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Abstract

One of the main issues of maintaining a smart city (SC) is to handle a huge volume of

data generated from various data sources and to transport them to the central control

units for further processing and analysis. These data sources incur not only high

running cost of core networks but also results in overburdening of such networks. The

high energy utilization and carbon discharges from these core networks posing serious

environmental issues. Therefore, in this thesis, to overcome the issues of high energy

consumption (EC) and carbon emission (CE) of congested core networks, an energy-

efficient vehicle assisted data dissemination (VADD) framework to tackle big data traffic

is being proposed. In the investigation, different delay tolerant data forwarding case

scenarios are designed and analysed by analytical modelling and data-driven approaches.

To illustrate the efficiency of our proposed framework, we present mathematical models

and data forwarding schemes for Auckland City (New Zealand) and Beijing City (China)

case scenarios to transfer delay tolerant data from various data sources to a control

centre.

One of the motivations for designing a sustainable data dissemination framework

is to efficiently utilize the vehicular mobility to offload data from traditional networks.

However, the main contributions of this thesis is highlighted below.

First, we explore the potential of VADD framework for data dissemination, by

considering the annual average daily traffic of vehicles in Auckland city. Second, we

analyse the network coverage and capacity of the proposed framework by considering
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the displacement of vehicles in Beijing City.

Third, we propose a mathematical model for data transmission, numerically analyse

the data forwarding strategies for the Auckland case by considering the vehicle mobility

with Poisson distribution and with different parameters (e.g effective distance, deliver

probability, and vehicle density). Fourth, we use the data-driven approach to transmit an

updated software code to a massive number of smart sensors in a SC by our proposed

framework. For this purpose an optimal code forwarding scheme (OCFS) is presented,

to select the optimal vehicle and optimal roadside unit (RSU) for code transmission.

Finally, we develop an EC model for our proposed framework and use different

optimization techniques to prove that our proposed framework is energy efficient, as

compared to traditional networks in terms of EC and CE.
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Chapter 1

Introduction

In this thesis, vehicle mobility and a huge volume of big data migration are addressed.

The key idea is to utilize the numerous vehicular trips to reduce energy consumption

and load on the congested networks (such as cellular networks and the internet). This

proposed approach will provide a complimentary network with traditional wired and

wireless network-based data transmission. By offloading the high volume of data,

using the concept of the delay-tolerant network to the moving vehicles for the data

delivery in a heterogeneous network environment. We are living in heterogeneous

network environments, especially in city areas where we have 3/4G cellular network

coverage, Wi-Fi, and other network connectivity. However, achieving quality of services

(QoS), increase spectral efficiency with the low operational expense (OPEX) and energy

consumption in heterogeneous networks can be challenging tasks. The strength of this

proposed research in this thesis is the optimization of data aggregation from various

data sources for smart cities.

In this chapter, the background and motivation behind this work are discussed in

Section 1.1. The research questions are formulated in Section 1.2. The thesis main

contributions are presented in Section 1.3. The research methodology adopted in this

thesis is discussed in Section 1.4. Finally, the thesis structure is presented in Section

1



CHAPTER 1. INTRODUCTION

Figure 1.1: Cisco Forecasts of Mobile Data Traffic Exabyte/ Month by 2022.

1.5.

1.1 Background

The reduction of unnecessary energy consumption is becoming a major concern in wired

and wireless networking because of the potential economic benefits and its expected

environmental impact. These issues usually referred to as “green networking”, relate to

embedding energy-awareness in the architecture and product design, device usage, and

the protocols of the networks. The main concern is to maximize the performance of

communication systems while producing sufficient information with minimum energy

cost and controlling carbon emissions. To address the problem of energy consumption

and network congestion, we propose a new data dissemination approach to offload

data from the wired/wireless network to public vehicles on the road. The public

2
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Table 1.1: Data rates comparisons

3G 4G 5G
Development 2004-05 2006-10 2020
Bandwidth 2 mbps 200 mbps >1 gbps

Latency 100-500
milliseconds

20-30
milliseconds

<10
milliseconds

Average Speed 144 kbps 25 mbps 200-400 mbps

transport vehicles are the moving agents or moving routers in this new communication

paradigm, and they enable an alternative communication option, in addition to the

current infrastructure based communications to reduce the energy consumption and

carbon footprint. With the constantly increasing energy consumption in transmissions

of explosive growing data, the more energy-efficient and sustainable solutions are

necessary to be incorporated into the future wired and wireless networks. Figure 1.1

[4], shows Cisco’s forecast in 2017 for the mobile traffic Exabyte per month till 2022,

and the projected data traffic almost sevenfold in 5 years. The total Internet traffic has

experienced dramatic growth in the past two decades and is still growing very fast.

Table 1.1 compares 3G, 4G, and 5G, where the data rates of 5G are five times

faster than 4G, whereas the mobile data growth is sevenfold in 2021 [5]. Hence, data

offloading is a promising solution to meet this exponential growth of mobile data.

Figures 1.3 and 1.4 [1] show that ICT consumption will be a big ratio (51%) of

global energy consumption in 2030. The global electricity supply by all types of

equipment is defined in figure 1.2 with the best, expected, and worst-case scenarios.

The electricity demand of communication technology is increasing and will be 30,715

TWh of a worst-case scenario in 2030. In summary, figure 1.4 presents the percentage

share of communication technology in global EC. Depending on different scenarios,

EC in 2010 is 8% to 14%, in 2020 6% to 21% and in 2030 8% to 51%, respectively.

Therefore, EC is a critical issue that needs to be addressed.

Figure 1.5 shows three digital laws, namely, Kryder’s law, Moore law, and Neilson’s
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Figure 1.2: Global electricity supply 2010–2030 [1]

law [6] state new products come into the market with each passing year with new

technology. The basic idea of Kryder’s law is to double the storage capacity every 12

months. Moore’s law is somewhat like Kryder, but works on the processing speed of

chips, which get doubled every 18 months. Moving forward to Neilson’s law, which

estimates that bandwidth doubles every twenty-one months, so this last component of

digital experience lags behind both storage and processing speed. These three laws

clearly explain that, whatever new network technology comes into the market, the

available data (in online storage) is never being fully accessed by the new network

technology, and also the end-users. There will always be a gap between the available

bandwidth and the available data/information storage online [6]. The need for big data

will never be satisfied with the Internet. Whenever there is a conflict between modern

technology and users’ desires, human desires always win, they will keep advancing

Internet technology. This non-stopping data need leads to more and more energy

consumption, which further leads to carbon emission that harms the environment more

adversely. Therefore, we want to introduce a new option of utilizing the existing
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Figure 1.3: Electricity demand of communication technology 2010–2030 [1]

Figure 1.4: Share of ICT in global electricity usage 2010–2030 [1].
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Figure 1.5: The Kryder, Moore, and Nielsen’s laws.

vehicular networks to address this problem. Our solution can have a possible way-out

through decoupling the energy consumption from the data size and its transmission

distance; some time might need to sacrifice the delay of data delivery.

Many network researchers have devoted their efforts to improving the resource

efficiency of the ICT systems, but all are still dedicating in the telecommunications and

Internet domains themselves. Several attempts [7][8] in developing efficient, sustainable,

and integrated (wired/wireless) networks have been made. The opportunistic network

is one of the techniques to overcome this problem while disseminating data by store

carry and the forward manner by connecting mobile devices. The key idea of the

Opportunistic Network is that the mobility of nodes may help to deliver messages,

whether it is connected or disconnected asynchronously in time [9].

Recently, there is fast-growing literature on energy efficiency and QoS. Nevertheless,

our work will focus on both perspectives simultaneously in a heterogeneous network.

The proposed research emphasis on data dissemination techniques, which will utilize

existing vehicles on the road to make an energy-efficient network.

This research aims to propose a novel data dissemination framework suitable for
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heterogeneous networks, in which data will be offloaded from the congested networks

towards the existing vehicular networks. To overcome the problem of core network

congestion, energy consumption, and carbon emissions, an energy-efficient data dissem-

ination framework is proposed in this thesis. The idea is to utilize the existing vehicular

infrastructure to pick up and deliver big data from designated pick-up points and data

centers in a smart city.

To recognize SC, a huge number of smart sensors (SSs) and different data sources

(DSs) are needed to install throughout the city. The sensing requirements of different

applications may change from time to time, which leads to software code updates in

SSs. Many of the SSs in SC cannot be connected to the data center (DC) clouds directly

because of the high cost of infrastructure network and power resources. This is the

reason, managing software update code transmission to SSs from DCs in traditional

ways is challenging. The same is the case for data collection from various data sources

and transfer to data centers.

On the other hand, there exists a displacement of a huge number of mobile vehicles

in SC. These vehicles travel on streets and roads almost everywhere and at any time.

Many vehicles are equipped with storage, processing, and communication facilities.

The motivation behind this work is that we can use the resources of vehicles, and a huge

displacement of vehicles as mobile nodes to transmit a big amount of data.

1.2 Research Questions

The main objective of this thesis is to design an energy-efficient framework that will ef-

ficiently utilize the existing vehicles on the road for data transmission from various data

sources and smart sensors to their designated data centers. To design this framework,

the following questions are addressed in this thesis.

Research Question 1: What sustainable data dissemination framework in smart
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cities can be developed using the existing vehicular network?

Research Question 2: What can be done to quantify the performance gain of the

proposed data dissemination framework?

Sub-questions:

2a. How to take advantage of opportunistic communication to improve the network

performance in terms of energy efficiency and QoS and to optimize operational costs of

the proposed network?

2b. How efficiently, our proposed framework can be utilized to reduce the energy

consumption and carbon emissions by using different optimization techniques?

The proposed research focuses on data dissemination techniques, while offloading

data from infrastructure to existing vehicle volume on the roads, to obtain a better

quality of services (QoS), with less consumption of energy in a heterogeneous network.

