬂ-RE) ’ (44)

oy

In this model, we analyze the inter-signal interference between users at the physical layer,

rather than analyzing the specific frame slot scheduling and multiple packet processing con-
flicts at the link-layer MAC frame’s perspective. There are packet frame conflicts in the
actual transmission. Still, since we assume that the data stream is saturated, i.e., the perfor-

mance degradation due to data frame conflicts on each link has less impact on our results.

4.2.2 Problem formulation

As shown in Fig. 4.2(a), fixed location users satisfy the Poisson space point process and
are distributed around the AP. Considering that the practical application is in a large square or
park, we set the propagation model as the non-line-of-sight (NLOS), and the obstacles might
distort the radio waves. In addition, multi-path signals are superimposed, and the strength of
the attenuation coefficient approximately obeys the Rayleigh distribution. The notation used
for problem formulations is shown in Table 4.1.

Under Decode-and-Forward (DF) [83], the cooperative relay node m; decodes the re-
ceived signal from node f;, and reencodes it before forwarding it to the destination node
fix1, which could maximize the utilization of spatial diversity. Thus, we make use of the DF
with diversity combining [84] between nodes transmission to expound the system throughput
and extrapolate the best position, which is presented in Fig. 4.2(b). Assume fixed node f;
sends data packets to f;; relaying by movable node m;, the received power F,,, of movable
node m; can be given by

P, = P K (—lfm> (4.5)
do

where P, is the transmission power of fixed node f;, [, », is the distance between node f;

and my, dj is the reference distance, K is a constant related to the antenna gain and average
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Table 4.2 Notation used for problem formulations.
Parameters Description
F Set of fixed nodes
M Set of movable nodes
|F| Number of fixed nodes
| M| Number of movable nodes
R, Radius of circle space
P, Transmission power
F (pf, C] f) Set of fixed nodes positions
fi (pi,©5) Fixed node f; position
e (y.1,) Distance function between fixed nodes
do Reference distance
K Constant, which is related to the antenna gain and average channel attenuation
@ Path loss exponent
B SINR threshold
M (p,,, On) Set of movable nodes positions

P1[fi (pi» ©i) , mi (pi, O)]

Distance function between fixed node f; and movable node m;

P2 [fi+1 (pi+17 9i+1) , My (Pi-, 92)]

Distance function between fixed node f;; and movable node m;

D3 [m; (pi, ©;) ,mj (pj, O;)]

Distance function between movable nodes m; and m;

191 (z), 92 ()]

Angel function between fixed node f; and movable node m;

291 (z), 2 (z)]

Angel function between fixed node f;,; and movable node m;

SINR of link f; — f;,1 for receiver f; 1

Vfisfit
Vi, fisn SINR of link m; — f;1; for receiver f;
Yiimi SINR of link f; — m; for receiver m;
Rpr; Maximum combining transmission rate of link f; — f;+1 and f; — m; — fiy
el [m; (pi, ©5)] SINR function of link f; — fii1

€2 [m; (pi, ©:)]

Combining SINR function of link f; — m; — fi11

Fixed node
e
Pt “**+.. ®Movable node
o* .
Kot : ”g Movable node
. ¢ .
4 . .
4 N .
' .
y A
" | LY
1l ! _ l‘
H 0. e .
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Fig. 4.2 Mathematical model. (a) Transmission of data flow between nodes; (b) Fixed and
movable nodes transfer via Decode-and-Forward.
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channel attenuation, and « is the path-loss exponent. The constant K can be calculated
by the empirical average of the received power at the distance dy. The reference distance
dy varies from 10 to 100 meters at outdoor space, here, we set it as 20 [82]. The value
of path loss exponent o, which depends on the propagation, usually ranges from 2 and 4.
Consider the outdoor or urban shadowed space, o = 4 [85]. Then, (4.5) can be simplified as
P,, = P,K (”‘2—3)_4

To jointly consider the path loss and shadowing effects, the relationship between F,,, and

P, is measured in dB, which can be presented as follows [86],

P, d
(Ptx) = 10log,, K — 40alog;, (2—()) +A (4.6)

dB

where A is a Gaussian random variable with zero mean and standard deviation o. At the
urban microcells, the value of o is from 4 to 12. This implies that the constant /' can be
calculated by (4.6).

In the DF relay transmission, fixed node f;;; not only receive the signal from node
fi but also combine with the signal sent by relay node m;, i.e., it makes f;,; receive two
copies of the signal due to the diversity combining. Let the receive power for node f;,

from m; and f;, denote as Py, and Py, respectively. Similarly, we can obtain

Lo\ 4 Ly s, —4
Pfi+1,m¢ = P K (%) and Pfi+1»fi = Pu.K (%) , where lfi+1,mi and Lfi

denote the distance between node f;,; and nodes m;, f;, respectively. Ly, ;. can be consid-

Jfit1

ered as a known quantity due to fixed nodes location information, Ly, ;... = || fi (pi, ©;) —
fi (pir1,0i:1) & ¢ (ly,s,), where ¢ (z) is the distance function between fixed nodes,
E[p(z)] = E [ly, 1,]. The distance Iy, ,,, and Ly, , , are derived as follows,

Lioms = || fi (pi, ©3) — m (pi, O5) ||

=¢(lfi,fj)sin<~ ~ > 4.7)

def

= OL[fi (pi,0s) ,mi (pi, ©:)]

lfi+17mi - ”fi—i—l (pi+17 @i-i-l) —m; (piv 62)”

sin (é fi>

sin (éfz + éfH—l)

= () (4.8)

def
= D2 [fit1 (piv1, Ois1) , mi (pi, ;)]

where 0 < 0y, < 7,0 < 0y, < m— 0. @1 (x) and 2 () represent the distance

between fixed nodes f;, f;11 and movable node m;, which are functions of location in-
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formation f; (pi, ©;), fir1 (piv1,©iv1) and m; (pi, ©;), with f; (pi, ;) , fiy1 (piy1,Oir1) €
F(p,,, ©.), m;(pi,0;) € M (p,,, O). If ?1(z) and $2 (z) can be determined, then

the angles of the movable nodes can also be confirmed, i.e., the coordinate positions can

be established as a result. Here, we use 0 7, and 0 .., to denote the angle functions. Sim-
ilarly, the distance between movable nodes m; (p;, ©;) and m; (p;,©;) can be defined as

@3 [m; (pi, ©;) ,m; (pj, ©;)]. We abbreviate these distance functions to @1 ( f;, m;), P2 (fir1, m;)
and @3 (m;, m;) in the following content, respectively. The SINR at receiver f;; is given

by

SINsz‘+1 = Vi fir + Ymis, fiva
1

Vfisfirr = (l ) 4 ( ) ( ) 4
P\ fio fi F|=2 P\ 1ot M firfi
PZOK ( 20 . ) + Z‘kil,k#i ( H)) - Z‘ | (¢2(f2+1 Ek)) 4.9)

sD(Ifk fit1
1

Vmi,figxr = 4
N ¢2(fi+17m7, ‘F‘ 1 452 f’H»l mz) |M| 1 452(fz+1 mz)
P“”OK ( 20 ) + Z ( (lfk f1+1) ) - Z] Lj7i (¢2 (fit1, mJ))
where 7y, 1., and 7, 7., denote the SINR of link f; — f;; and link m; — f;4; at

receiver f;;1, respectively. Similarly, the SINR at receiver m,; can be expressed as

1

1

N P1(fi,ms |F|-1 PL(fs,m4) |M|-1 P1(fi,mi)

P ( 20 ) +2 k- l,k;éz'( kml)) +Z] 1, j#i <¢3(mi7mj))
(4.10)

According to the physical interference protocol, the packet is successfully received and

SINRmz = Vfimi =

correctly decoded for receiver f;,; and m; if and only if the SINR is greater than or equal to
a certain threshold 3, i.e., SINR,,,, > 3 and SINRy, ., > 3. Here, we set the SINR threshold
B of each node to be equal, considering the same Radio Frequency (RF) circuit performance.
From the above, the system capacity is approximately equal to the link transmission rate due
to stable chain topology and saturated links. According to [82], the capacity Cpr,; for DF

under the one-relay structure is given by
1 :
Cpri = Rpr; < 5W min {log, (1+ SINRy, ) ,logs (1475 iy + Ymisi) b (41D

where Rpp; is the maximum total transmission rate of for link f; — f;1;, W is physical
channel bandwidth, which can be normalized as 1. Substituting (4.7), (4.8), (4.9) and (4.10)
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into (4.11), the transmission rate 2pr; can be rewritten as

(RDFi) max = %min {elmi (pi, ©:)] €2 [m; (pi, ©:)]}

1

1+

1
1 1
()t () = (e
() ot (g e (i)
(4.12)
We can find that the transmission rate Rpp; is a function of the node m;’s position
variable m; (p;, ©;), m; (pi, ©;) € M (p,,, ©,,). For all links in this ad hoc network, the
system throughput 7'/, is defined as the reciprocal of the sum of harmonic means of each
node [80],

2 [m; (p;, ©;)] = log,

= %

3 1M
M| 1
=1 Rpp,;

Theys = (4.13)

Then, the maximizing system throughput 7', problem can be converted to minimize

ZLMJ D L_ The global objective is to find the optimal movable nodes position to maximize
network throughput. Summarizing from (4.7) to (4.12) into (4.13), the throughput optimiza-
tion problem is as follows,

[M] 1
min i
M(p,,, @) W;/t min {el, e2}
s.t. 0<lp,l <R
0<|0,| <
(4.14)
Yt fira > 5
Yfimi > 6
i, it = /B

E [90 (lfufi+1” - [lfufj}

where I/ [go (l firfs +1)} 1s a constant, and ¢ (l firfs +1) can be calculated by known location in-
formation f;. Note that M (p,,, ©,,) is the optimization variable to determine the mobility-
optimal scheduling. In particular, the objective function is mixed-integer with non-linear
and non-convex constraints variable functions @1 (f;, m;), @2 (fir1, m;) and @3 (m;, m;).
This causes this problem to be a Mixed-Integer with Non-Linear and Non-Convex Problem

(MINLNCP), which is NP-hard generally. This problem can be solved by using exhaustive
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search, but has intractable and prohibitive complexity O (C&?EJ} where |7 R?| denotes
the number of selection position profiles (number of nodes per unit area is 1). Conventional
heuristic methods are alternative approaches, like simulated annealing, game theory method,
etc. However, they cannot guarantee that the optimal solutions can be obtained. High com-
putation complexity and low accuracy of solutions are also significant constraints to these
heuristic algorithms’ practical application.

In the following subchapters, we introduce the concept of domain and then illuminate the
search region of movable nodes, including upper and lower bounds. The original exhaustive
problem is decomposed into a two-step problem, namely deducing the domain of upper and
lower bound by conflict graph method and location allocation for movable nodes considering
interference. Moreover, we design the Maximum Throughput algorithm for Optimal Posi-
tion (MTOP) based on the derived domain. Finally, we compare MTOP with conventional

heuristic methods and obtain analytical results.

4.3 Location domain of movable nodes

This subchapter presents the domain concept, which is a certain search region for mov-
able nodes considering the interference. And then, we prove the upper and lower bounds
invoked by the conflict graph. In addition, we provide algorithms for obtaining these two

bound values.

4.3.1 Concept of domain

Notice that general heuristic algorithms cannot obtain the resolution of MINLNCP. Our
idea is to explore a small enough domain and contain the optimal position assembles to
reduce redundant computation and improve search accuracy. Please refer to Table 4.2 for a

summary of additional notation pertaining to the Definitions and Propositions to follow.

Table 4.3 Notation used for definitions and propositions.

Parameters Description
g Domain, which represents the range of M* (p,,, ©,,)
Gupper Upper bound of the domain
Grower Lower bound of the domain
Dy Determination of upper bound range
Dy, Determination of lower bound range
? All profiles of movable nodes locations
G, (V. E) Communication graph
gV, €) Conflict graph
U Set of satisfying the upper bound
z Set of satisfying the lower bound
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Conforming to (14), the optimization problem is related to the variable M (p,,, ©,,),
which can be expressed in terms of distance functions Iy, ,, and [y, | ,,,. We define a domain

G as the desirable range of M ™ (p,,,, ©,,) which is the optimal locations, given by

1]
G=1{ Mp,, O cl|])Q=01n02,3(m;m;) <R,
=1

O1 =2 {m; (pi,65) |2, = 20m.p s Om, — 1) + 07, <13, PL(fi,ms) < R}
02 £ {mz (pi, ©;)

pgqi = 20m P (Qmi - 0fi+1) + p?”H_l < li+1,mi7¢2 (fir1,mi) < RC}
(4.15)
O1 and O2 denote circular regions with fixed nodes f; and f; 1 as centers, respectively.
Q; is the intersection of regions both O1 and 02, i.e., the movable range for m; on each link
fi = fix1. If the range of G can be determined, then it is easier to attain the approximate
optimal solution of (4.16) by using iterative approaches. However, G cannot be directly
resolved because of interfering interactions and the randomness of mobility. Hence, we
further define upper and lower bounds to obtain an interval to estimate the fetch space of G,
defined as follows.
Definition 2: In a limited two-dimensional circle C' with radius R, arbitrary fixed nodes f;
and f;,, transfer data packets by DF with diversity combining, then the set of all movable
nodes m; € M exist boundaries in the domain space, called as upper bound and lower

bound.

Upper bound:
[M]
Gupper = § M (Pry: Om) € U Qi ©,={01nO02NDy},Dy < R,
i=1 (4.16)
DU = arg max {@1 (fl, m1> ,@2 (fi-l-la TTLZ> ,@3 (TTLZ', m3>}
Lower bound:
|M]
gLower - M (Pm; Qm) c U Qz Ql = {Ol NO2N DL}yDL < Rc (4 17)
i=1 .