QoS can be defined in terms of delivery probabilities, delays, and cost. The literature

survey concludes that people have been using the traditional way of communication for

a long time to transmit the data from data sources to data centers of a smart city. The

problem of the interconnection of data sources in SC should be solved by using some

other type of networks, rather than the internet, Wi-Fi, 4G, 3G, etc. Under this topic,

Vehicular Delay Tolerant Networks VDTN, by leveraging the existing vehicle’s routine

rides in the city, could be a wise solution to transport data from these data sources to

control units.

Explore the potential of the system in terms of data volume transmission, end-to-end

delay, network coverage and capacity, and how this proposed system is better than the

traditional ways of communication in terms of energy consumption.

The thesis main contributions are highlighted next.
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Figure 1.6: Research Gap

1.3 Contributions

We have widely explored the literature on green networks, delay tolerant networks, and

data offloading techniques. A research gap has been identified, which is shown in figure

1.6. A need for an energy-efficient alternate network has been identified as a research

gap, the network that can efficiently utilize the existing vehicles on the road to transfer

big data from different data sources to data centers in smart cities. This finding has

become the motivation for the following contributions in this thesis.

Contribution 1: We propose a framework called the Vehicle Assisted Data Dissem-

ination (VADD) and explore its potential by using the daily vehicle count on the roads

of Auckland city and real taxi traces of Beijing city. By inspiring the work of Baron et

al. [10], Marincic et al. [11], and Wang et al. [12], we use the existing vehicles on the

road for data transmission from various data sources to designated data clouds.

We develop a mathematical model and use the daily vehicle count on the roads of

Auckland city for data dissemination and use Monte Carlo simulation to compare the
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end-to-end delay of our proposed network with the traditional network. The delay of

our proposed network is affected by the vehicle count on the road, vehicle speed, and

the distance between source and destination on the road.

Next, we use the data-driven approach and Grid Clustering to analyse the network

coverage and capacity of our proposed VADD framework. For this purpose, we apply

the various algorithms on the real taxi traces of Beijing city and find how vehicle density

affects the performance of our proposed system. Finally, a case of code forwarding has

been evaluated by using direct communication, and by using roadside units RSUs on the

road. All of the findings show that our system outperforms with higher delay-tolerant

intervals. This contribution is reported in Chapter 3.

Contribution 2: We developed a mathematical model for data transmission by

our proposed framework VADD and proposed a data forwarding scheme. Validate its

effectiveness by using the annual average daily traffic of Auckland city, New Zealand.

We updated the mathematical model and found the effective distance of a vehicle

from a SS or RSU, and calculated the time duration that a vehicle remains in the wireless

coverage of a device. We use the different densities and speeds of vehicles and calculate

the degree of data offloading by using the Poisson arrival of vehicles. Finally, use the

Monte Carlo simulation to compare the end-to-end delay of our proposed system with

the traditional networks. This contribution is reported in Chapter 4.

Contribution 3: We propose the optimal code forwarding scheme (OCFS) in SC

by using a data-driven approach. Validate its efficacy by using the displacement of

vehicles in Beijing city, China.

We usually use smart sensors in smart cities. Their working requirements may

change from time to time, and we need to update their software code for their task

adjustment. To transfer this software update code to smart sensors from data centers,

we propose a code transmission scheme. To verify the effectiveness of our proposed

scheme we use the displacement of vehicles in Beijing City. Optimal vehicle selection
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and optimal RSU selection have been proposed in this scheme to solve the NP-hard

multi-objective optimization problem of minimum set coverage. Finally, compare our

results with the random and the fixed deployment of RSUs. The results show that

our proposed scheme got the highest coverage and reduced the delay in this code

transmission scheme. This contribution is reported in Chapter 4.

Contribution 4: Save the energy cost and minimize the carbon emission by using

different optimization techniques.

Our proposed system is better than the traditional networks in terms of delay

as discussed earlier. Here we discuss the betterment of VADD in terms of energy

consumption and carbon emissions. We developed mathematical models for VADD

and traditional networks to calculate the energy consumption for data transmission. A

case scenario is evaluated by Monte Carlo simulation and our system consumes less

energy to transfer big data between source and destination. In 2nd case, a problem

is formulated by using a min-cost flow problem. Our solution selects the optimal

routes to save energy costs and reduce carbon emissions. In 3rd case, we developed

an algorithm to select the optimal transmission mode, and a problem is formulated by

using traditional multi-commodity flow problems to minimize the energy cost. Our

algorithm selects optimal mode according to different data demands to save energy

costs and reduce carbon emissions. This contribution is reported in Chapter 5.

These four contributions address all the research questions outlined in Section 1.2.

The research methodology adopted in this thesis is discussed next.

1.4 Research Methodology

The main objective of this study is to design a framework for sustainable data dissemin-

ation in smart cities by using the vehicular network. To achieve this research objective,

analytical models, simulations, and data-driven approaches have been used to evaluate
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the performance of the proposed VADD framework.

Figure 1.7: Block diagram of the adopted methodology.

The methodology approach adopted in this study is illustrated in Fig. 1.7. First, we

explore the potential of Vehicle Assisted Data Dissemination (VADD) framework in

terms of delay, network coverage, and capacity (Chapter 3). Second, we design data

forwarding schemes for proposed VADD framework by considering the mobility of

vehicles (Chapter 4). Third, a software update code forwarding scheme is proposed

by considering the displacement of vehicles and their trajectories history (Chapter

4). Finally, we explore the energy cost saving and reduction in carbon emissions by

using different optimization techniques (Chapter 5). These four contributions constitute
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a framework VADD, that can be used for big data transmission in smart cities. It

can collect the data from millions of smart sensors and smart devices in a SC, and

can transfer this data to designated data centers by saving huge infrastructure costs.

Moreover, software code can also be disseminated to smart sensors by using this

proposed framework. In addition to saving the infrastructure cost, it also saves energy

and reduces the end-to-end delay for data transmission in SC.

Taking into account the need for this study, it is highly costly to evaluate the effi-

ciency of the proposed system in the real-time environment. Thus, to test and evaluate

the performance of the proposed VADD framework, this research adopts mathematical

modelling, computer simulations and statistical analysis by using the MySql server

database. Also, by evaluating different network scenarios, the simulation and analysis

approaches enable the generalization of the results. For numerical analysis, we chose

the Monte Carlo Simulations [13] by using MATLAB to evaluate the performance of the

mathematical concepts of the designed algorithms (Chapter 3 to 5). Monte Carlo exper-

iments are a broad class of computational algorithms that, to obtain numerical results,

rely on repeated random sampling. They are also used in physical and mathematical

problems and are most useful when other methods are hard or difficult to use.

Moreover, for data-driven approach and statistical analysis, we use the Grid clus-

tering algorithm (Chapter 3 and 4). Divide the whole city into different sizes of cells

according to the wireless coverage range of different wireless technologies. Extensive

analysis is performed to calculate the network coverage and capacity. Test the per-

formance of code forwarding technique OCFS. Calculate the vehicle density by using

MATLAB function Scatter Plot coloured by Kernel Density Estimate to calculate the

vehicle density to identify the most important locations to deploy RSUs.

Finally, we used IBM CPLEX Studio and SaS Optimization tools [14][15] (Chapter

5), to minimize the energy cost and reduce carbon emissions of our proposed VADD

framework. IBM ILOG CPLEX Optimization Studio is a prescriptive analytics solution
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that enables rapid development and deployment of decision optimization models using

mathematical and constraint programming. By using CPLEX studio we apply the

min-cost flow problem for finding the optimal routes to reduce the energy consumption

in multi-hop communication. Similarly, SaS is also a powerful array of optimization

and simulation tools for identifying actions that will get the best results while operating

within resource limitations and other relevant restrictions. We use the SaS optimization

tool to transfer multiple data demands by using a multi-commodity flow problem for

optimal network mode selection by the proposed VADD framework.

1.5 Thesis Structure

Figure 1.8 presents the overall framework and structure of this study. It shows three

parts, namely introductory (Chapters 1 and 2), main contributions (Chapters 3 to 5), and

Concluding part (Chapter 6). Before considering the data dissemination framework, it is

necessary to establish a solid foundation for these areas. For the study, the introductory

chapter (Chapters 1 and 2) provides the basis and background material. Chapter

2, provides detailed literature on delay-tolerant networks, green networks, and data

offloading techniques.

The thesis main contributions are discussed in Chapters 3 to 5, which mainly focus

on the promotion of the dissemination of data in Smart Cities through the vehicle

network. In Chapter 3, the potential of the proposed VADD is explored in terms of big

data dissemination, network coverage, and capacity. Whereas in Chapter 4, we propose

data and code forwarding schemes for VADD. Benefits based on energy consumptions

and carbon emissions by our proposed VADD framework are discussed in Chapter 5.

Finally, the thesis is concluded in Chapter 6, all the contributions and the findings

in this thesis are discussed in detail. The future work and system implications of the

proposed VADD framework are also discussed in this chapter.
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Figure 1.8: Thesis Structure
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Chapter 2

Litrature Review

2.1 Introduction

In chapter 1, we briefly explained the research gap. In this chapter, detailed literature

regarding green networking, delay-tolerant networking, and techniques of data offload-

ing are reviewed, so to find the reason why the data offloading by using the vehicular

network is required to fulfil the future demands of big data transmission. The literature

about the green network is presented in Section 2.2. What are delay-tolerant networks

and how they can be used to offload the data, are discussed in Section 2.3. In Section

2.4, we describe what is data offloading and different techniques of data offloading with

respect to the energy spectrum band have been presented. Section 2.5, discusses the

research methodology adopted in this thesis. Finally, this chapter is summarized in

Section 2.6.

2.2 Green Networking

Green Networking is defined as the selection of energy-efficient networking technolo-

gies and better utilization of resources whenever possible. It has been estimated that
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3% of the world’s yearly electrical energy consumption and 2% of CO2 emissions

are caused by information and communication technology (ICT) infrastructure [16].

Moreover, it is estimated that ICT energy consumption [16] is rising at 15–20 per cent

per year. Specifically, 57% of the energy consumption of the ICT business goes to users

and network devices in mobile and remote networks [4], The rapid development of en-

ergy consumption by the user and network devices has created major issues [17]; many

efforts are being done by the researcher for sustaining Quality of Services, throughput,

adaptability Devices and their infrastructure are arranged in an execution way to get

good QoS and better utilization of resources [18]. The trade-off between execution and

energy utilization should be exactly exploited. The connection between energy and

execution as indicated by [19]. Efforts are done for energy efficiency by Implementing

Virtualization, server consolidation, upgrading older products to new energy-efficient

products.

2.2.1 Green networks

There is a very broad area to validate the concept of Green Networking, which is defined

in following terms :(i) Adaptive Link Rate, (ii) Interface proxying, (iii) Energy-aware

infrastructures and (iv) Energy-aware applications.

1. Adaptive Link Rate We know that, in case of Ethernet link, energy consumption

is based upon its utilization. The adaptive link rate has designed in such a way that there

will be a low utilization of online resources and consumption will be less. This method

can be used in two different ways: a) switching links to low energy consumption mode

or sleeping mode. b) Rate switching, which means that reduction of line rate, according

to low utilization.

2. Interface Proxying: The main aim of interface proxying is to delegate traffic

from the main-board CPU to low power consumption of the Network Interface Card
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[20]. Such data can be offloaded from one system to other to utilize the resources and

less consumption of energy.

3. Energy-Aware Infrastructure: This section categorizes into energy-aware

architecture and routing schemes [21]. In Energy-aware architecture, a new approach

suggests amending structure over existing infrastructure (e.g. Grid 5000 is a good

example used by many researchers). Energy-Aware routing aims to cumulate traffic

over other network devices and allows other connected devices to be in OFF mode for

re-routing strategies.

4. Energy-Aware Applications: Applications are divided into 2 categories a)

User-level Application b) Kernel-level network stack. In user-level applications [22], a

strategy is used to test peers whose status is not known. Peers present their energy state

and therefore energy efficient. The peer does not wake up idle peers if not necessary. In

a kernel-level network, many applications get shared by others. They store data and

does not send immediately, which helps to reduce energy consumption.

All over the world, various techniques are used for green network terminology. The

Japanese government also demonstrates additional interest by introducing Green IT for

power efficiency. Different applications range from lower energy usage, low modern

observing of large-scale energy compelled environmental monitoring. In network

topology, energy is consumed at scanning, transmission, and data acquisition. All

current approaches to green networking promise high energy savings at the cost of

reducing network performance. Since network performance indexes have been so far

the only yardstick for operators and manufacturers, the proposal of such trade-off may

appear odd and hard to accept. Thus, the current challenge of a large part of researchers

involved in the area of the green network is to find specific solutions/mechanisms,

working with a negligible impact on the network level performance.
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2.2.2 Green Technology and Next-Generation Networks

To better discuss the main issues in each field, we describe the most representative

research contributions in different sub-sections, each related to a different network type

or part which is given

1. Wired Access network: Wired access networks are a very critical scenario for

reducing the overall carbon footprint of telecommunication infrastructures since they

represent a large share of network energy requirements. Current green networking

technologies [23] in this area include two approaches: a) Re-engineering Approach

b) Dynamic Adoption Approach, the re-engineering of current technologies means by

replacing copper-based technologies with fiber ones to the maximum possible extent

and as well as the design of power scaling mechanisms. Based on a model of a

typical operator network, [24] compared the power consumption of different broadband

access technologies and architectures, especially DSL, FTTN+ VDSL and FTTH (Fiber

To The Home). Even though VDSL power management improves performance, the

authors stated that there is still a clear advantage of FTTH for energy efficiency. In

Dynamic adoption approaches, they consider the trade-off between dynamic spectrum

management and the rate maximization of digital subscriber lines according to a given

transmit power constraint of modems

2. Wireless Cellular Network: Similarly, to the wired access network, also re-

search approaches in wireless/cellular network infrastructures are mainly devoted to

re-engineering current device platforms (e.g., access points, base stations, etc.), and to

include support for the dynamic adaptation of network resources (and then of power

requirements) to the actual traffic loads. In re-engineering approaches, specific research

activities have been performed to reduce the energy wastes of fixed infrastructures of

cellular networks (e.g., Base stations [25]) and WLAN access points [26], with more
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detail in [27]). Moreover, dynamic approaches include interoperability with legacy pro-

tocols and devices Another factor to consider is that wireless networks mostly operate

at significantly lower data rates than wired networks [28]. Correspondingly, the need

for buffer capacity can be lower and acceptable latencies can be higher [29].

3. Network Router and Switches: As far as an energy-efficient router and switch

architectures are concerned, re-engineering approaches mainly focus on how reducing

the complexity of internal architectures and using more efficient hardware technologies,

Power-aware network investigates potential saving in design and routing [30, 31]. The

author use core and edge routers to investigate and ultimately results show that power

consumption can vary as much as an order of magnitude and there are substantial

opportunities to control it. Various dynamic approaches have introduced to reduce the

carbon footprint of network equipment by following two main approaches, namely

power-efficient design and power-saving design, respectively [32, 33, 34, 35].

4. Network Topology Control:

Power saving mechanisms based on network and topology control is currently

originated on the extension of traffic engineering and routing criteria to use [36].

Researchers propose to reduce the network energy requirements by switching off unused

links and nodes. Their main concern is to move traffic flows among network nodes to

find the minimum number of network resources (i.e., links and nodes), guaranteeing the

best trade-off between end-to-end network performance and overall power consumption

[37]. Many dynamic adoption approaches have been proposed to switch off some

portions of the core network, while still guaranteeing full connectivity and maximum

link utilization.

5. Green Ethernet: Green Ethernet is a technology at the link layer, and it is highly

widespread through various standard versions, at both customer and network sides

[38, 39] . Ethernet interfaces diffusion have attracted the attention of several researchers,

since even a marginal reduction in the power requirements of Ethernet interfaces may
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potentially lead to saving a huge amount of energy [40]. Many re-engineering and

dynamic adoption approaches are working on energy-efficient solutions.

6. SNMP Green Extensions: The power state includes all supported power

management capabilities, current settings, total and currently active, inactive, and sleep

times, and statistics on wakeup and sleep events. With knowledge of the power state of

network devices, a network manager could remotely audit the energy consumption of

IT equipment and make changes to power management settings [41].

7. End-users and Applications: Many End user’s applications have been proposed

in terms of green networking. Christensen et al. introduced the NCP to maintain the

network presence of sleeping hosts. Recently, they evolved the NCP architecture to

handle the P2P traffic of common file-sharing applications [22, 42, 43]. In more detail,

while focuses on greening the behaviour of Bit-torrent clients, the authors proposed a

prototype Gnutella like P2P power management [44]. Authors in [38, 45], demonstrated

that a complex trade-off exists between balancing the complexity of the proxy, the

amount of energy saved and the sophistication of idle-time functionality.

2.2.3 Optimization Technique

Various techniques have been followed in the wireless sensor network for optimization

[46]. Research on energy-efficient networking has been going on for several years .

Different energy-related issues have been altogether examined covering an extensive

variety of subjects (routing, cross-layer plans, scope conventions, range portion, media

access control conventions, resource allocation, scheduling, and so forth. Some of the

techniques are discussed below.

1. Energy Management in network connecting devices- routers and switches:

Over the last decade, various kinds of router and switches are in use for a high-speed
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network. These routers and switches are designed with increasing capacity and perform-

ance, which also increased power usage. In [47], power density issues were considered

and started focusing on designing aspects. Energy management depends upon: a)

exploiting idle state, by putting switch/router on/off mode when no use b) clocking

hardware at low speed by just trade-off between power and performance [32, 48].

2. Energy-Efficient Communication Protocol and networking Approach: There

are various publications on the energy-efficient protocol for the wireless Adhoc network,

wireless sensor network, multihop wireless networks and delay-tolerant network in

the literature. Many researchers work to improve the performance of wired/wireless,

and heterogeneous networks [49, 50, 51]. Energy consumption associated with the

execution of transport protocol is one of an important issue to explore. They compared

many protocols with new amendments to make it energy efficient [52, 53]. In [54], an

energy-efficient TCP quick time-out technique was proposed for wireless local area

networks improve the efficiency of energy consumption by five times better than before.

In case of Delay Tolerant Communication protocol, Energy Efficient Epidemic Pro-

tocol also considered performance and energy efficiency while communication. With

the growth of the Internet (including wired networks) and the emergence of wireless

networks such as wireless sensor networks, multi-hop networks, mesh networks, the

various energy-related publication has been released. All of them works on improving

the commodity-based network.

3. Network Selection and Hand-Off: Hand-Off Mechanism is to be used one

of the strategies used for green networking. This strategy keeps connection active

while moving from one network to another. Homogeneous network hand-off is to be

called horizontal hand-off and on the contrary vertical hand-off, the term is used in the

heterogeneous network. This strategy consumes lots of energy and therefore network

selection is being done using interfaces rather than keeping it alive all the time. Many

researchers worked for making energy-efficient network selection in homogeneous and
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heterogeneous networks. Researchers are still working on this aspect to make energy

efficiency with good performance factors [55, 56, 57, 58].

4. Reducing Energy Consumption in Base Station/ Cellular Network: It is

exposed in [59], that carbon emission is due to energy consumed at the base station and

mobile terminals. The trade-off between base station density and energy consumption is

being analyzed by many researchers [28, 60, 61]. These papers categorized how much

energy is consumed at a base station, which further gives direction to move towards

wireless communication for energy efficiency. Power consumption at the base station is

being predictable by all its constituent parts and core radio devices. While considering

energy metrics, improvements in energy efficiency proceed in base station hardware,

which is still struggling. Consequently, the proposed research determined to use fewer

base stations and moving towards mobile nodes/DTN approach to forwarding data to the

final destination. The important technique for reducing energy consumption in the base

station is to improve the hardware energy efficiency of transceiver and power amplifier.