DL = arg min {@1 (fz7 mz) ,@2 (fi+17 mz) ,@3 (mi, m])}

Fig. 4.3 depicts the domain definition of movable nodes (blue area). It indicates that for
each mobile node m;, its active region Q; is the intersection of the feasible domains O1 and
02 generated by the two fixed nodes as circles. The blue area is the concatenation of all
active domains Q;. We analyze the successful reception of packets for the receiving node
at the dimension, physical interference model. For the physical model, the receiving SINR

should be greater than or equal to the threshold 5. We will evaluate the upper and lower
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bounds based on meeting this model. The outline for the rest of this section is as follows:

Fixed node Fixed node

.-’
R LT L

Fig. 4.3 Domain of movable nodes. (a) Upper bound; (b) Lower bound.

e Define the conflict graph based on meeting transmission mode, such that it guarantees
feasible communication under the physical and protocol interference models. This
conflict graph is more effective than the traditional graph to analyze the DF and ideal

transmission conditions in the extreme case.

e Develop propositions and algorithms that can achieve upper and lower bounds but
only require geographical information of fixed nodes. In the propositions, we derive

and prove the key properties of D;; and Dy, find the algorithm’ borders.

4.3.2 Lower bound

To characterize the interference at different positions for movable nodes and simultane-
ous conflict-free operation of links, we define a conflict set of locations graph (CSLG) model.
Note that a conflicting concept for the edge-based physical interference model is first intro-
duced in [28]. The author focused on the weighted degree of the directed graph to indicate
the interference and noise intensity. However, this model is only from the perspective of the
linear programming approach, i.e., two adjacent edges cannot share the same endpoint.

Further, [87] proposed the conflict set graph concept to characterize and measure the
interference degree. The fundamental difference between our CSLG and the conflict graph
of [87] is that our CSLG model schedules the locations to the movable nodes, while [87]
concentrated on allocating the number of slot times to each link. Compared with [54],
[87], CSLG considers the conflict condition based on SINR according to different locations.
Hence, in order to incorporate interference and obtain the bound range, we define the conflict

graph as follows:
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Definition 3 (Conflict set of locations graph (CSLG)): Within the limited circle space C,
we define the accessible profiles of locations for movable nodes M (p,,, ©.,,) as 2 =
{7‘1, T2, T35 -5 T|xR2] }, then m; (7;) denotes that node m; is at location 7;. Movable nodes by
assigning locations with fixed nodes together form a communication graph as G, = (V, E),
where V' is the set of movable nodes, m; (7;) € V, and edge E denote the existence of a

communication link between two vertices.

e A conflict set of positions graph (CSLG) ¢ (V, £), where the set of vertices )V denotes
the links in the communication graph (), and the edge £ means that if two vertices
conflict with each other, then they can be connected by an edge. Concerning the edge

&, the conflict property is present.

e Conflict: Let £ C V denote a set of vertices, given a vertex [ such that [ ¢ &, £ is a
conflict set of vertex [ if and only if C; = {£[SINR,; (£ U {l}) < 8 ,SINR, (&) > S},

where C; is the collection of conflict sets at one of location assembles (2.

Revisiting MINLNCP’s limitation in (4.16), we can assert that the ideal situation for mov-

able nodes is that there exists no location conflict that makes each node’s SINR less than the

threshold. In other words, itcouldmake P, {vs, 1., = B8} =1, P {vsm = 5}
M (P> Om)—=M"(py,; Om) M(py; Om)—=>M"(pyy,, Om)
land P, {vmi’ fir1 2 B} = 1 valid in this case. Therefore, the concept is transferred to

M(‘pmv Qm)—>M*(pm7 @'m)‘ o .
the conflict graph corresponding to the proposition that there are no occurring edges for each

vertex in CSLG. The domain of lower bound can be defined as follows.
Proposition 1: An allocation composed of assembles of locations is feasible for the lower

bound if and only if the following condition is satisfied:

- There’s no link between arbitrary two vertices for the set of positions assigned to mov-
able nodes, i.e., no edges existin 4 (V, £). For Vv, C V, Vv, C V,

T = {v1,v2 |SINR (v1,v2) = 5,01 - v2 } (4.18)

Proof. The lower bound can be obtained by searching all of the feasible locations for mov-
able nodes satisfying the SINR larger than threshold 5. Mapping to the CSLG means that
the in-degree and out-degree of vertices in the CSLG are both zero. Then, there’s no link,
and edges existin 4 (V, £). O

Proposition 2: The range for Dy, satisfies the following inequality,

DL < (DL)max

¥ (lfiyf'iJrl) 6% 4.19)

DLmax: 1
o) [MI(|M] =1) = 54
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Proof. For the node m;, the interference-to-signal ratio (ISR) can be expressed as

—4
[F]-1 g figa |M|—-1 @3(mi,m;)
k=1 DK 20 Zy 1, jzi DialC 20

ISR = —
P1(fi,m;)
Pk (25m2) (4.20)
Fl-1 M|-1 —4
< D2 (fryma) + ML @3 (ma,my)
h o1 (fla ml)
In order to ensure that transmit without conflict, ISR > 3’ then we have
[M]|-1 |F|—1
7 B3 (mimy) < BL(fima) BT — > D2 (frmy) (4.21)
j=1.j#i k=1
|M|—1
M| (|M] -1
%arg min {®3 (m;, m;)} < Y 3 (m;,m;) (4.22)
j=1,j#i
Due to @1 (f;, m;) — P2 (fi,m;) < ¢ (ly,.1,,, ), then the equality implies
|F|—1 |F|—2
S @1(fimi) — 2 (from)] < Y (L) (4.23)
k=1 k=1, ki

Since @1 (fi, m;) — D2 (fi,mi) < ¢ (ly, ,,,) and Dy, < argmin {&2 (f;,m;)}, Dy, can be
derived as )
Ly o 1
gp ( fz:fz+1) 54 - (424)
|M[(|M]| 1) — p1

]

Remark 4.3.1. The lower bound comes from the necessary condition: even though there
exist interferences among nodes in the communication graph, the optimal location in the
lower bound can guarantee SINR for each node larger than the threshold, i.e., no edges in
CSLG. For allocation locations to movable nodes, the domain can be repeated search from 0
to (Dy),... until any two vertices have no edges in CSLG. The lower bound calculation can

be executed iteratively as Algorithm 3.

4.3.3 Upper bound

Under extreme scenarios, we sometimes cannot discover the optimal location in the lower
bound due to the limitations of moving conditions or noise influence; that is, an outage can
occur. Then, we characterize this status that there exist location conflicts that make SINR
of someone less than the threshold, i.e., the edges can be allowed in CSLG. It implies that

the prerequisite of finding the optimal location for maximum throughput is to ensure two
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Algorithm 3: Lower bound calculation

1: input: Communication graph G, = (V, E), Geographical information of fixed nodes

¥ (lfivfijtl)’ (DL>max'
output: Gy e
for D, =0to (Dy),,, do
G <+ G, generates the domain of movable nodes locations.
¢ < G,integrates each link as a dot.
for arbitrary two vertices in 4, v; C V, v, C V do
7= {Ul,'UQ ’SINR (Ul,U2> < 6,1)1 — U2}
if 7T=0
then gLower — g
else
D;, =D + ADL, ADL = (D‘LJ\ZIH‘]Z”X
end if
13: end for
14: end for

15: return G0

D A A

—_
- O

_
»

aspects. On one hand, it is necessary to ensure the normal transmission of each DF link.
On the other hand, we also need to minimize the number of conflicting nodes in the conflict
graph. The domain of the upper bound could be designated as follows.

Proposition 3: An allocation composed of assembles of locations {2 = {7'1, T2, T3y ooy T\ R2) }
is feasible for the upper bound if and only if the following condition is satisfied:

- For the set of positions assigned to movable nodes, the upstream and downstream links
that contain the public nodes cannot influence each other in the communication graph
G'p. Assume the three connection nodes in the DF link, Vv, C V, Vv, C V,Vug C V
in G, = (V, E), the vertices can be denoted as v;vs € V, vjv3 € V, and vov3 € Vin ¥
respectively. Then, there’s no vertices v; C V' that make v;v;, v9v; and v3v; such that

U = {v1v5, 023, v30; U # @ }

U ={ul <p} NMu2<p} N {ud <p}

ul = SINR (v;v2, v10;) (4.25)
u2 = SINR (vqv3, v90;)

u3 = SINR (vyv3, v3v;)

Proof. According to the DF protocol, the premise for smooth transmission is that the DF
upstream and downstream communications do not conflict with each other; that is, they can
be transmitted simultaneously. Because if they are conflicting, it will produce data conges-
tion, resulting in a sharp decrease in throughput. Hence, note that the upper bound means
that there exist edges in CSLG ¢, but should ensure that DF transmits smoothly. Indeed,
the principle of obtaining an optimal location in the upper bound is that the less conflict, the
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better. The reason is that the more conflicting edges, the stronger the interference. Hence, we

should minimize the number of vertices that are not included in the adjacent DF links. [

Proposition 4: The range for Dy, satisfies

(DU)min < Du < (Dur) pay
V2
(DU)maX - RC
V2IM+1-1 (4.26)

PLK (1 i
Di) . — 20 ~ 90 1
0 argmax{ T (-] ’Q}

Proof. Consider the fixed and movable nodes connect to form a large lattice, which is located

in the limited circle. Let each side of lattice has n nodes, (n + ) > 2| M|+ 1, which means

the lattice contains all the nodes sets. The maximal side length of this lattice is V2R,, then

Re < V2
nDy < <V2 2R.. We can derive that Dy < \/_ \/m—l'
It should guarantee that the SINR for DF transmission both ~y;, r, . and 7, ., are larger

than the threshold, then we can obtain

4 i 4 i 4
No ' (lfi:fi+1> + i P (lfivfz‘ﬂ) + i ¥ (lfi’fi+1) <l
P K 20 0 (L sin) P2 (fip1,mi) ) B

k=i—1, ki k=i—1, ki
4.27)

No (92 (firr,mi)\" i D2 ( fir1,m;) ' = D2 (firr,m)\" 1
Pth< 20 )+ Z " Z (¢2(fi+1>mj)> <B

k=it ki \ ¥ (Lretinn) ST
(4.28)

Since P2 (fir1, my) < argmax {P2 (f;11,my)}, we simplify (4.27) and (4.28) to derive as

0l < argmax {P2 (fir1,my)} <

4 4 4
A l 1 lfz fz+1) 4 (lfi7fi+1) 2 (lfiyfi+1)
Ql - ( fi, fz+l 5 T P + l— + l—
tz ¥ ( fi—lvfi-kl) ' ( fi+17fi+1)
1
1 °( )
—_9 4+
(5 ) P KK\ 20 ¥ (lfi,fi+1)4]

Consider 7y, ,,,; also satisfies the above rule, it can be derived as follows,

Ng @]_(f“mz) 1 i @l(f“mz) 4 i (pl(fz;mz) 4 1
Pth( 20 >+ Z <Q§1(fk,mi)) " Z (@3(%7”’&;’)) gB

k=i—1, ki G=i+1, j£i
(4.30)

>

02

(4.29)
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then we obtain

P.K (1 i
20[ ;Vo (B —20>] < argmax{ D1 (fi,m;) , D3 (my, my) } 4.31)

Due to Dy > argmax {®2(f;11,mi)} and Dy > argmax {1 (fi,m;), 23 (m;, m;)},

hence, D;; can be derived as

P.K (1 i
Dy > argmax{ 20 { L <— — 20)] ,gl} (4.32)

No \p
0

Remark 4.3.2. As for the upper bound, it must be ensured that adjacent DF links cannot
conflict, i.e., there are no edges between each adjacent DF vertices in CSLG. In addition,
we update G by minimizing the number of conflict vertices that are not comprised in the
neighboring DF links. As illustrated in Algorithm 4, the upper bound calculation can be

executed iteratively.

Algorithm 4: Upper bound calculation

1: input: Communication graph G, = (V, E), Geographical information of fixed nodes
90 (lfi7fi+1)’ (DU)min and (DU>max'

2: output: Gypper

3: for DU = (DU)min to (DU)max do

4: G < (), generates the domain of movable nodes locations.
5: ¢ «+ G,integrates each link as a dot.

6: for Vv, C V, Vv, C V,Vus C V in a DF link at G, do
7: Generate vertices in ¢, viv, € V, viv3 € V and vgvg € V
8: if Jv; C V make vv;, v9v; and v3v; such that

9: {ul < g} ANMu2 <8N {u3 < B} #©

10: then

11: Dy = DUD—|— ADUD,

12 AD; = & U)maTM|( U)mm’

13: min {Zvl i}

14: else gUppe7‘ ~Gg

15: end if

16: end for

17: end for

18: return Gypper

In summary, we present the upper and lower bound range and calculation algorithm. It is
convenient to estimate and search the optimal locations of movable nodes for best through-
put. In the next section, we propose a new algorithm, the Maximum Throughput algorithm

for Optimal Position (MTOP), based on the upper and lower bounds to determine the optimal
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locations. Besides, we also introduce several conventional algorithms or proposed methods

as a comparison.

4.4 MTOP algorithm and conventional method

4.4.1 Maximum throughput algorithm for optimal position

Proposition 5: The optimal locations M* (p,,, ©,,) of movable nodes m; € M for the
best throughput T'h;, . must be located at the scope of the upper bound Giype, and lower
bound Gr.er areas.

Proof. As stated in (4.16), the limitation factors indicate that the range of domain G should
guarantee the transmission protocol regular operation. From the physical interference per-
spective, the SINR for fixed and movable nodes should be larger than the threshold 5. If
the link can transfer without conflict, i.e., there are no edges in CSLG, it must satisfy the re-
quirement of SINR. On the other hand, from the protocol interference viewpoint, Euclidean
distance between transceivers should be no less than the interference range and be no more
than the communication range. If the upstream and downstream links that contain the public
nodes cannot influence each other, then transmission data by the DF link is satisfied. All in
all, the upper bound Gy, meets the slight restrictions of (4.16). Moreover, the lower bound
Grower satisfies the severe restrictions. Thus, the optimal locations for system throughput

must be located at a range of the upper bound Gyyppe and lower bound G, areas. O

Remark 4.4.3. The optimal locations for movable nodes within the range of Gupper and
G Lower can significantly reduce the search coverage. From this, we propose a new heuristic

algorithm based on the upper and lower bounds, called Maximum Throughput algorithm for
Optimal Position (MTOP), which is clarified in Algorithm 5.

We describe the MTOP algorithm for constructing a feasible location-allocation as below.
In phase 1 (line 3-6), it initializes system throughput and optimal location. Specifically, the
MTOP performs proposing algorithms to calculate the upper and lower bound values. In
phase 2 (line 7-26), it generates initial locations by randomly selected in the G, and then
refer to simulated annealing algorithm [89] to determine the optimal locations M g for each
G. Here, we set the initial temperature 7;,; as 1000 to maintain accuracy, and configure the
number of iterations x as 100 considering the computation cost.