So Far, a different type of linearization method has been used [29]. While considering

the software feature of base stations, one approach to energy efficiency is by keeping

mobile network off during less traffic time. Designing of a base station with an aim of

power-efficient using IP and Radio on Fiber technologies were proposed [18]. Several

approaches such as traffic requirements, channel information and load balancing are

proposed by Cellular Network. The ICT sector (including laptops, personal computers,

telecommunication networks, data centres and computer networks, mobile devices)

keeps on developing on a worldwide scale and the force will increment in coming years

as more ICT equipments are being sent and utilized as a part of different segments of

society.

In 2015 [62], authors introduced an energy-efficient technique named as EBRP:

An energy-efficient and buffer-aware routing protocol. They put their attention on

an adaptive clustering algorithm which can achieve the optimal community division
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and extract the community attributes of nodes. They consider sociality of the node

and dynamic changes of the attributes of nodes while selecting the best relay nodes

to forward the messages. These attributes define the energy and buffer storage for

messages. They evaluated the performance of their strategy with three real-life mobility

traces

A study in [63], has classified various technologies to truncate energy consumption

in wireless communication. New invention about smart-phones and their features

incorporate new architecture, new network management, and forwarding techniques.

Therefore, it is important to make a shift from traditional spectral efficiency towards

Energy Efficient designing and routing strategies. The future communication network is

to be designed to offload traffic to other network devices while using comparative fewer

resources. Many researchers worked on energy efficiency techniques in wireless or

wired infrastructure with changes in hardware requirements or routing strategies. This

work proposes a new solution with guaranteed delivery and using less consumption of

energy in a heterogeneous network. So far, we introduced Delay Tolerant Network with

a tendency to store, carry and forward. We use DTN, where wired and the wireless

network can’t approach or if there are a loose time of requirements. The DTNs and it’s

routing protocols are discussed next.

2.3 Delay Tolerant Network

Delay tolerant networks (DTN) is case type of Opportunistic Networks (OppNets),

which is developing as a critical method for correspondence between the remote hetero-

geneous devices because of their convenience, adaptability of operation and calculation

[64]. All of the devices used for communication have increased their storage capacit-

ies, processing, and their communication technologies, Moreover, this communication

capacity has enabled a novel class of applications extending from mobile networks
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to Vehicular Networks [65]. These applications work on the principle of forwarding

messages one device to another and known as Opportunistic Network. DTNs [66]

are inadequate versatile networks, where an end-to-end path may not exist. The main

principle is to store, carry and forward in the path towards the final destination. DTNs

are often susceptible to the problem of high delay. Many applications are merging

on the concept of DTN, for example, crisis management, wildlife monitoring, trans-

port engineering, packet-switched network and disaster management etc. Mostly the

traditional ad-hoc networks and internet routing protocols don’t function admirably

in the event of OppNets where there is never a settled and dependable way amongst

sender and recipient because of node’s mobility, network allotments, node failure and

other features which is reliable embedded in a dynamic wireless environment [67].

The communication in DTN depends on the contact opportunity between the nodes

that emerge because of their versatility, and the store-convey and forward strategies.

The message is gone to the intermediate nodes, which takes it closer and nearer to the

destination lastly to the destination itself. On the off chance that the intermediate node

does not locate an appropriate location which guarantees to take the message nearer to

the destination, it keeps the duplicate message in its buffer until it finds a reasonable

node to pass messages or finds the destination node itself [68]. Such type of networks

leads to the long delay of messages. Recently, many applications are emerging with the

same concept of DTN. This concept is being advanced from Mobile Ad-hoc Network

(MANET) but the basic difference between both is MANET nodes use TCP/IP for

communication and DTN uses application-layer bundle (Transport and Network Layer)

and uses the concept of store-carry and forward with other peers [66, 69]. It may take

a long time to find an appropriate relay node, so need to use message carriers to store

messages in the buffer for a long time. Many Opportunistic Routing Algorithm has

defined in terms of forwarding messages to the destination [68].
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2.3.1 Routing protocols in DTN

1. Epidemic Routing: It is a forwarding protocol which works on the concept of

spreading a message like a disease [70]. A node starts spreading the message to all its

neighbouring nodes and keeps on repetition until the message reaches on destination. It

consumes huge resources and provides optimal routing performance in terms of delivery

ratio while minimizing delay. In this algorithm, the author considered a case of 45

nodes in the random way-point model and their traffic patterns. They place an upper

bound on message hop count and buffer space according to a single node. In such a way,

increment bounds on all these parameters and applications just increase the probability

that the message will be successfully delivered whether they have to consume more

resources. Though, random pair-wise message dissemination among all nodes give

ensure of message delivery. This routing protocol involves two steps:

a. Exchange of summary vectors: Every node contains an index of messages

stored in its buffer, which include unique message-ids.

b. Exchange of messages: One node computes set of messages carried by other

nodes. Same is being done by other nodes as well. If such computed node is not empty,

it requests its peer to transmit a message with its corresponding ID’s.

While considering Epidemic as a benchmark, many researchers have given their

hypothesis as a new invention. Zhang et al. [71], worked on performance modelling

of Epidemic Router with many other schemes by using a model. Due to the scattering

feature of Epidemic Routing protocol, it is being used in medical science. Matsuda

and Taking [72], used this protocol wherein a relay node duplicate message to another

hand-off node with likelihood, and q is the probability of the source node to replicate a

message of the relay node. With the variation of , the behaviour of Epidemic routing

protocol changes subsequently [73].

2. Direct Delivery:
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In this protocol source node does not pass the message to the satisfactory nodes, yet

rather keeps it with it until it comes directly in contact with the destination node. This

plan is straightforward, simple to send and, uses least data transmission and system

assets for message exchange following every message is transmitted at most once to

the destination node. Then again, there may be a long defers for message conveyance

either for the situation the source never meets the destination or there may not be a

quick contact between the source and the destination, however, a path exists through the

centre of the road nodes for the message passing. On the off chance that the source hub

comes up short then, the message will be lost as there is stand out duplicate accessible

in the system. In this plan’s likelihood of conveyance is poor along these lines, it is not

best for the circumstance where high conveyance likelihood is needed [74].

3. Spray and Wait: This algorithm is divided into two parts a) Spray Phase: where

many numbers of copies are generated from the source and spread towards distinct

nodes and they use direct transmission towards the destination. B) Wait Phase: If

the destination does not get discovered, each of distinct nodes uses the concept of

direct transmission to reach to the final destination. Initially, it uses the concept if

Epidemic routing, but much better than Epidemic in terms of generating low contention

specifically when high traffic load flows and highly scalable despite making any change

in network size and node density. This strategy outperforms all existing algorithms in

terms of transmission and delivery delays and finally got an optimal solution which is

very scalable [75].

4. Single Copy Algorithm: Spyropoulous et al. [75], defined single-copy based

protocols for an Opportunistic network where nodes forward a message only it knows

the destination and transmits a single copy of the message once. Here, utility function

defines the usability of nodes according to the number of meetings between all numbers

of nodes and with their last encountered information. As soon as, high utility node is

revealed, they use the approach of seeking and focus and finally reaches the destination.
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Nodes take local forwarding decision based upon their connectivity and prediction of

future connectivity details. A combination of simple random policy and utility-based

policy followed to reach the final destination.

5. PRoPHET: PRoPHET (Probabilistic Routing Protocol uses History of Encoun-

ters and Transitivity) uses non-random mobility and contact pattern with a probabilistic

metric called delivery probability. It considers the history of previous contacts which

is not to be considered as random and quite possible to identify mobility patterns.

This model is based upon the prediction of the probability of each node for all known

destinations. The predictability of delivery between A and B is denoted as PA,B and its

range is defined as ”0 ≤ PA,B ≤ 1” [76].

2.3.2 From DTN to VDTN

Vehicular Ad-hoc Networks (VANETs) have been an important research topic for many

years [77]. It is an extension of Mobile Ad hoc Networks (MANETs) to vehicle systems.

VANET has many special characteristics e.g. Predictable mobility, High mobility,

Variable topology in time and place, partitioned network etc. VDTNs extend VANETs

with DTN capabilities to support long disruptions in network connectivity. VDTN

has some unique characteristics borrowed from VANET and DTN. In VDTN, some

nodes (vehicles) store and carry network data while waiting for opportunities to forward

it. A Vehicle which is also used to carry the data towards the destination, which is

unlike the other non-VDTN approaches for VANETs is to be called MULEs (Mobile

Ubiquitous LAN Extensions). Mules are mobile nodes that pick data in one place and

drop it in another place. Mules are added to the network to extend coverage and/or

the number of communication opportunities. Stationary relay nodes are fixed devices

with store-and-forward capabilities that are located at road intersections. The proposed

research is using the vehicle as a data carrier to transport it from one place to another in
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terms of energy efficiency. To implement our idea, data offloading can help to better

understand the usage of vehicles in the transportation of data.

Grociz et al. [78] used vehicle carrier for big data transfer. Due to increased internet

traffic in recent years, they decided to exploit the existing worldwide road infrastructure

as an offloading channel to help the legacy Internet assuage its traffic. Motivated by

the need for technical flexibility and cost-effective scalability, large companies, or-

ganizations, universities, and governmental agencies constantly move their data and

applications within and between data centres to balance workloads, handle replication,

and consolidate resources. They put their efforts in using conventional vehicles for

offloading scheme, cost reduction, and capacity improvement. Assisted-DTN architec-

tures involve various data carriers or forwarders ranging from buses to aeroplanes to

compensate for the lack of continuous connectivity by bridging disconnected nodes.

They justified that vehicle help to reduce traffic and cost with less delay.

2.3.3 Vehicular Transport Network

Vehicular DTN is based on the concept of DTN. It handles non-real-time applications

at low cost and unreliable conditions. Vehicles can be used as a data carrier between

terminal nodes either in rural areas or in emergency scenarios. VDTN follows the Open

System Interconnection reference model. This protocol works on two layers of the

OSI model: Physical layer and data link layer for functioning and data management.