Finally, in phase 3 (line 25-38), with the search area slowly expanding, it compares old
and new throughput values that are newly generated from optimal locations. If the new
throughput is larger than the old value, it updates the optimal throughput and continues to
expand the search range G, where we define AG as a per expansion area. Otherwise, it is
out of the loop and no longer enlarges G. There are two reasons as follows: i) considering

the expansion of the search range and computing costs rising sharply, we make a trade-off
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Algorithm 5: Maximum Throughput algorithm for Optimal Position

input: Geographical information of fixed nodes ¢ (l firfi +1)
output: Optimal locations M, Maximal throughput T'h},
Grower < ¢ (Ls, 5., ) execute Algorithm 3.
Gupper < ¢ (L4, 1,.,) execute Algorithm 4.
Initialize throughput solution T'h,s = 0.
Initialize optimal location M ™ = .
for G = GLower 10 Gupper dO
M g <+ M Generate initial locations by movable nodes randomly selecting in G.
Set initial status S, temperature 7},,; = 1000, T i, = 1.

for T’ =1T;,; to T, do

for x = 1to 100 do
: Generate a new position allocation M .., = M + AM, where AM is the new
location G.

13: AT hsys = Thsys (M yewy) — Theys (M)

AThsys
— )

R AN A S > e

—_— =
N =2

14: Compute acceptance probability 7" = exp <

15: Draw a random value ¢ € [0,1].

16: ify)y<Tthen M + M,.,,k =k+1
17: else

18: Update M < M.

19: Update temperature parameter 7' <— 7" — 0.001 x 7.
20: end if

21: if Thgys (Mg) < Thgys (M) then

22: Update Mg <+ M.

23: end if

24: end for

25: end for

26: return Mg

27: if Thyys (Mg) > Thgys (M™) then

28: AD = %

29: AG +— AD

30: G§=G+AG

31: M* Mg

32: Theys ¢ Theys (Mg)
33: else break;

34: end if

35: end for

36: return M~ (p,,, ©,,)

37: Construct locations allocation: allocate the optimal locations for all movable nodes
m; € M according to M (p,,, ©p,).

38: return T'h}

sYs
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to ensure lowest complexity and highest accuracy; ii) the lower bound we derived could
guarantee that the optimal value with a high probability locate within its range. In that
case, the worst case is that the search area is expanded until it reaches Gpper. Obviously,
compared with searching directly in the upper bound range, MTOP ensures the accuracy
with the lowest computational cost.

If there are no movable nodes between fixed nodes, our proposed algorithm (MTOP) will
not be executed. In addition, we do not specify node types because there are already many
predefined fixed and movable nodes in this model, i.e., we do not need to select and assign
which nodes are fixed or movable. In this research, we care about moving these movable
nodes at the given PPP distribution case of nodes. If there are more than one movable nodes
in the same location, then the selection strategy is based on social routing with the MTOP.
If several users are satisfied according to social routing, then choosing one of them will not
affect the result. Because according to the harmonic mean method, the best result can be

achieved by selecting one of the users as the relay.

4.4.2 Conventional method

Many conventional heuristic algorithms estimate and attain approximate optimum or sub-
optimum for dealing with NP-hard problems. Specifically, simulated annealing (SA) is an
effective and general algorithm for solving NP-hard problems, widely applied in engineering
optimization problems. The SA algorithm starts from a specific high initial temperature. It
continues to iterate with the continuous decline in temperature parameters until the optimal
solution is found by setting termination conditions [88]. During each cooling iteration, the
Metropolis criterion is used to determine whether or not to accept the new solution as the
optimal solution. However, the SA algorithm obtains the optimal solution concerning the
Metropolis criterion [89].

In many cases, the optimal solution is unstable. In other words, a suboptimal solution is
often found out as a result. Essentially, SA is a stochastic optimization algorithm based on
the Monte Carlo iteration strategy to be treated as a comparison with the performance of our
proposed MTOP.

In our previous work [34], we proposed an interaction position game (IPG) and inves-
tigated the Spatial Adaptive Play (SAP) algorithm to work out the optimum. In this game,
we employ cooperative behavior among movable nodes instead of assuming selfishness as
the traditional game model. Compared with the SA algorithm, this game theory method
could achieve lower computation cost and higher throughput performance. Nevertheless, the
SAP algorithm costs excessive communication overhead. In practical application, the SAP’s
overhead and computation costs are not in line with actual current traffic and do not meet
users’ requirements. Some researchers proposed an intuitive method to be close to engineer-
ing applications: the helper node moves to the middle position between the transmitter and

receiver in a link. It has been verified in [91], [33], to be capable of improving through-
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put in one movable node system. However, the throughput performance of this method is
insufficient in the multi-user mobility communication system. Thus, we compare the SAP
algorithm and intuitive method with MTOP to interpret the performance variance.

Overall, in the next simulation results section, we compare the performance of the fol-

lowing algorithms:
(1) Intuitive Method (IM) [91], [33].
(2) Simulated Annealing (SA) [89].
(3) SAP algorithm of IPG (SAP) [34].
(4) Maximum Throughput algorithm for Optimal Position (MTOP).

(5) Exhaustive global search (ESG).

4.5 Simulation and numerical results

4.5.1 Simulation scenario

In our simulation experiments, we set the radius R, of limited circle space as 150m for
matching with real-life scenarios, such as high-traffic malls, parks, or squares. Each movable
node has four directions (east, west, south, and north) to move, and the per-unit step is 1m.
We define the mobility speed as 1.5 m/s, which is the ordinary pedestrians’ average speed
without generality loss. Our approach aims to find the best locations by the MTOP algorithm
for movable nodes to maximize system throughput. Thus, different mobility speeds alter no
more than the convergence time to achieve the optimum. In other words, mobility speed only
changes the time for movable nodes to reach the optimal location, but it does not influence
the throughput performance results.

A, which is the average number of fixed nodes per unit area, i.e., a parameter for the
degree of sparsity, impacts system throughput [81]. The number of fixed nodes |F| is twice
JF| = 2|M|. As A = 1.5 x 1074, |F| = 10, |[M| = 5,
and as A = 7 x 1074, |F| = 50, |M| = 25, respectively. We simulate the different values of

the number of movable nodes |M

|F'| and | M| to evaluate these algorithms’ performance.

Concerning the wireless communication configuration, we employ IEEE 802.11g as the
communication standard and UDP as a transmission protocol in NS3. We set the path loss
exponent as 4.00 due to the shadowing effect, and the wave frequency as 2.4 GHz. To verify
the different performances of different SINR thresholds for these algorithms, thus we set two
values, 24.56 dB and 10.79 dB [90]. The detailed parameter configuration is given in Table
4.3.
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Table 4.4 Parameter values for simulation.

Parameters Value
Radius of limited circle space, R, 150 m
Communication Standard IEEE 802.11g
Transport Protocol UDP
Path loss Exponent () 4.00
Mobility Speed 1.5 m/s
Maximum transmission power 10 dBm
White Gaussian Noise (/Ng) -90 dBm
Wave Frequency 2.4 GHz
Bandwidth 2 MHz
SINR threshold () 24.56 dB, 10.79 dB
Number of fixed nodes (| F'|) 10, 50
Number of movable nodes (|M]) 5,25

4.5.2 System throughput

We first verify the distribution of positions of fixed nodes with different Poisson densities.
Fig. 4.4(a) and Fig. 4.4(b) illustrate sparse distribution at the different number of fixed users,
|F| = 10, |F| = 50. By comparing these two figures, we can see that the smaller the value
of |F|, the sparser the distribution of fixed nodes. In addition, there are some fixed nodes
around AP (red triangle), and the nodes far away from AP increase with the number of
nodes. This indicates that our preset expectation function E (I, ;] is fixed and computable

in (4.4). From this, the geographical distance information of fixed nodes ¢ (l i, ) also can

fit1
be calculated.

In the following throughput comparison figures, the X-axis denotes the number of iter-
ations, and the Y-axis denotes the system throughput values. We compare the throughput
performance of five algorithms, which contains MTOP, SAP, SA, IM, and ESG, under dif-
ferent |F'| and | M| in Fig. 4.5. It can be noted that the performance curves, both IM and
ESG, are all straight lines. For IM, the positions of movable nodes are located at the middle
position between each transceiver, so the number of iterations is just one. Regard to ESG,
we only perform a global search once and do not care how it loops internally. Therefore, the
throughput remains unchanged after one iteration.

We can note that the execution of MTOP can obtain the best throughput value that is
close to that of exhaustive global search (ESG) in these two figures. The optimal obtained
by MTOP is theoretically expected to be equal to the ESG value. However, since MTOP
has numerical round-off errors during the iterations of the simulation, the figure shows the
approximation to the ESG value. By analyzing the throughput value, the highest throughput
by execution MTOP is 2.51 Mbps that occurred in Fig. 4.5(a) as |M| = 5, |F| = 10. The
reasons are as follows: i) lower throughput benefits would be attained through cooperative
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Fig. 4.4 The positions of fixed nodes obey a Poisson point process (PPP) in the circle with
different | F'| values: (a) |F'| = 10; (b) |F'| = 50.
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Fig. 4.5 MTOP, SAP, SA, IM, and ESG under different |M/| and |F'| with 3=24.56 dB: (a)
|M| = 5, |F| = 10; (b) M| = 25, | F| = 50.
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mobility due to larger multi-hops and interference, which are caused by larger number of
nodes; ii) the harmonic value of system throughput ensures that the benefits are stable when
the proportion between fixed and movable nodes unchanged. We also note that the perfor-
mance of SAP is lower than that of MTOP. The reason is that MTOP limits the range of the
optimal solution to the upper and lower bounds of the derivation by partitioning, and then it-
erates over each small block to obtain the optimal solution. Compared with the game method
of SAP, MTOP has the characteristics of fast search speed and greater accuracy in large-scale
user scenarios, so its performance is better. Compared with IM, SA, and SAP, MTOP per-
forms better than the former three algorithms and improves the maximum throughput ratio
by 298.81%, 37.91%, and 23.04% in Fig. 4.5(a).

Moreover, the number of iterations MTOP is the smallest among these three algorithms
(SA, SAP and MTOP). The number of iterations for all algorithms rise up as | M| increases,
because it should calculate more location options for movable nodes, and loops boost in
MTOP algorithm operation. The minimum of number of iterations for MTOP is 120, and the
minimum ratio of MTOP to SA and SAP is respectively, 37.5% and 15.38% in Fig. 4.5(a).
Specifically, these two figures are summarized two key statements: i) the performance of
MTOP is much better than SA and SAP in terms of throughput and iteration times; ii) the
larger number of nodes would decrease the throughput and increase iteration times.

With the purpose of illuminating the effect of SINR, the throughput comparison of the
MTOP algorithm under different |F'|, |M| and SINR is shown in Fig. 4.6. We simulate
four cases to clarify the relationship between number of nodes and SINR threshold. This
F| = 10,
and § = 24.56 dB. The performance on throughput can be divided into four levels. The

figure depicts that the best throughput performance is 2.51 Mbps as |M| = 5,

first and second level is as | M| = 5 and |F'| = 10, because the small number of nodes and
multi hops, the throughput attenuation and interference caused by performance anomaly are
reduced, which makes the throughput larger.

As far as different SINR thresholds are concerned, it can be noted that the throughput of
B as 24.56 dB is larger than that of 5 as 10.79 dB. Because the SINR sensed by the receiver
must exceed the threshold [ to transmit successfully; otherwise, it causes an outage. Then, if
the SINR determination criterion is raised, the link can maintain a higher transmission rate.
Therefore, the transmission rate with § = 24.56 dB is higher than that with g = 10.79 dB.

The ratio of iteration numbers maximum to a minimum is 5.72. The larger of |M| and |F’

’

the more iterations are required.

4.5.3 Computation cost

In this section, we evaluate the convergence behaviors with iteration numbers and compu-
tation cost in MTOP, SAP, and SA under different |F'| and |M/|. The cumulative distribution
function (CDF) of the iterations converging to the maximum is shown in Fig. 4.7. In this

figure, X-axis denotes the number of iterations, and Y-axis denotes the CDF of convergence.
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Fig. 4.6 The throughput comparison of MTOP algorithm under different |F'|, | M | and SINR.

Here, we set the SINR threshold for each receiver as 24.56 dB.

We can observe that the curve of convergence speed of MTOP ascends significantly more
than the other two algorithms (SA and SAP) with the increment in the number of iterations.
Notably, as the increment of || and | M|, more iterations are needed to achieve convergence.
The reason is that larger number of nodes would enlarge the computation of Grrpper and
GrLower for the MTOP algorithm with the number of fixed nodes increasing. In Fig. 4.7,
compared with SAP and SA, the maximum convergence rate ratio of MTOP is increased
by 2.63 and 4.80 times. With the growth of |M|, the gain of convergence rate from the
MTOP algorithm is more noticeable. The detailed proof can be referred to as Lemma 2 in
the analytical result section.

Turning to computation cost, the histogram Fig. 4.8 illustrates the comparison of com-
pletion time for MTOP, SAP, and SA under different | F'| and |M|. The CPU configuration of
the simulation computer is Intel (R) core 17-8700 3.20 GHz. It is noted that MTOP costs the
minimum completion time in these four cases compared with SAP and SA. The time com-
plexity analysis and proof can be referred to as Lemma 1. The minimum completion time
of MTOP is only 3.75 seconds and 7.838 seconds. For SAP, the completion time is 6.875
seconds and 18.38 seconds according to the X-axis order. Similarly, the completion time of
SA is 11.88 seconds and 26.49 seconds respectively.

We can especially find that as the values of |F'| and |M| scale up, the completion time

ratio of SA and SAP to MTOP becomes increasingly higher. It means that the performance
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benefit from the MTOP algorithm is more significant with the raising in the number of mov-
able nodes |M|. According to the qualitative perspective analysis, this is because the search
domain of valid and feasible locations diminishes after we execute lower and upper bounds.
For the quantitative proof, please refer to Lemma 2. The result shows that compared with
SAP and SA, MTOP algorithm reduces the most computation time by 44.12% and 237.97%,
F| = 50.

respectively, as | M| = 25,

4.5.4 Overhead

In addition to deliberating the throughput performance and computation cost in the exist-
ing communication system, we also need to calculate the communication cost, i.e., commu-
nication overhead, in the process of algorithm execution. The comparison of communication
overhead among MTOP, SAP, and SA is depicted in Fig. 4.9. In this figure, X-axis denotes
the computation cost of the algorithms. Y-axis denotes the percentage of redundant data
in total transmission data. We define the percentage of redundant data in total data as the
evaluation index of overhead. In general, each packet contains redundant and valid data in-
formation. Redundant data refers to the center’s control information, mobile users’ location
information, and mobile users’ adequate policy information. The communication overhead
is the sum of the redundant communication data during the entire algorithm execution. If the
percentage is higher, the algorithm will consume more overhead. Hence, this value reflects
the algorithm costs during the control center, executing algorithms.

Fig. 4.9 illuminates that the proportion of redundant information becomes smaller and
smaller to zero during completion. For MTOP, the reason is that the strategies and locations
information required by the algorithm is decreasing until Gypper and Grouer are finally cal-
culated. Similarly, for SAP and SA, the required locations information continuously drops
off until they achieve the global or local optimum.

In Fig. 4.9, we can detect that communication overhead represents the area around the
curve and X-axis, which is the integration of curves. The communication overhead of MTOP,
SAP, and SA is 18.916, 69.956, and 30.291. Then, it can be obtained that after three algo-
rithms execution, the communication overhead of MTOP is 72.96% lower than SAP, and
is 37.55% lower than SA. The reasons are following: 1) MTOP reduces the search domain
based on the upper and lower bounds, then the transmission data only contains slight ge-
ographical location information of fixed nodes; ii) for SAP, it should cover the opponent’s
available strategies and action information, and then meet Nash equilibrium; iii) for SA, it
iterates under the defined temperature and the decision function. Therefore, MTOP only re-
quires less redundant data than SAP and SA, resulting in less communication overhead to

achieve optimal throughput performance.
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Fig. 4.9 The comparison of communication overhead among MTOP, SAP and SA with
|M| = 25 and |F| = 50.

4.6 Analytical results

In this section, we quantitatively demonstrate the running time of SAP, SA, and MTOP
through mathematical analysis. We derive and prove the following lemmas to verify and
validate the correctness of the complexity simulation results.

Lemma 1: In terms of complexity, the running time for SAP, SA and MTOP are as follows:
_ SAP: O [\M|2 (RLM' + Rg)}
- sa:0 (107 52M)
- MTOP: O [L |M[* (D} + D3) + | M|* R'™]

where R’ is length parameter of the final domain, D;, < R'<Dy and D;, < Dy < R..

Proof. Refer to [26], the SAP algorithm exchanges and collects information about oppo-
nents’ strategies. Each node calculates the utility function overall its available actions with
strategies information received from opponents until Nash aquarium and the predefined it-
eration is reached. The time complexity of the SAP algorithm consists of two components,
one is the iteration of the choice within the circle radius O (\M |? R'cM|), and the other is
the iteration of the individual nodes according to the range of the circle area O (\]\/[ ]2 Rg)

Therefore, the running time for SAP is O [\M ]2 (Rch| + RE)} As for the SA algorithm,
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the complexity is O [RQ‘M| (Thax — Tmm)5] , where 1},;, and T,,,, denote the maximum and
minimum temperature, respectively. In our simulation, in order to guarantee the accuracy,
we set the value of (Tiax — T, min)S as 10°. Hence, the time complexity of the SA algorithm
is 0 (10°- BZM).

Consider MTOP can be divided into three phases. In the first phase, the complexity of
upper and lower bounds calculation is O (3 [M|* D) and O (1 |M|?* D?). In the second and
third phases, the total complexity is O (]M |2 R'M |) , where R’ is length value which is related
to the final domain. So, the time complexity is O [(L |M|* (D% + D2) + |M|* RM)]. O

Lemma 2: The descending order of algorithm complexity is that SA > SAP > MTOP. In
addition, with the increase in the number of movable nodes ||, the performance benefit

from MTOP algorithm is more obvious.

Proof. If |[M| = 1, the time complexity for these three algorithms are respectively, O [(R. + R?)],
O (10°- R?) and O [ (4 (D? + D?) + R')]. Because D, < R’ < Dy and D, < Dy < R,

it is noticeable that the time complexity of MTOP is smallest, and the algorithmic complexity

of SAP is much less than that of SA.

If [M| > 2, we define the complexity ratio as follows,

0 [\ME (RLM' +R§>}
0 (105 : RE'M‘)
O[(3IM[* (Df + D}) + |MJ* RIM)]
0 (105 : RE'M')
O [(§|1M[* (DE + D?) + [M]* RIM))]
0 [|M|2 (R‘CM‘ +R§)]

m=

(4.33)

where 71, 12 and 13 denote the complexity ratio of SAP to SA, MTOP to SA and MTOP
to SAP. It can be noted that as |M| — oo, the time complexity of SA grows exponentially
faster than that of SAP and MTOP, so lim 7n; = 0 and lim 7, = 0. Due to R’ < R.,

derive 73 < 1 and lim n3 = 0. Obviously, the MTOP has the highest performance benefit

M|—o00

as |[M| — oc. O

4.7 Summary

In this chapter, we illustrate the multiple user cooperative mobility system in an ad hoc
network. Firstly, we utilize the Poisson point process to present the features of fixed nodes
positions. From this, we employ the DF transmission protocol to formulate a system through-
put maximization problem, which is a mixed-integer with a non-linear and non-convex prob-

lem. After that, the lower and upper bounds are defined to delineate the domain scope.
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Furthermore, CSLG is proposed to clarify and calculate the values of these two bounds.
Specifically, we propose the MTOP algorithm to obtain the optimal locations for movable
nodes. The simulation results show that compared with IM and SA, the throughput of MTOP
is increased by 298.81%, 37.91%, respectively. Compared with SAP and SA, MTOP reduces
the computation cost by 44.12% and 237.97%, respectively; Besides, the communication
cost of MTOP is reduced by 72.96% and 37.55%. It demonstrates that MTOP is a practical
algorithm for improving system throughput and reducing computational costs and overhead

in practical applications.
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Chapter 5

Effective Collaboration to Maximize Throughput in
Social-Physical Ad hoc Networks

5.1 Related work

With the widespread popularity of various ubiquitous mobile and wearable devices in
the IoT context, choosing such a device as temporary relay may lead to data integrity and
privacy concerns. The peer-to-peer relay selection process is crucial for D2D-assisted 10T
operations. At present, social attributes have also become a non-negligible factor in IoT
design since [oT device users’ behavior will significantly affect performance. As the un-
derlying driver of the social attributes among users, intimacy is consequently becoming an
essential measure of social networks’ stability [58]. Therefore, it is important to construct
network architectures that can simultaneously satisfy demands for high QoS, high intimacy,
and strong link reliability in existing networks.

Traditional research has focused on increasing bandwidth, enhancing transmission power,
or improving the efficiency of medium access control (MAC) layer communication protocols
to increase system throughput [59]. Unfortunately, these schemes always require high con-
sumption of infrastructure resources and rarely consider social attributes such as intimacy.
To date, researchers have presented several mechanisms of relay selection with comprehen-
sive consideration of both social demands and throughput. M. Zhang et al. [60] proposed
a socially aware relay selection mechanism based on optimal stopping theory, which pro-
vides a significant throughput gain compared with the direct transmission method. Pan et
al. [61] introduced a distance-based relay selection mechanism that considers only differ-
ent relay locations within a certain proximity. In regard to social-trust and physical-based
integration schemes, Fang ef al. [62] demonstrated that a hybrid scheme outperformed the
methods of [63] and [64] in most scenarios. Furthermore, He Zhang et al. [65] proposed a
joint social-physical relay reselection mechanism based on [60] and proved that the proposed
scheme achieves a trade-off between the selection time and sufficient data traffic. However,
for most of the above methods, only time-division multiple access (TDMA) communication
systems, with a high selection time and poor throughput performance have been analyzed.
Currently, an effective collaboration scheme that can achieve both high throughput and a low
relay selection cost in practice has not yet been proposed.

The differences between this thesis and related work are highlighted [60]-[65]. The re-
lated work on relay selection schemes are summarized in Table 2.4. The previous schemes

can be classified into three categories. Category I corresponds to the intuitive method [63],
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Table 5.1 Summary of work related to relay selection schemes.

. . Good
Relay selection scheme Category H.lgl.l social throughput Ad hoc Low c.o m
intimacy network plexity
performance
Intuitive method [63] Category | X X X v
Social-trust-based relay Category TI v « « v
selection [60]
Physical-based rela
yselection [61] y Category 11 X v X X
Hybrid social trust and
physical relay selection Category III v v X X
[62], [64]
Social-physical rela
reselIZ: ci/ion 65] y Category III v v X X
Our work Category 111 v v v v

while category II contains schemes based on only social trust [60] or only physical consid-
erations [61]. Category III comprises a hybrid scheme [62], [64] and a reselection approach
[65] in the social-physical layers. In the following, we explain the distinctions among these
related work.

In the intuitive method [63], a mobile relay moves to the midpoint location between the
source and destination users for each link. This method can yield only a minor through-
put gain, but it is widely applied in practice due to its low complexity. Social-trust-based
relay selection [60] and physical-based relay selection [61], are extreme methods that con-
sider either only social intimacy or only throughput for optimization. Consequently, their
practicality is not high because of the excessive relay selection time. On the basis of [60]
and [61], some researchers have comprehensively considered the interactions between so-
cial trust and user transmission distance to propose hybrid schemes [62], [64] and a relay
reselection scheme [65]. Unfortunately, these methods are applicable only for cellular net-
works and the time cost of relay selection is prohibitive. In contrast to the existing works
described above, our work focuses on social-physical ad hoc networks, aiming to achieve

optimal throughput performance with high social intimacy and low complexity.

5.2 System model

In this subchapter, we construct a social-physical dual-layer model and then analyze the

channel model and interference.

5.2.1 A social-physical dual-layer model based on multiuser cooperative mobility in an ad

hoc network

As shown in Fig. 5.1, we consider a multiuser cooperative mobility setting consisting

of two layers, social and physical, deployed in an ad hoc network. In the physical layer,
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Fig. 5.1 A social-physical dual-layer model based on multiuser cooperative mobility in an
ad hoc network.

the data flows between the AP and fixed user devices (FUDs) pass through relay user de-
vices (RUDs) via D2D communication, for which the RUDs are selected from among the
mobile user devices (MUDs). For ease of notation, we define H = {1,2,...,|H|} as the user
set that comprises both the FUDs F = {f;|1 <i < |F|,i € N} and the MUDs M =
{m;|1 <i<|M|,i € N"}, where |F| 4+ |M| = |H|. Meanwhile, the MUDs include both
0<i< ]fi ien}
,iEN},whereM — RUTR and

RUDs and nonrelay user devices; the former are denoted by R = {ﬁ-

ogig‘ﬁ

and the latter are represented by R = {ﬁ

|M| = )ﬁ‘ + ‘ﬁ’ Given user privacy concerns, the number of relay nodes requested by fixed
users should be as small as possible to ensure data integrity and prevent privacy disclosure.
F|= ‘ﬁz).
The mobility area of the MUDs is a limited circular area, with a maximum radius of L.

To this end, we assume D2D pairs consisting of only one RUD and one FUD, i.e.,

To facilitate the analysis of system throughput, we consider the uplink data sent by both
the FUDs and MUDs to the AP while all links are saturated as the basis for the throughput
calculation. Based on this consideration, the system throughput is defined as the data rate
per unit time of the entire D2D communication system, i.e., the amount of data received
by the AP per unit time is equal to the harmonic mean transmission rate of all users [34].
Therefore, the objective of optimal relay selection and multiuser cooperative mobility for
enhancing throughput can be characterized as maximizing the effective transmission time
and SINR by considering mutual interference.

Additionally, each device can be mapped from the physical and social layers and con-

nected to form a social network through social links. In the actual social layer, people in-
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teract through human habits, speech, and social ties. Here, the existence of each social link
is determined on the basis of intimacy, which is an objective factor for judging the degree
of likelihood of interaction between persons. We assume that this social intimacy infor-
mation is known before transmission by using the system model. As for the measurement
method, in real life, we can measure the intimacy according to the number of connections
between users, the amount of data transmitted or the duration of connections. To represent
the detailed information on the intimacy among users, we leverage a social graph, defined
as Gy, = {H,S}, where S represents the intimacy values. Specifically, we introduce an
intimacy matrix § = (Sr{, SQT, o Sﬁﬂ) e RIFIXIHI where each row vector has the form
Si = (Si1sSigs s siym) € RV € {1,2,...,|H|}, with s; ; denoting the social trust

value between user ¢ € # and another user j € H\ {i}. Here, s, ; is defined as

si; € (0,1],if 7 and j have social trust, 5.0)
s;; = 0, otherwise.
where s;; = 1 represents that a user completely trusts him- or herself. In reality, a reliable
social relationship can be established only if the intimacy reaches a certain value. In other
words, if s; ; is larger than a predefined threshold 5, then a stable social connection link can
be established between the two corresponding users.

The application scenario for this model is briefly described as follows. Due to the dis-
tance from the AP or poor channel conditions, the transmission performance of many FUDs
may be low. Particularly, such lower-rate nodes can seriously affect the system throughput
according to performance anomaly theory [92], making it challenging to meet users’ typical
QoS requirements. Meanwhile, for work or travel reasons, some MUDs may need to move
closer to the locations of FUDs. Consequently, these FUDs can ask some of their friends,
1.e., MUDs that are friendly to them, to act as relays to transfer data traffic via D2D technol-
ogy. In line with a common trend in many previous system control mechanisms [93]-[95],
to enable accessible analysis and exploration of the system performance limits while gaining
useful insights, we hypothesize that there exists a virtual controller in the AP that can control
the actions of the RUDs and track the location information of each user. This controller is
capable of running the proposed relay selection scheme and mobility algorithms. In addition,
a summary of the intimacy information between users will also be provided to this controller
to support overall decision-making.