Data plane aggregates data into bundles and transports it to the destination. At the

source node, Bundle aggregation layer aggregates packets and then destination address

gets convert into VDTN terminal node address. Many techniques can be used for data

assembly. Therefore, this strategy can help in the vehicle to vehicle communication

[79].
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Kashihara et al. [80], proposed a data offloading technique to offload data, partic-

ularly to public transport vehicles by using high-speed short-range wireless commu-

nication. The motivation was to reduce traffic congestion because of the high volume

data. Firstly, the user checks all the requirements that are there any offloading spot,

then fast and stable data transport. In uploading data, the user drops a large packet

to data port at any offloading spot or directly to the storage system of any bus. This

drop decision is also depending upon delay time. If the delay time is acceptable then

the only user drops it off otherwise not. After uploading, the bus carries data to the

internet through a high-speed connection. In downloading, a user request to the server

to deliver particular data to get it at any bus stop. If it is available, they will be delivered

immediately otherwise the vehicle will carry it from the terminal and deliver it to the

data port.

Michele et al. [81], explored BUSNET algorithm that achieves effective routing in

a bus environment. It considers routing at a bus-line-level instead of bus level. They

do not consider paths among buses, but paths among bus lines. The nodes are no more

individual buses, but buses on a specific bus line. They use route contact oracle where

every bus is a mobile node that can store, carry and forward packets of information. A

node can transmit a packet to a neighbour node by establishing an ad hoc connection if

it is in the communication range; nodes also have a buffer to store intermediate packets,

until the correct destination is reachable.

ALARMS [82], is one of message scheduling approach which uses message ferries

to forward messages to achieve good QoS. Ferry nodes move along pre-defined routes

to exchange message with gateways of each node of the route and also pass to the

gateway nodes look-ahead routing information about when it will arrive at each gateway

node on the route in the next two rounds. In such a way, gateway node estimates the

delivery delay of each message and schedule the message to be delivered by some other

ferry to deliver it soon. They go for message prioritization and utilizes a scheduled ferry
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to deliver it.

The proposed research will introduce a vehicle as a part of communication if

there are a loose time of requirements. Moreover, there are many rural ways where

the wired/wireless network can’t approach. Then, these vehicles can help to deliver

messages with some delay. However, we can’t ignore our traditional way of combination.

In some cases, we can even lose our messages with DTN approach and we don’t want

to compromise with our quality. Therefore, we will use the heterogeneous network to

make communication more effective and energy-efficient.

2.4 Mobile Data Offloading

The use of complementary network technologies to distribute data initially aimed at

cellular networks is called mobile data offloading. Offloading decreases the amount of

data transported on the cellular bands, releasing the bandwidth resources for other users

in congested networks. It is often used in circumstances where local cell reception can

be low, enabling the user with better coverage to connect via wired networks.

We divide the data offloading techniques into three approaches based on the use of

frequency spectrum band resources. Some of the approaches use the licenced frequency

and pay cost while some other use licenced free frequency. On the other hand, some

techniques get the advantages of both bands licenced and unlicensed frequency spectrum

are called hybrid techniques. These categories are explained as follow.

2.4.1 Data Offloading by Unlicensed Frequency Band

Industrial Scientific and Medical ISM band also called unlicensed or licence free

frequency in the energy spectrum band as shown in figure 2.1. Any equipment having a

suitable transmitter and receiver can use this band without having any reservation in

this frequency range. Nevertheless, to use this frequency range a device must have to
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Figure 2.1: Energy Spectrum Band [2].

follow some certain rules and regulations like restrictions on maximum signal power

for data transmission [83]. IEEE 802.15 standards like Wireless HART, Bluetooth, and

ZigBee uses a frequency range of 2.4 GHz also some WLAN standards IEEE 802.11

family uses 2.4 and 5.8 GHz frequency range of the ISM band.

During the peak hours when a lot of users are using the cellular networks, we use

these bands to offload data of congested and costly links of cellular networks to reduce

the load on these links. Recently, the integration of Wifi and Cellular networks got the

attention of researchers for cellular mobile data offloading.

1. WiFi Offloading

Wireless Fidelity is abbreviated as WiFi, IEEE 802.11 is a WiFi standard provides

wireless connectivity. The main use of this technology is to access wireless broadband

services in an indoor environment. WiFi delivers higher throughput with limited mobil-

ity and coverage as compared to other traditional wireless communication technologies

like Long Term Evolution, Universal Mobile Telecommunications services (UMTS),

WiMax, and High Speed Packet Access (HSPA). Currently, WiFi is gaining popularity
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for its paradigm shift towards its city-wide/outdoor ubiquity availability

Several reasons show that WiFi is an efficient solution for mobile data offloading.

Firstly, we can see that WiFi is available in many indoor areas like residential build-

ings, train stations, shopping malls, airports and different private and public locations.

Secondly, it seems feasible the deployment of WiFi at an outdoor area by the operators.

Also, because of advancements in technology, most of the end-users devices like laptop,

smartphones and tablets contain WiFi interface. Last but not the least, energy efficiency,

less cost and sharing the load from mobile networks are some of the key benefits of

WiFi offloading.

There are different ways to categorize WiFi offloading. Delayed and non-delayed

WiFi offloading, are explained in [84], based on data traffic nature and the delay

requirements that can be tolerated by the users in the delivery of data. Whenever a

device has some delay constraints on data delivery and has priority to choose WiFi

interface rather than the cellular interface, it offloads its data by using non-delayed or

on-the-spot offloading. In this strategy, data is offloaded to WiFi network until the user

remains under the coverage of WiFi area and when the user crosses this coverage then

data flow continues on cellular links to meet the delay requirements. On the other hand,

in delayed data offloading, when a user can tolerate on some delays in data delivery,

then data transmission remain stopped while user’s device comes out of the signal range

of WiFi network and resume again when it re-enters in the signal coverage area of

WiFi. Significance of this shallowness can be evident, when there are long deadline

delay requirements and delayed offloading is used to reduce the burden on the cellular

links[85].

The experimental results in [86], showed that 65% of the cellular traffic can be

offloaded by using non-delayed offloading and it can be improved up to 82.1% if we use

the delayed offloading strategy. For both operator and subscriber, delayed offloading is

more desirable in an economical point of view. Results in [86], indicate that it rises the
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revenue of operator from 21% to 152% and from the user point of view it reduces cost

and energy from 73% to 319% in comparison of different scenarios of non-offloading.

For operators, depending upon the integration of cellular and WiFi Network there

are three main categories unmanaged data offloading, managed data offloading and

integrated data offloading [85].

a. Unmanaged data offloading or Network bypass: In this case whenever there

is WiFi coverage area the user secession is transferred from cellular network to WiFi

network and it bypasses core cellular network for data-oriented services. Whereas

voice-oriented services remain to be continued on the cellular core network. It is a

simple and attractive approach because we don’t need to apply any modification to

network infrastructure, but there exist some drawbacks in this strategy. First, when

a user is in the WiFi coverage area then the operator loses its control over the user.

Second, the subscribed contents (Corporate VPN, Blackberry, ringtones etc.), can’t be

delivered by the network operator and it leads to revenue loss for the network operator.

Regardless of its drawbacks, it can be adopted as candidate offloading approach because

of its easy deployment. This technique is also useful from the user point of view because

of user control over data delivery. It is very similar to switching on the user’s device

WiFi interface whenever it is in a WiFi coverage area. The operator can implement

this offloading scheme very simply by installing an application program on the user’s

device that automatically switches on the Wi-Fi interface whenever it detects the WiFi

coverage area.

b. Managed data offloading: To get some control over the subscriber, different

operator uses the managed data offloading approach. In this approach, a secession aware

gateway is placed intelligently by the operator to monitor the subscriber’s secession

under the coverage of WiFi on its way to the internet. Full integration of WiFi providers

and the cellular network is not required in this approach and the operator can get control

over the end-user, again it can’t manage the delivery of subscribed contents.
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c. Integrated data offloading: To get full control over end-users and to transmit

subscribed contents under the coverage of WiFi network, the operator uses integrated

data offloading approach. In this technique, data flow can be managed by a bridge

between these two networks and it can be accomplished by integrating WiFi and cellular

networks. There are two approaches to integrate WiFi and cellular networks tight

coupling and loose coupling. In loose coupling, no cooperation is required between

these networks and both are independent in this integration. In this strategy, both

networks are connected indirectly by some other IP network like the internet. Service is

provided by the concept of roaming between these two networks. Whereas in tightly

coupled architecture both networks share the common core and WiFi network is also

managed by the cellular network operator. Most of the network function like billing,

resource management and vertical hand-overs are managed and controlled centrally. For

a cellular network operator, 3GPP I-WLAN standard describes the offloading scenario

and basic principles of integrating both networks [87]. It defines a solution on how to

transfer data from the cellular core network and end-device with the help of Wi-Fi access

network. The main idea is, establish a tunnel between a dedicated I-WLAN server

and end-device in the core network, to get access over public internet or operator’s

subscribed contents.

3. Vehicular Wi-Fi Data Offloading

Moving Vehicles on the road and roadside APs of WiFi network can be used as a

practical solution for data cellular data offloading, called vehicular Wi-Fi offloading.

The research in this direction has an objective to enhance the cellular data offloading

performance, particularly for delay-tolerant and non-interactive applications.

For non-vehicular users different offloading strategies mainly emphasis on offloading

performance and availability of next approaching WiFi AP because a user wants to

have a stable communication link with one WiFi AP. This thing is not applicable to

vehicular WiFi communication. Since vehicles have fast speed and in a short period,
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they may meet more APs having different quality of communication links and may have

more opportunities to transmit data. Therefore offloading strategy in these scenarios

should consider the prediction of forthcoming WiFi APs to get the advantages of

more data transfer opportunities. Delay requirements of an application would have

significant impacts on mobile data offloading schemes. Different non-interactive or

non-real-time applications, such as regular sensing data transmission to control unit,

bulk data transmission from smart meters to smart girds and email attachments are

usually throughput-sensitive and can compromise on delays of certain time limits

Literature shows the different proposal of vehicular WiFi offloading strategies

[88][89]. Wiffer is proposed as an offloading strategy in [88], which determine when

to defer data transmission of an application for WiFi connectivity rather than using

communication over the cellular network. Wiffer calculates the delay requirements of

each application and predicts the calculations of throughput potential of WiFi, based

on the history of the vehicle’s route. Based on these calculations it performs the data

offloading.