It is well known that the signal interference between users can seriously reduce through-
put performance and channel utilization. A promising way out of this gridlock is successive
interference cancellation (SIC) [96], which enables the decoding of collided or superposed
signals due to interference. Specifically, in the SIC mechanism, the signal can be success-
fully decoded as long as the SINR of the receiving user is above a certain threshold. In our

model, the SIC technique is deployed to combat conflicts arising in multipacket reception
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among different users. Additionally, the instantaneous channel state information (CSI) of
the users is unknown to each user, but we assume the statistics of the users’ channel gains
can be obtained [97]. Therefore, the channel gain can be calculated, and the CSI is assumed
to be known at the D2D transmitter. Each of the user devices is equipped with a single
omnidirectional antenna.

In general, consideration of dynamic elements, including locations and social states of
users, is crucial for ensuring the reliability of such dual-layer network. Therefore, solutions
that focus exclusively on network throughput are not always aligned with high reliability,
which, as mentioned above, is critical for the robustness and operational stability of ad hoc
networks. A reliability parameter is defined as being equal to the Cartesian product of the
social intimacy and the probability of successful transmission. Specifically, we characterize

the following features to formulate the optimization problem:

e Relay selection scheme: RUDs are selected from among MUDs on the basis of high
social intimacy and a low selection time. In other words, the optimal relay requires the
shortest time consumption for selection while guaranteeing the validity of the social
link.

e Multiuser cooperative mobility strategy: The best throughput performance is achieved
through the joint mobility of the mobile RUDs when the interference is minimized and
the SINR is maximized.

e Optimization constraints: The optimization problem should be constrained in three
dimensions, namely, the existence of a social link (high intimacy), the existence of a
physical link (high SINR) and the link of reliability.

Since the data stream is saturated, frame conflicts have less impact on the results accord-
ing to the definition of the harmonic mean throughput and the SIC decoding mechanism.
From an operational standpoint, in this chapter, we are not concerned with the time assign-
ment MAC frames or multipacket allocation; instead, we focus only on the selection and
placement of the RUDs and on the interference among users. Additionally, this model con-
siders only the dynamic changes in throughput before and after the relays’ movement and
ignores the data loss due to mobility, i.e., the time consumed is assumed to be short enough

that the impact of mobility speed on the final throughput is negligible.

5.2.2 Channel model and interference analysis

Given that the application scenario of interest will mainly arise in a plaza, park or other
large meeting place, the wireless model used is the independent Rayleigh fading model.
Under the assumption that the instantaneous channel gain H includes the Rayleigh channel

fading coefficient, the received signal can be expressed as
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Y=PHX +ng (5.2)

where X is the transmitted signal, P, is the received power, and n is additive white Gaussian
noise (AWGN) following a Gaussian distribution A/ (0, Ny). The received power P, is given
by

P.=PKd“ (5.3)

where P, denotes the transmission power; K is the shadowing constant, which can be calcu-
lated from the CSI statistics; d, denotes the distance between the transmitter and the receiver;
and o represents the path-loss index.

In this case, the envelope of the received signal Y will be Rayleigh distributed with the
following probability density function (PDF):

2y y?
F = e (~4) w20 (5.4

where () is the average received power determined by the path-loss and shadowing effects.
Hence, the received power P, will be exponentially distributed with mean €2, where (2 =
E (P,). According to (2)-(4), the signal received at RUD 7, 7; € R, is then given by

(> :HAP,F,-\ / PApKngfﬁ_(L’Ap—F Hij?” / ijKd;’L?,ﬁxmj -+ Un (55)

where Hapz denotes the channel fading coefficient from the AP to RUD 7;; Pap is the trans-

mission power of the AP; dapy; is the Euclidean distance between the AP and RUD 7;; and
zap 18 the signal from the AP with unit power. In particular, H,,; 7/ P, K d;‘;‘ﬁ T, TEP-

resents the interference signal from m; to 75, where m; € R U R\ {7}. Additionally, the

received SINR at RUD 7; can be expressed as

|Hapr,

2 —a
P Kdog -
2 —
Hmm| P, Kd, - + 10

(5.6)

VAP —

ij ERUR\{7:}

Similar to (5), the signal received at FUD f;, f; € F, is given by

Y, :Hﬁ,fi\ / PﬁKd%?éfl.fEa—F Hmj,ﬁ‘\ / ngKdT_n(:,ﬂxmg + ng (57)
Accordingly, for the received SINR at FUD f;, we have

2 —
| Hi, g |” Pr Sd2y
D -
Hu g.|" P, Kdm?,fi + "o

Vrinfi = (5.8)

2 omeRUR\(R)

In accordance with the SIC decoding mechanism, the SINR at any D2D receiver, includ-
ing both RUD 7; and FUD f;, should be greater than 7, which is the threshold for allowing the
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signal to be decoded correctly. In the next section, we consider these constraints regarding

the social trust, physical SINR, and reliability to formulate an optimization problem.

5.3 Relay selection with multiuser cooperative mobility for throughput max-

imization under link reliability

In this chapter, we formulate the problem of maximizing the effective system throughput
based on an optimal relay selection scheme and an optimal multiuser cooperative mobility

strategy.
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Fig. 5.2 Mathematical model. (a) Data transmission topology model; (b) Illustration of
amplify-and-forward (AF) relaying mode.

Fig. 5.2 shows the mathematical model describing the transmission topology and the
amplify-and-forward (AF) relaying mode. Let uz; and uy, denote the position coordinates of
an arbitrary RUD 7; and FUD f;, respectively, where u;; is treated as a variable and uy, is a
constant. The distance between 7; and f; is expressed as Dy, r, = ||us — uy, ||, which can be
treated as a function of the variable uy € U, where U is the set of position coordinates of the
RUDs. Furthermore, we define the set of the distances between the RUDs and other users as
D2 {(DARﬁa Ds.1, Diim;) )ﬁ €R,f; € F,m; € RUR\ {ﬁ}} Once the distance set
D has been calculated, the set of RUD position coordinates U is also uniquely determined.
Therefore, in the following analysis, we simply use the distance set D to represent the RUD
position coordinates U for brevity. To better represent the selection of RUDs from among
the MUDs, we introduce an indicator function w (m;) € §2 defined on the set M, m; € M:

Lifm; € R,

~ 59
0,ifm; € R . 5:5)

w(m;) =
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where §2 is the set of indicator function values. In addition, we give a detailed lists of the

notations for the main sets and parameters in Table 5.1.

Table 5.2 List of main sets and parameters.

Notations Descriptions

F The set of fixed user devices (FUDs)
M The set of mobile user devices (MUDs)
R The set of relay user devices (RUDs)
S The set of intimacy values between users
U

D

02

Si,j

T

The set of position coordinates of the RUDs
The set of distances between the RUDs and other users
The set of indicator function values
The social trust value between user i € H and j € H\ {7}
The random variable of contact durations

Reyr The effective data transmission rate

Tery The effective transmission time
Dy The probability of successful transmission within 77 ¢
P The link reliability

Thgys The system throughput

According to [98], the AF relay mode has a greater array gain and a lower cost and
complexity than the decode-and-forward (DF) mode for the same diversity gain. Here, to
ensure high practicability, we adopt the AF mode to achieve cooperative diversity in our
system model. Additionally, we assume that the transmission power Pxp from AP to each
RUD is the same and that all nodes also have the same transmission power F, due to their
identical antenna gain performance and use of the same transmission protocol, where Fy =

Pr, = P,,,. Hence, the achievable data rate pertaining to transmission from FUD f; € F in

i

the AF mode is given by
_ YAPF V7, fi
YAP,f; Yarr + Y 4 1 (5.10)
Then, the maximum achievable end-to-end rate can be derived as
1 VaPA V7 f; )
Rapp = =Alo 1+ et 5.11
AP,f; B 25 ( NI | ( )

where 4 is the normalized bandwidth. By substituting (5.6) and (5.8) into (5.11), Rapy, can

85



be rewritten as

1 1+
RAP’fi (D) = 5 lOgQ %GARﬁGﬂ,fi{DAP,ﬁDﬂ,fi}_a
$1Gs; 1, D% +62 AL Gapr, Dyt +6162
- 1o
012 Y GuaDR+ 5 (5.12)
myeRUR\(7} ’

¢2 = Z Gmﬁfiij,fi + F(]

m; ERUR\{7i}

where Gupr, = K |Haprl’s Grgo = K|Hp g Goysi = K |Hps|” and Gy, o =
K ‘Hmj, fi |2 denote the channel gains among the AP, FUD f;, RUD 7; and MUD m;. Here,
the information on the relevant channel gain and CSI can be obtained from feedback on each
link. Note that, the channel gains follow exponential distributions [99]. Specifically, Gaps
and G, 7 obey exponential distributions with the same parameter % i.e., Gapr ~ Exp (M),
Gm; 7 ~ Exp ()). Likewise, G, 5, and G, 5, also follow exponential distributions with the
same parameter %, ie., Gr s, ~ Exp(n) and G, s, ~ Exp (n). Therefore, the PDFs of these

channel gains can be expressed as

fGAP,F,L- (l’) = mejfi (ZL’) = ie_i (5.13)
I =
fes s, (z) = me]-,fi () = 56 K (5.14)

As mentioned in the section introducing the system model, the requirements in the re-
lay selection process are to determine the cooperative gain and ensure the reliability of the
social-physical dual-layer links. Let 7' denote the random variable representing the contact
durations in a time slot, which follows a Gamma distribution [11], T ~ Gamma (i, p). The

PDF of T' can be expressed as

x(‘u_l) exp(_QTT>
Xp) ==L (5.15)
Fx) I () p

Considering the selection time, we have the following effective transmission time:

Tops () =T = Y 7, (£2)
m;EM (516)
Tm; (Q) = Tmin (m2>

where 7,,, represents the time cost of relay selection, including both the detection time
and the duration of algorithm execution. Specifically, 7,,, follows the uniform distribution
Tm; ~ U (0,T) [100]. Thus, we can obtain the cumulative distribution function (CDF) of
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the effective transmission time 7, as

400 Xr (n—2) (rTT)
Fr,, (t,02) = / / 0%, (5.17)

Xp—t p“

Accordingly, we can obtain the PDF of T,s; as fr,,, (t) = F}eff (t,92). The expected

effective transmission time can be calculated as E [T.s¢] = f0+°° tfr,;, (t)dt. The effective

data rate for transmission, .y, can be expressed as
Repy (82, D) = Rapy, (D) - Tepy (£2)

roo (5.18)
— Rupy, (D) / (), (t 02) dt
0

Notably, the throughput T'h,; is the reciprocal of the harmonic mean in the case that links

are all saturated, which is given by

|F|

Thsys = (5.19)

||
Y R D)
Additionally, to guarantee reliability under social-physical dual-layer model, we assume that
the packet size required to be transmitted is Z; then, the probability p, (£2, D) of successful

data transmission within 7¢ s is expressed as

A4
Pr (Q,D) :Pr{RAP,fi (D) 2 T }
eff

ParGaer; Gry i { Pavii Drri } 2z (5.20)
— Pr 9192 2WTeff 1

PAPGAP T4 D;Pr 75 fi 7,

Gr, 5, D2,
Pool + 5 +1

Evidently, the success probability p, (2, D) is related to the variables Gaps; and G, ,. We
introduce the following theorem to verify the properties of this probability and calculate

pr (£2, D) based on Eq. (5.13), Eq. (5.14), and Eq. (5.20).

Theorem 1: If the variables A and B both obey the independent exponential distribution with

the parameters (4 = A and (g = 7, respectively, then the CDF of Y = k1ky AB/ (k1A + k2B + 1),
with k1, ko > 0, can be derived as

Ay
Tk —k1y _
By (y) =1 M€ (k2 —y) (5.21)
k1kon — Einy + ko Ay

Proof. Since A and B are continuous random variables and independently follow exponen-
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tial distributions, we have

Fy (y) = P{Y <y} = P{kkoAB/ (k1A + kB +1) <y}

y(kob+1)

+00 v
/ /k1k2b kq _Aane  dadb (5.22)
| ke R (k)
kikon — kiny + ko Ay
O
PapDY Dz
Let ki = — Q‘;f Tiand ky = ;jéf i then, the CDF of Y is given by
Fpap s, 0) (Rapy, (D)) = Pr{Y < 2*fanst®) —1} (5.23)
_ 2Rap,f,(D) _ )
Fy (2 1)
Therefore, we have
(2,D) =P (R (D) > Z )
p?‘ =rr AP, i =
’ ¢ T— ZieM Ti (‘Q>
Z
—1-F (5.24)

=1 = FY <2T—Eiei/( (V) 1)

Then, by substituting (5.24) into (5.21), the probability p, (£2, D) of successful end-to-end

data transmission can be calculated as

. A
kl exp ( k1ko(T— e pm 7i(92)) —k >
Z 1

pr (2, D) = ___z
kikon + (ko X — kin) (2T*ZieM (@) _ 1)
.z
X </€2 — 2T-2emmi(2) 1) ’ (525)
s ParDyps
ki = ————+,
Pyol
D 6]
2 T, fz
ky = 52

Consider that the RUDs are required not only to possess the intimacy and an SINR greater
than given thresholds in the dual social-physical layers but also to ensure the reliability of

the network; thus, the link reliability can be expressed as
p(£2,D) =p, (2,D) s, ; (12) (5.26)

where s; ; (£2) is the social intimacy after relay selection.
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We note that the reliability is the Cartesian product of the transmission success probabil-
ity and the social intimacy. Consequently, by summarizing (5.9) to (5.26), the optimal relay
selection and multiuser cooperative mobility strategy to maximize the system throughput can

be formulated as follows:

VAP V7, fi > 5
Vaps +vmp + 17 (5.27)

7 eR, fi e Fomj e RUR\ {7}

where P is a reliability threshold that is predefined in accordance with the requirements of
the real application scenario and satisfies p € [0,1]. Both the objective function and con-
straints are nonconvex and nonlinear; that is, the problem can be interpreted as a nonconvex
and nonlinear (NCNL) problem, which is a typical NP-hard problem. Although this problem
can be solved through exhaustive search, the complexity of doing so is prohibitive due to the
properties of NCNL problems. In practical applications, the controller execution algorithm’s
latency plays an essential role in determining the overall performance, mostly the relay se-
lection time and user experience. Therefore, we propose a new method to address this issue

in the next section.

5.4 Relay Selection and Link Interference Degree Graph (RS-LIDG) algo-

rithm

There are several available optimization packages, such as CVX for MATLAB and the
Python Optimization Package, for solving convex optimization problems. However, an
NCNL optimization problem cannot be solved to the global optimum with low computa-
tional complexity using traditional heuristic algorithms or optimization tools. Consequently,
it is desirable to develop an effective and adaptable algorithm that can be deployed in actual
ad hoc networks.

In this chapter, the optimization problem given in Eq. (5.27) is decomposed into two sub-

problems, and the RS-LIDG algorithm is proposed to solve this problem completely. The
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proposed relay selection scheme based on the optimal stopping approach is proven to be
efficient. Meanwhile, on the basis of a graph defined to represent the degrees of interfer-
ence between physical links and Algorithm 1, it is demonstrated that the proposed multiuser
cooperative mobility strategy can achieve the optimal throughput. The framework of our
proposed RS-LIDG algorithm is shown in Figure 5.3.

The Original Optimization
Problem Eq.(5.27)

Joint relay selection scheme and multiuser
cooperative mobility strategy problem

Relay Selection Scheme
Subproblem P1

! ( Algorithm 7: RS-LIDG
The Optimal Stopping :
Problem Eq.(5.33)

I
I

X

Multi-user Cooperative
Mobility Subproblem P2

:
Algorithm 6

The Optimization Solution
(@2, U, Th,)

Fig. 5.3 The proposed framework for solving the optimization problem given in Eq. (5.27).

5.4.1 Relay selection scheme

Based on (5.16) and (5.27), the goal of relay selection is to choose a sequence of actions
such that the system will achieve the optimal throughput performance in terms of the maxi-

mal effective transmission time (minimal selection cost time) and sufficiently large intimacy.
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Accordingly, the relay selection subproblem can be expressed as
(P].) . HISX Teff (Q)

S.t. Teff (Q) =T — Z Tmiﬂ(mi),
mieM 5.28
srm, (2) >3 o
se.g. (£2) 25,

7 eR, fi € Fomy € RUR\ {7}

Notably, for the selection of appropriate relays, it is required that the social intimacies
between the RUDs, FUDs, and other MUDs (not relays) be greater than a predefined thresh-
old, which depends on the specific scenario of interest. In this case, the optimal first step for
the AP is to select viable relays to ensure stable social links, providing a solid foundation
for effective and trustworthy peer-to-peer assistance in the multiuser cooperative mobility
approach.

Then, the relay selection optimization problem defined in (5.28) can be cast as a finite-
horizon optimal stopping problem, i.e., an optimal stopping policy can be set to maximize
the expected reward by stopping in the optimal stopping phase. In fact, this scheme builds on
the socially aware relay selection paradigm proposed in [6], in which the social tie structure
is based on a cellular network and a time scheduling framework. Despite this similarity,
we mainly focus on relay resource segmentation and minimizing the time cost of selection
through the ad hoc network’s social-physical layers.

Suppose that the virtual controller observes two random sequences, consisting of relay
detection time costs T 02 (m(l)) s Trgay 02 (m@)) , ... and communication durations 7{1), Tz, ...,
through signal detection. Then, the controller must decide whether to stop after the detection
of the k™" relay and achieve an effective transfer time Te’“f ¢ or to continue to detect the next
viable relay. It is possible that the controller might skip all potential MUDs without selecting
any relays until all MUDs have been detected. In this case, direct communication would be
established between the AP and the FUDs without any relays, for which 7, , £2 (m(o)) =0
and Teoff = T(p). We first define the optimal stopping phase index as k* € M, where
> kenm |K*| = |M| and |k*| denotes the number of stopping phase indices. The maximal

effective transmission time, denoted by Te*f I satisfies the following:

T E sup [E (T%;)]
€ (5.29)

o arg max [E (Tejff)]
keEM

According to optimal stopping theory [8], the effective transmission time Tff s can be

defined as the instantaneous reward Tff f [T, T 02 (m(k))} when the controller decides to
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transmit after detecting the k" relay. Therefore, we have

Tl [ 707y 2 (o) | = T = 3 72 (i) (5.30)

miEM

Moreover, we use @’;’f 7 <T, Tm(k>(2 (m(k))> to denote the expected achievable reward
for the system upon detecting the k" relay. Since 7" and 7,,, (, are mutually independent and
follow gamma and uniform distributions, respectively, with PDFs f7 (x) (-) and mew () (+),

which are related to the indicator function, the expected achievable reward is given by

ey (T’ Ty §2 (m(k))> =
Tekff T, T,y 12 (m(k))] ; (5.31)
i |:¢I@€]—ﬁ_f1 T’ Tm(k+1) 2 (m(k+1))>i|

max

where E [@f]‘ffl <T, Tongess) £2 (m(kﬂ))ﬂ denotes the expected effective transmission time in

the (k + 1)" detection phase. This means that E [@’g}:} (T, Tingess, £2 (m(ml)))} serves as
the threshold for the controller to make its decision. Specifically, the AP compares these
two values to determine whether to proceed beyond the £*" detection phase. If the instanta-
neous reward Tff f [T, T gy §2 (m(k))} is larger than this threshold, then the controller stops
detecting and selects the current MUD as the final RUD. Otherwise, the detection process
continues until no further potential MUD is detected. In this case, the reward threshold in

the k" phase is expressed as
5 = |24} (T m @ () )| 5.32)

Note that if the final phase is the |A/|”" phase (k* = |M]), i.e., there are no more relays to
be detected, then we set =] (| = —00 to represent that the controller terminates the detection
process after the | M |th phase. Consequently, we can derive the optimal stopping policy for
relay selection in the social-physical layers as described in Theorem 2 below.

Theorem 2: The optimal choice is for the controller to stop detection in phase k* if the
social-physical relay selection problem satisfies the following condition:

K= min {k > 15 T |7y, 2 (meo) | > =i (5.33)
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where the thresholds { =7} of the optimal stopping policy are given by

e
Zim| = — 00,

Tmax t(ufl)e(_%>

E\?\/ﬂfl = (Tmax - 7—rnin)\/ —————dt

Tuin 1 (1) P*
Tmax Tmax p, 1) )
- Z | M| / / drdt,
. ) p*

mln min

(5.34)
Tmax $(1—2) o(~ %)
t e\ r
== |Tmax + (=50 — 1) =k — =% Tmin/ ————dt
k [ a ( k+1 ) k+1 ] o I (,u) pH
Tmax Tmax t,u 2 )
=) |k+1] / / - drdt,
Vk =0,1,..., -2
with Sy = G200 4 1) rand Y k] = S 7, 2 (mgy)-
Proof. As mentioned above, = Iiwl = —oo means that it is always optimal for the controller

to stop detecting in the |M|”" phase. According to (5.32), for the |M — phase, we can

derive =/ _; as follows:

S =E [(p'eff (T Tinqjary §2 (m“M')))]

// fffTT T, t)drdt

( /Tmax #01) exp(=5) » (5.35)
= (Tmax — Tmin =~
Tonin I (p) pt

Tmax Tmax (M_ 1) (_ 7 )
t
Tin Tmin F (H) pILL

where f,7 (7,t) is the joint PDF of fr (x)(-) and f,, () (). In particular, Timax, Tmin,

Tinax and T,,;, denote the maximum and minimum values of the relay selection time and the
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contact durations between the AP and FUDs, respectively. Likewise, we can obtain =} as

= —F {max [cp’;;fl <T, T 2 (m(k+1))> ,5,;;1} }
— B {05} (T Ty 2 (mgen) ) 1A+ E {Z700} 145

// @ﬁ;{;fTT T,t)drdt + =}, / for (7, t) drdt

Az

A

Tmax 5 - _7)
+ 5 / / —————drdt

min

= [Tmax + (:,CJrl — 1) =, — :kHTmin]

/Tmax t(”72)6(7%)
X ——dt
Tow 1 (1) PF

Tmax Tmax t,u 2 )
—Z|k:+1|/ / - drdt

where A; and A, denote the integral intervals under the conditions of 45’;}:} > =y, and

P} < =}, respectively. O

(5.36)

Remark 5.4.4. The thresholds { =}, LM‘ can be interpreted as the maximal expected reward
that the controller can find by seeking a better relay from phase k + 1 to phase | M| rather
than performing data transmission after the k' phase. Thus, the controller will compute the
sequence of thresholds { =} ‘kM| in accordance with Theorem 6 before relay signal detec-
tion. Once relay detection starts, the controller in the AP compares the instantaneous reward
" b [T, Tine §2 (m(k))} against the expected threshold =5,. If the threshold is greater than
this instantaneous reward, then the controller continues to detect the next relay; otherwise, it
terminates the detection process and decides to proceed to the multiuser cooperative mobil-
ity phase. In such a case, the indicator function £2 (m;) for relay selection can be obtained

as

( (AT BT>

~ T

AlRPa 2 ~

M|—|R|)x1 T :
B(MI-|R]) é(o,...,o(j),...,o) ,

k* =argmin(=}),j € M\ {k*}
k

/_\

where §2 (m;) indicates that each relay is selected in accordance with the optimal stopping
policy, i.e., the previously described process of comparison against an expected threshold
=} in the k'™ phase needs to be repeated |F| times until a sufficient number of relays are

selected, and the label of each selected relay is k.
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To summarize, our relay selection scheme can be described in two steps. The first step
is to select feasible relays to ensure stable social links such that each link’s intimacy is
greater than a predefined threshold. In the second step, the relays with the longest effective
transmission times are selected on the basis of the optimal stopping problem.

5.4.2 Link interference degree graph

After relay selection, problem (5.27) is transformed into a relay-location-based optimiza-
tion problem, in which the relay coordinates that maximize the throughput can be attained
through multiuser cooperative mobility. Therefore, the optimization problem based on the

RUD distance variables D can be expressed as

F
(P2): max £
D Z“F‘ 1
i=1 Resy 5, (D)

st. — p(D) =P
YAPF V7, fi > 7,
Yaps + Ve, T 1

Vi, fi =7,

(5.38)

7 ER, fi € Fom; € RUR\ {7}

The goal of this problem can be characterized as choosing the optimal coordinates for the
RUDs to achieve the highest transmission rate and throughput performance with limited dis-
tance and interference between nodes while satisfying all physical constraints and reliability
requirements. Since P2 is a nonconvex optimization problem, we would like to transform it
into a convex problem using graph theory concepts. Therefore, we introduce the definition
of the link interference degree graph. Within the limited circular space C, the communica-
tion links established with the D2D technique in the ad hoc network can be represented by
a physical graph G, = (H, E), where H is the set of all device nodes and edge (u,v) € E
exists only if the SINR of the link between nodes « and v is no less than a threshold value 7.
Definition 1: (Link interference degree graph (LIDG)): Given a communication graph G, =
(H, E), the corresponding LIDG G pe = (V,€) in a sense quantitative extension of the
conflict graph, that is:

- V= E ;thatis, a vertex v € V is introduced for each link e € F'in G, = (H, E). A
weighted edge e € £ is inserted between nodes u, v € ) that interfere with each other,
where u and v correspond to links e, e2 € £ in the physical graph. Specifically, the
weights of the edges represent the degrees of interference at the receiver nodes.

95



(u,v) € & is

where W , = W/, does not always hold. This means that

- Gripe = (V,€) is a directed graph, and each directed edge ¢; =

assigned a weight W} .,

two vertices e; = (u,v) and e; = (v, u) in Gripe = (V, ) generally do not have

equal link interference degrees as a result of the channel states and fading coefficients.

Each vertex v € V has an incoming degree [/, and an outgoing degree O,,, where the
incoming degree represents the level of interference from other nodes with that node
and the outgoing degree represents its level of interference to other nodes. Node v € V
in Gripg = (V, &) is feasible if and only if

Py
no + ZU’EV\{v} Ly

=7 (5.39)

where Pj is the received power, which depends on d,, i.e., the geometric distance of

this link in the communication graph G),.
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(a) Communication graph

Fig. 5.4 A specific illustration explains the definition and attributes of the LIDG: (a) Com-

(b) Link with interference degree graph

munication graph; (b) Link interference degree graph.

A specific illustration is given, as shown in Fig. 5.4, to better characterize the definition
and attributes of the LIDG. In Fig. 5.4(a), the RUDs (nodes A, B and C) act as transmission
intermediaries connecting the AP and the FUDs (nodes 1, 2 and 3), ultimately forming six
communication links, L (A, AP),...L (3, C). These links correspond to nodes in Fig. 5.4(b),
and the weighted edges between these nodes are bidirectional, representing the correspond-
ing degrees of interference. Specifically, Gr;pc = (V,€) is a directed complete graph in
which all edges are directed and two edges with opposite directions connect every pair of

vertices. For an arbitrary pair of bidirectional edges e¢; = (u,v) € £ and e; = (v',u) € &,



their weights ijv and Wg, ,, are generally not equal in value, that is, Wiv # Wg, .- There-
fore, the set of weights for these bidirectional edges forms a weight matrix with zeros on the

diagonal, @2F1*2IFl which is expressed as

0 Wi Wapo o W21\F\71A,1 W21\F|,1
Wlly2 0 WS,Q WQQ‘FFIQ W22\F|,2
@ = WIZ'U W2’L'U Wl’LL«’U W2i|F|7l,'u W;‘F‘,’U (540)
Widos Wasigos 0 WaRiSe
Wise Wabie o~ Waaie - Walkl-1air) 0

Furthermore, for any node v € V, the incoming degree [, and the outgoing degree O,

are given by
2|F|

I, = Z Wy, = Z ® (m,n) (5.41)
u=1 n

0, = g: Wi, => ©(m,n) (5.42)
u=1 m
According to (5.6) and (5.8), W, , and W , can be expressed as
Wi, =|H.,|" PiKdS (5.43)
Wi, = |Hi,|" PPKd® (5.44)

where H, , is the channel fading coefficient from node u to node v; P} is the transmission
power of node u, Pf; = RyKd,“; and d,, denotes the distance between nodes v and v,
dy = dy . 1.., the interference power of the transmitting node on link v with respect to the
receiving node on link v in the physical graph G, = (H, E).

Theorem 3: A sufficient and necessary condition for achieving the maximum system through-
put is to minimize the sum of the incoming and outgoing degrees for all nodes in G;pg =

(V, E). To this end, the following should be satisfied:

|| R
e sl =y (uvol
=1 Reyy.5; (D) wv ey (5.45)

€i, €5 €&

where d, and d, represent the geometric distances of links e; and e, respectively, that is,

d, ~ e; and d,, ~ e, for e, e5 € I in the communication graph G,

Proof. On one hand, the maximum throughput of this ad hoc network is equivalent to the
maximum transmission rate per unit time for adequacy. In other words, the transmission rate
of the whole system is globally optimal for the locations of the relay nodes after mobility

within the limited circular space C. At this point, globally, the total SINR among nodes is
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maximized. Thus, with a known constant transmission power, the total interference among
nodes is minimized. The minimization of the total interference implies the minimization
of the sum of all nodes’ incoming and outgoing degrees, which reflects the total level of
interference in the system. Therefore, the necessity has been proven.