To study the performance and availability of 3G and WiFi networks an experiment is

conducted, by placing WiFi APs at more than half locations of the city, results showed

that 20% of cellular traffic can be reduced by data offloading through drive-thru WiFi,

also due to mobility of vehicles the temporal availability of WiFi is low(12% of the

time). Wiffer handles delayed offloading and for delay-sensitive data applications, it

performs fast switching to the cellular network. Vehicular users’s (VU’s) preferences or

binary names or port number information are used to determine the delay tolerance of

an application.

The effective throughput of WiFi can be estimated or predicted by calculating the

number of contacted APs in history. This prediction is based on the duration of inter-

contact time of each encounter and it can be same in future as in history average. Based

on these predictions WiFi offloading is performed if W > S.c, where S is Data size
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need to be transferred within the given delay constraints, c is conservative quotient that

is used to manage the trade-off between application completion time and offloading

effectiveness and W is effective throughput of WiFi-based on prediction. For real-time

or delay-sensitive applications, Wiffer uses fast switching from WiFi to cellular network

when WiFi fails to transmit data packet within a predefined threshold time

Motivated by the experimental results of [88] which showed that mobility and

connectivity with AP of the moving vehicles can be predicted, that’s why authors in

[90], proposed a data pre-fetching strategy. In this approach data is pre-fetched and

cached in APs along the predicted route of the vehicle, transmit these data contents

to the vehicles when they are in their wireless range. This exploits the vehicular WiFi

offloading because vehicle-to-AP uses point to point communication having higher

bandwidth than backhaul bandwidth. Moreover, vehicle-to-AP communication can

use some special type of transport layer protocols like cabernet transport protocol

(CTP) having less porn to wireless losses than TCP [91]. Data pre-fetching is based on

mobility prediction model of vehicle, to manage the mobility prediction errors, data is

redundantly pre-fetched along with the predicted APs on the route. Nevertheless, in

recent years backhaul capacity of WiFi is boosted greatly, that’s why the benefit of data

pre-fetching might be reduced.

To enhance the throughput of Vehicular WiFi offloading strategy is also proposed

at the transport layer [90]. Stream Control Transmission Protocol (SCTP) is presented

for data offloading of cellular networks via WiFi and enhance the user’s benefit. STCP

uses both WiFi and cellular interface at the same time if necessary, and after each time

interval, it schedule data packets for each interface. Experimental results showed that

SCTP offload data traffic from 63% to 81% and it validates its effectiveness.

4. WiFi Deployment

Data offloading also depends upon the density and deployment strategy of WiFi APs.

It has been shown that by deploying 10 APs in the area of per square kilometre, the
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average throughput per user can be increased up to 300% and this gain is proportional

to the AP Density [92]. In other words, we can say that if we increase the number

of APs in a geographical area then we can get better performance of cellular data

offloading. On the other hand, dense deployment of APs may increase the operational

cast and expenditures. Hence there is a trade-off between offloading performance and

AP deployment cost and it should be examined properly. WiFi deployment strategy

plays an important role to get batter throughput. Many factors should be considered to

make a good strategy to deploy APs, like vehicle mobility, communication environment,

population density and mobile data usage etc.

In [85], the performance of mobile data offloading is investigated against WiFi

deployment. This study identifies the APs having least sessions and user connection

times and gradually eliminate those APs to get the performance with different densities

of APs. It is identified that even 80% of the WiFi APs are eliminated, whereas the

offloading performance is dropped only 10% to 20%, which shows that only a few

and well-deployed APs can contribute to batter performance of data offloading with

less cost. WiFi deployment with respect to location popularity is presented in [93]

and [94]. Location popularity means locations visited by the high frequency of users.

Experiments are conducted in an area of 313.83 km2 with the deployment of several

hundred APs at prime locations and results show that half of the cellular data can be

offloaded efficiently on WiFi networks. It is also identified that most visited places

are not definite sources of high data traffic generation. Therefore, by identifying the

frequency of data traffic requests, another WiFi APs deployment approach is proposed

and evaluated in [95].

Three strategies of WiFi deployment, namely, uniform random, traffic-centric and

outage-centric are proposed and evaluated in [92]. In outage-centric and traffic-centric

APs are placed by considering the outage and locations having the highest data traffic

requests respectively, whereas in Uniform Random APs are deployed uniformly and
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randomly and deployment metrics are not considered. Results showed that by deploying

10 APs per km2, in traffic centric average throughput gain was 300%, the outage is

reduced 14% in the indoor environment by using the outage-centric approach.

2.4.2 Data offloading by Licensed Frequency band

For indoor (e.g., in office or home) cellular communication, femtocells are used as small

base stations. These BSs are connected to provider’s core network via some broadband

network (e.g, DSL, digital subscriber line) and it helps to service provider to provide

its services in the indoor coverage area, like the areas where service is unavailable

or limited. Femtocells are more attractive solutions for operators because they offer

improvements in capacity and coverage to the macro cell, especially indoors. This

concept is applicable to all cellular standards e.g. GSM, World-Wide Interoperability

for Microwave Access (WiMAX), wideband code-division multiple access (WCDMA)

and LTE. Femtocell introduced effective ways of reducing the data traffic load over the

microcell. They improve the experience of mobile users on macrocell BS by freeing the

capacity and on the other hand users on the femtocell get improved performance due to

having batter radio resources.

Mobile data offloading by using femtocells is also efficient because of different

reasons explained in [96]. First, data usage occurs mainly in an indoor environment

(office or home). In [97][98], it is explained that data usage occurrence is 26% in office

and it is 55% at home. It shows that the operator can offload heavy data traffic via

femtocells. Second, femtocells services are deployed and managed by the operator and

it provides seamless service experience to end-user. Third, femtocell installation is

easy as compared to macrocell BS deployments which involve a huge cost of backhaul,

infrastructure and site acquisition etc.

In femtocell network, data traffic flows from users equipment to femtocell’s small
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BS by using air interface, which is connected to some broadband connection, then

from this broadband internet to the provider’s core network or/and other destinations of

internet. User’s equipment (UE) is automatically connected to small BS whenever a

user comes in the range of femtocell frees the macrocell BS resources and traffic flows

through the users broadband connection. Use of femtocell not only offload the traffic

from NodeB (in 3G) or eNodeB (in 4G LTE) but also frees resources of a radio network

controller(RNC), which leads towards the further load reduction of the macrocell.

In [99], a new standard selected IP traffic offload (SIPTO) is explained, in which

operator offload a certain type of data traffic at a node that is close to the location of end-

user equipment. Two types of approaches are explained in this standard, deep packet

inspection (DPI) based and access point name (APN) based. In the implementation of

SIPTO operator can offload the data traffic from the core network by the direct traffic

flow from the femtocell to the internet.

1. Small-Cell-Based Offloading Small cells operate in the licensed band of the

energy spectrum and they are access points having low power as compare to macrocell

[100]. These cells provide batter cellular coverage, improve capacity and application

services for home and enterprise users at metropolitan and rural public spaces. There

are three types of cells based on signal transmission power and coverage area in term

of radius as shown in table 2.1. Small cell-based data traffic offloading have two

approaches: (1) User-oriented traffic offloading, (2) Network oriented offloading
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Table 2.1: Comparison between cell types

Characteristic Femto Pico Micro Macro
Power 20mW 200mW - 2W 2W greater than 2W

Coverage Hot Spot Hot Spot Wide Area Wide Area
Configuration Automatic Automatic or Manual Automatic or Manual Manual

Location Indoor Indoor or out door Out Door Outdoor
Density Large Number Large Number Small Number Small Number

Service Location Designed for data Designed for Data Designed for Voice Designed for voice
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a. User-oriented traffic offloading: It investigates the performance enhancement

of user equipment through femtocell traffic offloading. Mobile user (MU) can get

benefit in term of radio resource utilization, data cost and energy consumption. Due

to non-ideal backhaul as well as intermittent and limited small cell coverage, data

offloading might cause some additional delay. Hence, it is critical to comprehend

under which condition there will be the benefit of data traffic offloading and how it

can be adjusted for a trade-off between the benefits from data traffic offloading and

consequential disadvantages.

In [101], Cheung et al. find the data transmission delay for offloading data in a cell

and optimize the data offloading problem concerning MU’s data cost and resultant delay

performance in file transfer. In [102][103] the authors suggested different proposals,

to give incentives to users and exploit delay-tolerance for data traffic offloading in a

small cell to reduce the burden on macrocell. In [104], the author proposed a cost-aware

data offloading scheme and considered the budget of MU’s data usage, formulated and

optimized the offloading problem concerning throughput and delay trade-off.

b. Network-oriented Traffic Offloading: This strategy emphases on the study

of network performance improvement by traffic offloading using a small cell. Strong

coupling exists among cellular users when data offloading occurs in small cells because

of intercell interference and limited radio resources. For example, when data offloading

occur on the same band in nearby cells then severe intercell interference may occur.

Moreover, severe collision and interference occur when several mobile users offload a

huge amount of data in the same cell. That’s why to measure offloading performance

gain, we must consider the overall network performance enhancement by data traffic

offloading using small cells.

In [105], authors measured the interference, during traffic offloading among different

cells. They evaluated the overall network performance by formulating utility maximiza-

tion problem aiming to distribute traffic offloading in different cells. In another research
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[106], Chen et al. consider the energy efficiency of the overall network by considering

the interference in small cells and defined an optimal on-off controlled strategy for data

traffic offloading. In [107], authors measured the co-channel interference in the same

cell among different mobile users by considering and maximizing the overall network

performance and defined an optimal solution of the user-association problem. A social

welfare optimization problem is defined and formulated by Iosifidis et al.[108] that

distribute the demands of data traffic offloading in different cells by considering the

limited resources of the overall network.

2. Dynamic cell creation by using vehicles

Since small mobile cells have been proposed to improve coverage and capacity

for onboard mobile users, these cells could be combined with other data transmission

technologies to provide an effective data traffic offloading solution for public transit

vehicles.