On the other hand, when the sum of the incoming and outgoing degrees of all nodes is
minimized, the global interference level is minimized, which means that the SINR of this ad
hoc network is maximized. The effective transmission rate of the nodes is also maximized,
implying that the maximum throughput can be obtained at the locations after the relay nodes

have moved. Hence, the sufficiency has been proven. 0

Remark 5.4.5. As mentioned, the objective function of this optimization problem is a non-
convex function, and therefore, P2 is obviously a nonconvex optimization problem. Ac-
cording to Theorem 3, instead of maximizing the system throughput, the objective function
can be recast to minimize the sum of the incoming and outgoing degrees of all nodes in

Gripc = (V,E). Thus, we obtain the following optimization problem:

(P3) : o i Z (I, + Oy)
u,v eV
€i, €5 €&
s.t. Pr (dy, dy, dyy) Suw (£2) > D, (5.46)
Py Kd, “d .
27,
d- L, + nol + d;«[I, + ngl + o
0<d, <2L,
0<d, <2L

where Py is the transmission power, p, (dy,d,, d, ), I, I, and o are expressed as

oz
DPr (duvdzndu,v) =1- FY <2T_Zi€/\/t (V) 1) ,

_ PRydp®
1= [v+n07
_ Pyd,”

_[o+n0

(5.47)

ks

2/F|
L=>"|H.,| Pkdys (5.48)
u=1

2|F|
O, = |Hi,|" PKd2 (5.49)
u=1

é (]v + TL()) (]o + n[))

5.50
K (5.50)

g
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According to the definition of convex optimization [101], P3 is a convex optimization
problem. Since the objective function and other inequality constraints are affine functions,
according to Slatter’s theory [102], the Karush-Kuhn-Tucker (KKT) conditions are neces-
sary and sufficient conditions for the optimal solution to problem (5.46). We can obtain the
approximate optimal solution by applying the KKT optimality conditions and the Lagrange

multiplication method. For this purpose, the Lagrange function is given by

E (dU7 dln du,lm T, T2, T3, 7T4)

= > I+ 00) + 71 [pr (duy oy duy) 0 (£2) = D)
u,v €Y
i,jEE (5.51)
e ( Py Kd, “d;* _7)
dy* [y +mo] + dy* [Io + nol + 0
+ 73 (2L —dy,) + 74 (2L — d,)

where 7y, 7, m3 and 74 are nonnegative Lagrange multipliers. The dual approach thus
results in an elegant decomposition of the original problem. We introduce a dual function as

follows:

max min L (dy, dy, dyp, 71, T2, T3, T4)
1,702,703, T4dy ,dy 7du,v

st pr(dusdy, duy) Suw (£2) 2 D,
PKdzod;e
do I, + nol +dyo I, +nol + o
0<dy, <2L,
0<d, <2L.

(5.52)

Z7,

As a result, the original optimization problem satisfies duality, which can be expressed

as
max min L= min max L (5.53)

7T1’7r277r3’7r4du7dv7du,'u du7dv7du,'u7r1’7r277r3’7r4

Thus, the duality holds such that the globally optimal solution to (5.46) satisfies the KKT

conditions, which are expressed as follows:

( oL
Bdu.y
oL

ady
oL

Ody
T [pr (dua dm du,v) Su,v ('Q) - ]_9] - 0 (554)

PoKdy“d,© =\ _
Ty | — — -5 =0
2 (dua[lv+n0]+dv a[lo+n0}+0 ry

T3 (2L —_ du) 2
T4 (2L — dv) 2

0
0

\
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The optimal distance between nodes in Gr;pg = (V, €) is given by

+
—0.5)Z o o
, ) e xiemmi(V) <W1 (1 - m) - \/% ({3 +{ds 1} ))
du v !
| (27T 1) (2081 4 20571 + K Pymod 15 1)
Wl é QP()]_)?] (di_l + dﬁ_l) 5
':p2 é pOﬂ_lT}Su,v (-Q)
(5.55)

where / is the iteration index. Similarly, the optimal distance between nodes in G1;pg =

(V, E) can be expressed as

- -1+
o {51} (\/KPOZ_?M?TS {dﬁ;} - 7T3)
df; = — (5.56)
\ Y73
- -+
a {dﬁ_l}_a (\/Kpoﬁﬂ'g’fu {dﬁ,_vl - 7T4)
d' = — (5.57)
YTy

Additionally, the remaining Lagrange multipliers can be updated in accordance with the

gradient descent method [103], as follows:

.

7'('5—H = W{ - §1 [ Dr (dm dw du,v) Suw (Q) - ﬁr—

o — +
+1 4 PyKdy“dy“ —

7T =Ty — —a —a -
2 2 52 du [Iv+nO]+dv [Io+nO]+0' ,yi|

7r§+1 = 7T§ —&[20 — du]Jr

it =nf - & 20 —d,)"

(5.58)

\

where &1, &, & and &, are positive step lengths. The iterative process is guaranteed to
converge to yield an approximately optimal solution when these step sizes are sufficiently
small.

Since the approximately optimal solution must be obtained via an iterative approach,
we design an iterative algorithm, named the iteration algorithm for multiuser cooperative
mobility, to represent the execution process of the equations and the implemented entities,
which is elaborated in Algorithm 6.

In the first stage of Algorithm 6 (lines 1-4), G1;pc = (V, €) as defined in Definition 1 is
derived from the input data (the communication graph and the CSI), and then, the parameters

and control thresholds of the iterative process are initialized. In the second stage (lines 6-19),
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4

u,v?

until ¢/ > /.. During the iterative process, a judgment condition aims to ensure that the

the objective parameters (d’, ,, d’ and d’) and Lagrange multipliers are iteratively updated
difference between the objective parameters and the optimal solution is sufficiently small to
approximate the optimal solution. Finally, the algorithm outputs the final optimal distances
d;, ,» d;, and d;, in the LIDG, from which the optimal position coordinates of the RUDs in the
communication graph can be determined.

Lines 5-21 will be executed [/, | times. Additionally, lines 16-20 will be executed
[max {log2 %, log, g—i, log, % }1 times, where 9, ,, ¥,, and ¥,, denote control thresholds.
Note that the distances between nodes are less than 2L in each iteration, i.e., max {dﬁ, dﬁ} <
2L. This implies that lines 16-20 should be executed [max {log2 f;%—:z, log, 2&, log, %}1
times. However, due to lines 7-11, the worst-case complexity of this algorithm is [/ay |
executions. Thus, the complexity of Algorithm 6 is O ({y,.x). If {ax is too large, the
complexity of the algorithm is too high; if it is too small, then the accuracy of the solution
will not be sufficient to approximate the optimal solution. Therefore, to achieve a desirable

tradeoff, we set /.., in the range of [1057 106] in the following simulation study [104].

Algorithm 6: Iteration Algorithm for Multiuser Cooperative Mobility

Input: Communication graph G, = (#, F') and channel state information (CSI).
1 Convert G, = (H, E) into G;pc = (V, £) in accordance with Definition 1 and
then obtain dq(f%, d? and d¥ in G rine = (V,E);
2 Initialize ¢ = 0 and the Lagrange multipliers 7, 79, 72 and 73;
3 Initialize the maximum number of iterations ¢,,., [33] and the control thresholds
Dy, Uy and 9,5
s Letds, = dW), di, = di) and d, = d\);
5 while ¢ < /,,,. do

6 if { +1> (. then

7 dy = iy

8 d:s =d’;

9 di =d’;

10 else

11 Update dﬁ’v using (5.55);

12 Update dﬁ using (5.56);

13 Update d’, using (5.57);

14 Update the Lagrange multipliers 7}, 5, 75 and 7 using (56);
15 end
16 if {d,, —d'} <uo}andand {d —di7" <9, } andand {d} — d5" < 9, }

then

17 dy, =d.,

18 di = d;

19 ds =d’;
20 end
21 end

Output: d;, , d;, and d;,.
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One iteration £ ... iterations

(1) () (Canax +1)

Fig. 5.5 Iteration of the multiuser cooperative mobility process involved three RUDs (A, B,
O).

Although Algorithm 6 describes the method of calculating the optimal locations of the
relay nodes in detail, the multiuser cooperative mobility process for the RUDs has not been
elaborated. To facilitate its description, we present a vivid example for illustration in Fig.
5.5. Initially, three RUDs, A, B and C, are randomly distributed in a limited circular active
area divided into four blocks. Thus, we can roughly record the RUDs’ position coordinates
in accordance with the distribution of the blocks. As shown in Fig. 5.5(1), A, B, and C
are located in three different blocks, denoted by U 4 = {I}, Up = {IV} and U = {III}.
Fig. 5.5(2) depicts that in the next iteration, the number of blocks increases exponentially,
with an exponent of 2, to sixteen, and the positions of the RUDs are also updated based on
the algorithm. By the Efﬁax iteration, the number of blocks is 22¢==<_ and these nodes have

moved to their optimal positions, and the positions of the small blocks are the final coordinate

representations of each node.

5.4.3 Overall algorithm

In this section, the overall RS-LIDG algorithm is proposed, which combines the relay
selection scheme and the user cooperative mobility strategy as follows.

As described in Algorithm 7, the selection variables and parameters are first initialized,
and potential RUDs are then selected from among the feasible MUDs whose social intimacy
values are larger than a predefined threshold (lines 1-2). Lines 3-19 describe the iterative
process of selecting ‘fi‘ relays. For the selection of each relay, the instantaneous reward
is compared against the expected threshold. If the instantaneous reward is larger than the
threshold, this potential node is selected as a new relay; otherwise, the process of detecting
potential nodes continues until the last one is detected. During this process, if no node
satisfying the abovementioned constraints is selected, then the last detected node is selected

as a new relay, i.e., k* = |M|. Finally, as shown in lines 20-24, the best relay selection
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Algorithm 7: RS-LIDG Algorithm
Input: Communication graph G, = (#, E), social intimacy graph G = {#H, S},
channel gain information (CSI known).

Select feasible MUDs with social intimacy greater than the predefined threshold s as
potential relays in G, = {H,S};

2 Initialize the number of selected RUDs j = 0, the set of selected RUDs it = {©},

and the stopping phase index k£ = 0;
3 while j = |F| do
4 Calculate the thresholds =} using (34);

o

5 Calculate the instantaneous reward @ff 7 (T, T 02 (m(k))) using (31);
o | 80k (T 70 2 (m) ) < = then

7 Go back to step (5);
8 if |k| < |M| then
9 | k=k+1;
10 else
1 Select the RUD with index | M| as a new relay;
12 Go to step (16);
13 end
14 else
15 Select the RUD with index £* as a new relay;
16 R=RU{k}
17 end
18 j=7+1
19 end

20 Map to the indicator function £2* based on the index of set &, where Im; = 1,
1=k*e R,

21 Obtain the indicator function £2* using (5.37);

22 Obtain dy, ,, d;, and d;; using Algorithm 1;

23 Obtain the optimal MUD position coordinates U™ based on dy, ,, d;; and d;;

24 Calculate the optimal throughput 7h%, . using (5.19);

sys
Output: 2°,U", and Th*

sys*

scheme §2* is obtained, and the optimal MUD position coordinates U™ are determined based
on Algorithm 6.

Now, we present a simple analysis of the complexity of our proposed RS-LIDG algo-
rithm. The original optimization problem (5.27) is decomposed into two subproblems, P1
and P2. The first corresponds to the relay selection scheme and is solved by identifying the

optimal stopping phase; hence, the complexity is O (k:* ﬁ‘) Furthermore, the index k* is

less than or equal to the number of MUDs | M

, meaning that the complexity is O (|M | ‘}AED

in the worst case. As a result, the computational complexity of the proposed algorithm is

O (max { fu, [ M| ]fz‘})
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5.5 Simulation and performance analysis

In this chapter, the proposed algorithm is evaluated and compared with five conventional

algorithms in terms of throughput performance and complexity.

e Intuitive method (IM) [9]: A mobile relay with sufficient social intimacy moves along

a link to the midpoint location between the transmitter and receiver.

e Direct transmission (DT): As the name implies, direct D2D communication does not
require any relay; instead, communication is sent directly from the AP to the receiver.
However, considering the channel fading and distance factors, this method’s perfor-

mance is relatively low and can serve as a benchmark reference.

e Social-trust-based selection and random mobility (STS-RM) [6]: Relays are selected
on the basis of the inherent social intimacy between users, regardless of the physical-
layer characteristics. The selected RUDs move randomly within the limited circular

mobility space.

e Physical-based selection and random mobility (PHS-RM) [7]: Relays are selected on
the basis of the interference and SINR between users, regardless of the social-layer

characteristics. Subsequently, the selected RUDs also move randomly.

e Random selection and random mobility (RS-RM): The controller randomly selects a
relay without detection or valid algorithm checks. The cooperative mobility of the

RUD:s is also haphazard, without any explicit strategy.

5.5.1 Network parameter settings

In this ad hoc network, the activity scope of the RUDs is a circular area with radius L.
The FUDs and AP are located on either side of this circular area, and the devices’ initial
coordinates follow a random distribution. Considering the actual mobility distance and relay
requirements, we set L to range from 100 m to 200 m. Since the randomness of the initial
locations may affect the results, we conducted more than 1,000 experiments and summarized
the resulting statistics. Additionally, since social relationships vary with social domains and
inherent trust, we set the link reliability threshold p to range from O to 1. We defined the
mobility velocity for each RUD to be 1.5 m/s, which is the average speed of a pedestrian.
Recall that our goal is to find the best selected relays and the optimal positions for cooperative
mobility; hence, the mobility velocity will not affect the final throughput result. The variance
of the exponential distribution in Rayleigh fading channels was considered to be 8 dB or 10
dB, so A = 0.4 and n = 0.9, and we set TLH to 7.5 [106]. We set the random variable of
contact durations 7" to follow the gamma distribution G ~ Gamma (4.43 L) [107]. The

> 1088
detailed configuration of the simulation parameters is shown in Table 5.2.
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Table 5.3 Parameter values for simulation.