The number of users using their mobile devices onboard public transit vehicles via

mobile networks is rising exponentially [4, 109]. Due to Path Loss (PL), shadowing,

and Doppler shift effects resulting from vehicle speed and distance to MBSs, these users

can experience poor signal reception and low bandwidth. It is becoming very difficult

for operators to boost onboard cellular coverage and the ability to accommodate mobile

users. Mobile traffic from groups of moving users also influences the efficiency of the

mobile base stations [109]. Recent research has considered the deployment of small

cells, including buses and street cars (a.k.a, small mobile cells), in public transport

vehicles [110, 111]. Mobile small cells are deployed to maximize coverage and the

ability to improve the QoS of vehicle users.

In [112] a framework is proposed, the goal is to offload data from users, that is

intended to be transmitted using WiFi via macrocells. Besides, mobile small base

stations are fitted with WiFi transmitters mounted on the vehicle’s rooftop to provide

mobile small base station with backhaul connectivity by connecting to urban WiFi
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access points (APs) (which are commonly used and already cover many urban cities

[113]). Therefore, to relieve overburdened macrocells, mobile data traffic is routed to

the cellular network operators via WiFi. Also, to make the offloading process more

accurate, they integrated WiFi coverage maps and the profile service history of users

in the proposed offloading system. By inspiring this work, we also find the most

visited locations by vehicles and identify the locations for roadside unit installation as

offloading points.

2.4.3 Data Offloading using Hybrid Frequency Band

In previous sections, mobile data offloading techniques have been categorized based

on energy spectrum utilization, in which spectrum resources are utilized in term of

licenced or unlicensed bands. In this section, we will explain the categories that use

both licenced and unlicensed bands.

1. Device-to-Device Communication

To address the challenges of cellular data crises, a promising solution, D2D device-

to-device communication has been suggested for next-generation cellular networks. In

D2D communication, mobile devices in the wireless range can communicate with each

other without traversing through the base station of the cellular network or the cellular

backhaul. By exploiting the vicinity of mobile devices and direct communication, D2D

data transmission can enhance the throughput, reduce the communication delay of

mobile devices and it can enhance overall spectrum utilization, network throughput

and performance [114]. Because of the different advantages of D2D communication,

proximate communication is appropriate for many user cases and it can introduce

different peer-to-peer and location-based services and applications. In [115], different

services, use cases and applications of D2D communication are introduced in different

categories, like content dissemination, machine to machine communication, peer to
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Figure 2.2: D2D communication classification.

peer, multi-casting, and so forth for cellular data offloading

Sound literature of D2D transmission is available, in this section we discuss the

research issues of D2D communication and some existing solutions. In [116], multi-hop

communication was proposed by using D2D communication in cellular networks. D2D

transmission is analogous to Adhoc networks, the main difference is it often includes a

cellular network for controlling. A common classification of D2D communication is

explained in literature [115, 117] and shown in the figure 2.2. For spectrum utilization,

D2D communication is divided into two strategies, 1) Inband D2D communication

and 2) Outband D2D communication. In 1st strategy, same energy spectrum band as

of cellular communication is used for D2D communication, whereas in 2nd strategy,

to avoid the signal interference from cellular networks, some other bands like WiFi,

Blue, Tooth, WiFi Direct etc. are used[118]. It is to be noted that, in outband D2D

transmission, eNodeB BS can have a different level of control over D2D transmissions

such as connection establishment and neighbour discovery, this control can be managed

by control channels of cellular networks. Otherwise, D2D data transmissions work

in self-governing mode. Based on spectrum resource utilization, Inband D2D data
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transmissions can be further characterized into two categories. If same spectrum

resources as of cellular communications are used for D2D communication then it

is called underlay D2D[119] data transmission and if resources are reserved used

for D2D communication from cellular spectrum band then it is called overlay D2D

transmission[120].

2. Opportunistic Communication

When several users request for same contents in a given area, service provider

governs the communication as an in-charge and transferred the requested contents

to the base station, and base station forwarded these contents to those users. These

requested contents can be delivered to users by using three different approaches. In

1st case, the base station forwards the requested contents directly to each user. In 2nd

case some of the target users are selected by the base station, it forwards the data to

the target users, and they disseminate the data among their peer users. Whereas in

the 3rd case, target users may store the requested contents and delivered to peer users

when they are in their wireless range. If the selected users don’t meet the timelines to

transfer data, then cellular base station are responsible for deriving data to each of data

undelivered-subscriber. The latter case is referred to as an opportunistic communication

in [93, 121].

Opportunistic communication also reduces load on the cellular base station that’s

why it can also be counted as a data offloading scheme. This approach can enhance the

performance and throughput of each subscriber because channel conditions between

users are much better as compared to channel conditions between user and base station.

It is to be noted that, opportunistic communications can be useful in case of delay-

tolerant data delivery (e.g video and audio files etc., sensor produced data to upload at

control units and scientific experiments related data delivery [93] because total end-to-

end delay may increase from service providers to subscribers. One of the parameters,

in opportunistic communication to select the target users, who are responsible to
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disseminate the data among their peers is the influence of their social behaviour. They

may prefer to use the battery of their devices for their purposes rather than consuming

battery for the benefit of others and this is called social selfishness [121]. Users may

discard the data after using it because of buffer space limitation in their devices, this is

another example of the effect of social behaviour on data dissemination in opportunistic

networks. Target and peer user selection have main importance in opportunistic data

offloading, these are explained here in more detail.

a. Target user selection: In content delivery networks there are several numbers of

the distributed server instead of a single server. These distributed servers store the more

popular contents in their caches which are the most periodically requested contents by

the users from the main server. Now, it is not necessary for all users to get data from

the main server, they can get data from their nearby distributed server, hence the main

server can remain uncongested. The same idea is implemented in opportunistic data

communication in which target users cache the most popular contents in their cache

and behave like distributed servers as in content delivery networks.

In [122], a solution for target user selection is formulated and named as Mobile

Social Network (MoSoNet). The users who already received the data from content

delivering servers, or stored the contents that are requested by some other users, can be

selected as a target user and can disseminate data to the other peer users who are selected

as receivers in the opportunistic social network. Several systems like PeopleNet and

WhozThat or many applications like CenceMe and Micro-Blog are used for MoSoNet.

For example, Micro-Blog is used for querying and sharing the contents in the devices.

Whenever a mobile user requests some specific contents from the main server, the server

may provide the contents itself to the user or it redirects the user to some other selected

target user having requested contents. The status of the target user and its location is

sent periodically to the main server.

In opportunistic networks, it is an important question that who is the most suitable
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user as a target user among all users in the network. In [121], one of the criteria is

the social importance of a user and it is defined as a number of peer users connected

to him/her. However, this not sufficient for selecting a user as a target user because

it is possible that peer users are not interested in the contents that are stored by that

user. Hence, another perimeter is defined as the number of interested peer users in the

network for the selection of the target user. Therefore, it is a trade-off between these

two factors for decision making over the selection of the target user.

In another point of view, the problem of target user selection can also be formulated

as an optimization problem having an objective of maximizing the number of peer

users (number of content-delivered users) in a required time period so that load on the

base station can be reduced. Different methods are defined in [122]. For an already

defined number of selected users, in an approach of the greedy algorithm, a set of target

users are selected that maximizes the number of peer users or content-delivered users.

As it can be considered that, the greedy algorithm doesn’t consider the location/time

correlation and statistical consistency of user’s daily presence. On the other hand in

the Heuristic algorithm, this consistency is considered at an initial stage of target user

selection. For example, consider a company, all of its employee remain present at

its location at almost the same time during each working day of the week. In such a

scenario, the heuristic algorithm selects an initial target user set same as before instead

of defining the new set every day. Finally, the initial target user selection set is picked up

completely in a random way from all users. Simulation results of [122] showed that all

these selection algorithms mitigated the traffic load on the cellular network as compared

to the scenario where data is delivered to each user by base stations themselves.

b. Peer user selection: Peer users are those that accept the data contents directly

from the selected target users. Data contents are transferred from the base station to

selected target users, and they can transfer these contents to the peer users in their

wireless range via Bluetooth or WiFi, by using some applications like Haggle [121].
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They can also disseminate the contents to their peers via some cellular resources in their

social friend networks like Twitter or Facebook as mentioned before in Mobile Social

Network (MoSoNet) [122].

3. Opportunistic and D2D Communication in vehicular networks

Due to the advantages of opportunistic and D2D technology, it is suitable for many

vehicular related use cases and can enable peer-to-peer and location-based application

and services. For instance, considering the enormous number of connected the smart

cars (connected cars in 2021 [3]), software update of smart car can put a noteworthy load

on the cellular infrastructure, and cost a lot of money for car owners. Thus, the software

update can be downloaded by some selected vehicles and then it can be transferred to

other vehicles by opportunistic and D2D(V-D2D) transmission. In this process, target

vehicles can be selected by the cellular network by applying some efficient algorithms

and allocate appropriate resources to reduce the interference, optimize the performance

and fulfil different QoS requirements. In this way, most of the cellular load and data

traffic can be offloaded to V-D2D communication, and thus cost, energy and much of

the cellular bandwidth can be saved. Furthermore, software update does not require

the real-time communication, it can compromise on some delays, in such cases the

vehicular delay-tolerant network (VDTN) can be employed to forward the software

update package in a store-carry-forward manner which can further save the cost, energy

and offload the cellular traffic. Audio/video streaming and gaming are some other

type of data services among vehicular users such as a social network in the vehicular

proximity [123]. Generally, such types of applications are maintained by WiFi-direct,

LTE-direct or DSRC communications, because of long device paring time and collisions

they may not satisfy the proper requirements. V-D2D and opportunistic communication

can support such type of services in a batter way due to the use of cellular links for

control channels. Cellular-control may provide connection setup within short delay

time and batter resource allocation.
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Figure 2.3: Estimated connected car shipments [3].