Parameter Value
Communication standard IEEE 802.11¢g [105]
Number of FUDs (| F|) 10
Transport protocol UDP
Path-loss exponent (« ) 4.00
Path-loss constant (K) 1.00
Maximum D2D transmission power 10 dBm
White Gaussian Noise (/Ny) -90 dBm
D2D decoding threshold (%) 20 dB
Initial social intimacy threshold (5) 04
Initial link reliability threshold (p) 0.5
Wave frequency 2.4 GHz
System bandwidth (%) 10 MHz
Rayleigh fading standard deviation (2) 8 dB

5.5.2 Throughput performance analysis
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Fig. 5.6 System throughput comparison under the different radius of the mobile circular area
L.

First, we evaluate our proposed RS-LIDG algorithm’s throughput performance by com-
paring it with the above five conventional methods. Fig. 5.6 shows the system throughput
obtained as the harmonic mean of all users’ effective transmission rates, where |M| = 20,
s = 0.4 and p = 0.5. From these results, one can observe that the throughput decreases as
the mobility area’s radius L increases for all six algorithms. For the DT method, the curve

drops rapidly from 100 m to 140 m and then tends to stabilize up to 200 m. This is because
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a larger L leads to stronger channel fading and lower received power for direct transmission.
In contrast to that for DT, the curves for the other algorithms decline more smoothly, and our
proposed algorithm shows the least degradation in throughput performance. The reason is
that the number of available trunks per unit area is reduced; meanwhile, both the SINR and
transmission rate are increased due to the relay selection scheme and user mobility, leading
to positive feedback. Compared with PHS-RM, IM, and STS-RM, the proposed RS-LIDG
algorithm achieves maximum throughput improvements of 26.29%, 123.43%, and 236.47%,

respectively.
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Fig. 5.7 System throughput comparison under different social intimacy thresholds s.

Fig. 5.7 and Fig. 5.8 evaluate the impact of different social intimacy thresholds s and
link reliability thresholds p on the system throughput, both of which are concave functions
for all algorithms. As illustrated Fig. 5.7, the proposed RS-LIDG algorithm improves the
throughput by 11.86% and 8.45% compared to IM and PHS-RM, respectively, where L =
100 m, |M| = 20 and p = 0.5. For RS-LIDG and IM, the throughput reaches a maximum
of 5§ = 0.4. For PHS-RM and STS-RM, the maximum points lie at s = 0.4 and 5 = 0.6.
As illustrated in Fig. 5.8, the proposed RS-LIDG algorithm improves the throughput by
20.07%, 8.07% and 7.39% at the maximum points compared to IM, STS-RM and PHS-RM,
M| =20ands = 0.4.

respectively, where L = 100 m,
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Fig. 5.8 System throughput comparison under different link reliability thresholds p.
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This is because RUDs with low intimacy and low transmission success rates are elimi-
nated while also ensuring the link reliability, resulting in an increase in the effective trans-
mission time and SINR of each relay. After the peak point, the number of available MUDs
is reduced such that a longer time is needed to select favorable relays while also incurring a
reduction in link reliability. For RS-RM and DT, it can be seen that both s and p have little
or no effect on the throughput. The reason is that due to the absence of relays or the random
nature of the relay selection process, social attributes have almost no impact on throughput
in either scenario.

Fig. 5.9 depicts the impact of different numbers of MUDs | M| on the throughput, where
L = 100 m and s = 0.4. It can be observed that the throughput curves are increasing
functions of |M|. We also observe that our proposed RS-LIDG algorithm achieves higher
throughput than the other methods. The reasons are as follows. As the number of MUDs that
can be selected grows, the probability of selecting an effective relay increases, allowing the
transmission links selected for relaying to be stable, which effectively improves the trans-
mission time and throughput. On the other hand, since the proposed method considers both
physical and social constraints, the cooperative multiuser mobile strategy can effectively re-
duce user interference and improve the SINR. Finally, compared with PHS-RM, STS-RM,
and IM, the throughput of RS-LIDG is increased by 21.86%, 38.02%, and 51.67%, respec-
tively.

5.5.3 Relay selection cost and algorithm complexity analysis

In addition to evaluating the throughput performance, we also need to consider the re-
lay selection cost and algorithm complexity. Fig. 5.10 shows a comparison of the system
throughput throughout the iterative process. Note that the CPU of the computer used for sim-
ulation was an Intel(R) Core 17-8700 3.20 GHz. It can be seen from Fig. 5.10 that RS-LIDG
reduces the relay selection time by 47.88% compared to PHS-RM. From the column chart
in Figure 5.11, we can see that the RS-LIDG algorithm is faster than PHS-RM and close to

STS-RM in terms of relay selection time.

This, in essence, can be attributed to the proposed relay selection scheme, particularly
the calculation of the optimal stopping phase based on an instantaneous payoff greater than a
preset threshold, while the process of preselecting potential RUDs guarantees that the social
intimacy constraints are met. On the other hand, as expected, the complexity of the proposed
multiuser cooperative mobility strategy, i.e., Algorithm 1, is relatively low, validating our
algorithm complexity analyses above (O (max {ﬁmax, | M| ‘]T?) }))
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5.5.4 Communication overhead analysis

In a real network, the communication overhead of algorithm execution has a significant
impact on the actual amount of data transferred. Here, the percentage of redundant data in
the total is set as an evaluation indicator of the communication overhead, which consists of
control information, user’s location information, and valid policy information. The compar-
ison of communication overhead among STS-RM, PHS-RM, and RS-LIDG is depicted in
Fig. 5.12, where X-axis represents the computational time cost and Y-axis denotes the per-
centage of redundant data in total transferred. Therefore, the communication overhead is the
area enclosed by the curve and the X-axis, whose value is equal to the definite integral in a
finite computation time.

We observe that the curve gradually decreases and finally converges to zero at the max-
imum computation time. The reason is that the control strategies and location information
required by these algorithms are degressive until the relay selection is finally confirmed. It
is noted that the communication overhead of STS-RM, PHS-RM, and RS-LIDG is 24.92,
43.96, and 12.51, respectively. The results show that our proposed RS-LIDG reduces the
communication overhead by 49.80% and 71.54% compared to STS-RM and PHS-RM. The
main reasons are as follows: 1) in the relay selection scheme, RS-LIDG only requires to select

the optimal stopping phase according to the known control information, instead of traversing
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all phases for the traditional algorithms; ii) RS-LIDG can iteratively partition the mobility
region to obtain the optimum in the multiuser cooperative mobility strategy, while the tradi-
tional algorithm must exhaust all locations cases. Thus, STS-RM and PHS-RM require more
redundant data than RS-LIDG.

5.6  Summary

In this chapter, we formulate a social-physical ad hoc network model based on multiuser
cooperative mobility. The impacts of social intimacy and the probability of physical-layer
data transmission success on link reliability are illustrated in this model. Accordingly, the
system throughput maximization problem is constructed to optimize the selection of poten-
tial mobile relays and their geographic locations through a relay selection scheme and a
cooperative mobility strategy. Moreover, we propose the Relay Selection and Link Inter-
ference Degree Graph (RS-LIDG) algorithm to address this NP-hard problem. It is proven
that the proposed relay selection scheme can minimize the relay selection time while main-
taining a high throughput gain. Furthermore, we define a graph representing the degrees of
interference between links and verify that optimizing the mobile relays’ locations with the
proposed mobility strategy results in the maximization of the throughput performance. Nu-
merical results show that our proposed RS-LIDG algorithm can increase the throughput gain
by 26.29%, 123.43%, and 236.47% compared to IM, STS-RM, and PHS-RM, respectively.
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Chapter 6
Conclusion and Future Prospects

6.1 Conclusion

This thesis focused on throughput performance maximization based on multiuser cooper-
ative mobility in ad hoc networks. Previous approaches are limited to considering the single
user mobility, i.e., an independent mobility strategy. In the case of multiuser cooperative
mobility, the impact of user interference and signal strength on throughput is not considered
simultaneously. Additionally, due to the huge diversity of the solution space, its complexity
is very high and it is necessary to propose an algorithm with high throughput and low com-
plexity. Finally, the motivation for cooperation of movable users needs to be considered, i.e.,
the social attributes of users. Only if certain social intimacy is reached, movable users are
willing to cooperate.

We challenged multiuser cooperative mobility approach for maximizing throughput con-
sidering the signal attenuation and interference with different positions of users, low algo-
rithmic complexity and social intimacy requirements. Most related work have only evaluated
the features and performance of single-user mobility without jointly considering the prob-
lem of multiuser cooperative mobility and user interference in ad hoc networks. No related
work jointly considered different geographical places and distances among all of the users
to maximize throughput. Additionally, most previous algorithms for improving throughput
performance have high complexity and high communication overhead. The high throughput
and low complexity algorithms for cooperative multi-user mobility schemes have not been
explored due to the complex transmission strategies and optimization conditions. Finally,
an effective collaboration scheme that can achieve both high throughput and a low relay
selection cost in practice has not yet been proposed.

To this end, we studied the following three contents: seeking a multiuser cooperative mo-
bility approach for maximizing throughput considering the signal attenuation and interfer-
ence with different positions of users; proposing a feasible and effective approach to achieve
high throughput and low algorithmic complexity for larger number of user application sce-
narios; exploring an approach to improve the system throughput of social networks through
multiuser cooperative mobility, i.e., to maximize throughput with high intimacy for relay
selection.

In Chapter 3, we proposed an interaction position game (IPG) to maximize throughput
based on multiuser cooperative mobility. Unlike conventional game-theoretic approaches,

this game exploits cooperative behavior among movable users to obtain a global optimum
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rather than a sub-optimum. The results showed that this game method improves the max-
imum throughput ratio evidently by 57.35% and 27.27% compared with the conventional
intuitive method and SA algorithm, respectively. In Chapter 3, the proposed game is a re-
markably effective method to improve system throughput in ad hoc networks.

In Chapter 4, we proposed a new algorithm, called Maximum Throughput algorithm for
Optimal Position (MTOP), based on the known geographic location information of fixed
users. Different from previous studies, the lower and upper bounds are derived to determine
the search space domain based on feasible location assembles. The simulation results showed
that the throughput of MTOP is increased by 298.81%, 37.91%, respectively, compared with
the intuitive method, simulated annealing algorithm. Compared with game theory method
and simulated annealing algorithm, MTOP reduces the computation cost by 44.12% and
237.97%, respectively. In Chapter 4, this proposed algorithm contributes to yielding an
efficient multiuser cooperative mobility strategy in a large number of users to achieve high
throughput performance and low algorithmic complexity.

In Chapter 5, we proposed the Relay selection and Link Interference Degree Graph (RS-
LIDG) algorithm to obtain an optimal social relay selection scheme with high intimacy re-
quirements to maximize the system throughput for social-physical ad hoc networks. Feasi-
ble relays and multiuser cooperative mobility with satisfactory link reliability for throughput
maximization were jointly considered. Numerical simulations verified that the proposed RS-
LIDG method improves the throughput gain by 26.29%, 123.43%, and 236.47% compared
to the intuitive method (IM), the social-trust-based random mobility selection method (STS-
RM), and the physical-based random mobility selection method (PHS-RM), respectively. In
Chapter 5, this proposed algorithm contributed to maximizing throughput with satisfying
high social intimacy in social-physical ad hoc networks.

In conclusion, this thesis achieved the improvement of the throughput based on mul-
tiuser cooperative mobility in ad hoc networks. This thesis contributes to advancing wireless
networking, 10T and virtual reality of smart mobility. In particular, considering different
application scenarios, including large number of users as well as social situations, we pro-
posed three algorithms to achieve high throughput. The simulation results highlighted the

performance of these proposed algorithms compared to previous methods.

6.2 Remaining problems and discussion

The current study has two problems that can be targeted for improvement in future work.
Since this thesis primarily focuses on the theoretically achievable throughput performance,
we have adopted several useful assumptions based on system modeling and ad hoc network
modeling considerations.

First, we have not analyzed the data transmission loss of the relays during the mobility

process of the developed model. Although the mobility time is short for existing communi-
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cation systems, it does consume specific transmission slots for the relays, from disconnection
to final access for the fixed users. Therefore, we needs to consider this contribution to the
data throughput loss.

Second, the complexity of our proposed RS-LIDG algorithm is still high, making it dif-
ficult to meet the requirements of real-time systems with high accuracy. Compared with
IM, our proposed cooperative mobility strategy has much space for improvement in terms
of complexity. In the future, we will address these two issues by considering the data loss
during relay mobility and reducing the degree of complexity. We hope to analyze the cases
in which good throughput performance can be achieved without relay movement. Thus, the

critical threshold conditions for the mobility and nonmobility of the relays can be derived.

6.3 Future prospects

In future research, we will continue to focus on the following three points.

e First, we will consider the impact of data throughput loss due to unstable communi-
cation connections while the user is moving. Although the mobility duration may be
short, it can result in a loss of throughput performance. Therefore, the loss of sys-
tem throughput due to this factor will be investigated in future studies, in terms of

transmission time slots.

e Second, we want to propose a low complexity algorithm in the application scenario
of social network. As we all know, computational complexity and system throughput
performance are often two opposite indicators, both of which are often difficult to best
at the same time. Thus, we expect to propose a new algorithm which can decrease the

computation cost in real-time systems.

e Finally, we would like to propose a new method that can reduce the mobile distance of
movable users and improve the system throughput. Our current study does not consider
the costs of users’ mobility, because it is difficult to measure by certain parameters,
such as energy consumption or money, which are not appropriate. Therefore, we will
consider how to reduce the users’ mobility distance while also increasing the system

throughput in future work.

In the short term, this research can greatly improve the user experience of anyone using
mobile smart devices at any time and any place. Through further research, we will be able
to achieve higher quality of ad hoc networks, which will help Augmented Reality (AR) and
Virtual Reality (VR) technology implement. It can also be used in the future smart home
system to bring convenience to people’s family life.

In the long term, this research will improve the overall quality of life of people. The ap-
proach proposed in this research can be applied to other autonomous distributed communica-

tion systems. For example, in the future, many users may need high-quality communication
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services at the same time in areas such as logistics and intelligent transportation. The results
of this study can be applied to solve the multiuser interference problems that may arise from

such cases.
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