Numerous research works consider the problems of applying D2D communica-

tions in vehicular adhoc networks. In [124], Cheng et al. investigate the validity of

D2D communication for intelligent transportation systems (ITS) by applying spatial

distribution of high mobility vehicles and on different channel characteristics. The

simulation study showed that among all other D2D techniques D2D-underlay got the

highest efficiency in spectrum utilization and transmission rate increases with a decrease

in distance of vehicles. Moreover, it is observed that with the gradual increase in link

density of V-D2D the average spectral efficiency first begins with growth then gradually

declines, because when V-D2D link density increases then the network will get more

severe interference. In [125], Sun et al. formulated a resource allocation strategy for

cellular user equipment’s (CUEs) and vehicular user equipment’s (VUEs), to exploit the

CUEs sum rate while assurance the strict delay reliability and consistency requirements

of VUEs’ services. To get the optimum performance of V-D2D, Ren et al. in [126]

studied power control framework with the joint channel selection, where a sequence

of modifications are made to decrease the conditions of full channel state information
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(CSI).

2.4.4 Types of data offloading

The work in [84], introduced many offloading techniques in a cellular network to reduce

network congestion. These offloading techniques are being categorized as delayed

offloading and non-delayed offloading. Table 2.2, describe the summary of these

offloading techniques.

1. Non-Delayed Offloading: Non-delayed offloading provides logical solutions

as a Wi-Fi hotspot to lessen congestion and cost. Cellular Base stations and D2D ap-

proaches use wireless technologies to establish direct communication between devices,

and cellular network to device communication. AP Based offloading is a user-driven

approach [84].

2. Delayed Offloading: In delayed offloading, content reception can be delayed up

to a certain point of time but with good delivery conditions.

Sylvia et al. [127], introduced energy-aware opportunistic mobile data offloading.

Their main focus is to decrease the energy consumption while at the same time retaining

the application throughput of an opportunistic network. They evaluated the performance

of progressive selfishness which combines the merits of two energy-saving mechanisms

which includes duty cycling and selfishness. With the use of trace-driven simulation

analysis, they evaluate the performance under two modes of nodes cooperation for

the progressive selfishness behaviour which helps to save energy up to 85% while

sacrificing less than 1% with the distribution of density of node and availability of initial

content. However, since mobile nodes are battery-powered, opportunistic networking

can only be considered a viable mechanism for offloading data if it delivers high content

volumes at a low energy cost.

The authors in [61], have deployed cell base station in addition to the conventional
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macro base station to boost the network capacity and energy saving. They focused on

energy harvesting for on-grid power saving while sustaining Quality of Services (QoS).

They optimized the energy-aware traffic offloading scheme, On-Off state of SBS and

power control jointly to know the statistical information of renewable energy arrival

and amount of offloaded traffic. In this scheme, multiple base stations have been set up

in the heterogeneous network to satisfy quality services. Simulation results demonstrate

that their scheme can achieve more than 50% power saving gain for typical daily traffic

and solar energy profiles, compared with the conventional traffic offloading schemes.

The authors in [128], demonstrated Device-to-Device (D2D) Fogging, which works

on the concept of mobile task offloading based on network-assisted D2D collabora-

tion, where mobile users can dynamically and beneficially share the computation and

communication resources among each other via the control assistance by the network

operators. They proposed an optimization problem to minimize the time-average energy

consumption for task executions of all users and taking into account the incentive

constraints of preventing the over-exploiting and free-riding behaviours.

Mobile phones and laptops are increasing data traffic every year and this trend is

expected to continue further with all new developments. Therefore, Dimatteo et al. ([93],

proposes a solution to offload traffic from the cellular network towards metropolitan

WIFI access point, which is known as MADNet architecture. While transferring bulk

data, this architecture is beneficial even in the case of the sparse WIFI network.
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Table 2.2: Overview of offloading schemes

Work Message
Direction Goal Offloading Type Mobile Device Type

MADNet Infrastructure→
mobile device Reduce Infra. load Delayed All infra. access, all DTN

Drive-thru Internet Infrastructure→
Vehicle

Reduce Infra. Load and
more strong connection Non-Delayed All vehicle, Wi-Fi access

Wiffler Infrastructure→
Mobile device Prefer Wi-Fi over cellular Delayed All Wi-Fi and cellular capable

HRS Infrastructure�
Mobile device Offload Infra., prefer DTN Delayed Heterogeneous infra. access/adhoc

Kashihara Wireless nodes→
Vehicle Reduce traffic congestion Delayed All Wi-Fi and cellular capable

Push-and-Track Infrastructure�
Mobile device Reduce Infra. load Delayed All infra. access, all DTN
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MADnet consists a total of six modules: Connectivity module, a Location module,

Protocol module, Naming and Forwarding module, Data Module. All of these modules

are responsible for providing connectivity to users according to location, name and then

forwarding data. Every node of the system generates data to upload and request content

to download on another side. In such a way, at the time of downloading content, a user

requests to the nearby base station with all the details (position, speed, and direction)

which is known for all Apps position. Base station makes a list of all APs of that route

and node consults the particular AP to download the content. This list keeps in the

storage of node’s system for future direct communication through Bluetooth/Wi-Fi.

In this thesis, we use the huge volume of connected smart vehicles as forecasted in

figure ?? [3], and design an energy-efficient data dissemination framework by using the

vehicular delay-tolerant network.

2.5 Adopted VADD Performance Evaluation Approach

The primary objective of this thesis is to develop a framework that be used for energy

efficient data dissemination from various data sources to data centers. For this data

dissemination we use vehicular delay tolerant network. The performance of the proposed

framework is measured using QoS parameters, including, end-to-end delay, throughput,

energy efficiency, and data loss. This section depicts methods adopted for measuring

QoS performance in this thesis.

Taking into account the need for this analysis, evaluating the efficacy of the proposed

network in the real-time setting is highly expensive. Thus, by using the real vehicle

count and taxi traces in MySql server database, this research adopts mathematical

modelling, simulations and statistical analysis to test and evaluate the output of the

proposed VADD framework. By evaluating different network scenarios, the simulation

and analysis approaches are being used to generalize the research findings.
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The Monte Carlo Simulations are used for numerical analysis and MATLAB is used

to test the performance of the proposed algorithms’ (Chapter 3 to 5). Experiments with

Monte Carlo are a wide class of computational algorithms that rely on repeated random

sampling to obtain numerical results. They are often used in physical and mathematical

problems and are most helpful when it is difficult or impossible to use other approaches

[129].

In addition, we use Statistical Information Grid (STING): Grid clustering algorithm

(Chapters 3 and 4) for data-driven approach and statistical analysis. STING is the most

powerful algorithm used by many researchers for tempo-spatial analysis GPS based data

[12]. We divide the entire city into different cell sizes according to the wireless coverage

area of various wireless technologies. Extensive analysis is performed to calculate the

network coverage and capacity. We use MATLAB MathWorks function “Scatter Plot

coloured by Kernel Density Estimate” to calculate the vehicles displacement and density.

For RSUs deployment we identify the most important locations with respect to the most

visited locations in a selected geographical area. This function use the kernel smoothing

function to compute the probability density estimate (PDE) for each point. It uses the

PDE has colour for each point and it returns handles to the scatter objects created [130].

Finally, IBM CPLEX Studio and SaS Optimization tools are used[14][15] (Chapter

5), to minimize the energy cost and reduce carbon emissions of our proposed VADD

framework. IBM ILOG CPLEX Optimization Studio is a prescriptive analytics solution

that enables rapid development and deployment of decision optimization models using

mathematical and constraint programming. Using CPLEX studio we apply the min-

cost flow problem for finding the optimal routes to reduce the energy consumption in

multi-hop communication. Similarly, SaS is also a powerful array of optimization and

simulation tools for identifying actions that will get the best results while operating

within resource limitations and other relevant restrictions. We use SaS optimization

tool to transfer multiple data demands by using a multi-commodity flow problem for
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optimal network mode selection by the proposed VADD framework.

2.6 Summary

This Chapter reviewed the concept of green networking. How much energy is consumed,

and carbon is emitted caused by information and communication technologies. The

huge energy usage in ICT illustrates the need for energy-efficient data communication

techniques. Different terms related to green networking have been explored and how

these concepts have been applied to different types of networks. Then types of different

energy optimization techniques explored and how energy can be efficiently utilized for

data communication in information and communication technologies. This first part

motivates us to design an energy-efficient technique for big data dissemination.

In the second part, we explore the concept of delay tolerant networks and its routing

protocols. How the DTN can be used in vehicular delay tolerant networks. This part

motivates us, how the existing system of vehicular networks can be used for big data

dissemination. In the 3rd part of the literature, we explore the different techniques of

data offloading for different bands in the energy spectrum band. Types of data offloading

have been explored in the next section. These parts motivate us, why data offloading is

necessary to meet the future needs of mobile data demands.

From the literature review of three different areas of research, a research gap has

been identified, which is to utilize the potential vehicular network as an alternate

network channel for energy-efficient big data dissemination to reduce the burden on

the congested networks, as shown in Fig. 1.6. To design an energy-efficient data

dissemination framework, we need to investigate the potential of this proposed alternate

channel. In the next chapter, we introduce the design of this framework and explore its

potential in terms of big data dissemination, network coverage, and network capacity.
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Vehicle Assisted Data Dissemination

Framework

In chapter 2, a detailed review of literature has been discussed related to green network-

ing, delay-tolerant networking, and data offloading techniques. A vehicle assisted data

dissemination (VADD) is proposed in this Chapter. The main objective of this thesis

to support the hypothesis that vehicular networks are a suitable alternate channel for

data communication related to delay-tolerant or background traffic in smart cities. One

of the main issues for a smart city is the data aggregation from various data sources to

the central control units for storage and analysis. While the core networks are winding

up progressively over-burden, the cost of keeping up and extending the networks to

oblige the big data of these smart cities stays high. To overcome the problems of

congested networks, we propose a data dissemination framework. The idea is to utilize

the city existing public transport infrastructure to pick up and deliver the big data from

designated pick-up points and data centers.

In 1st part of this chapter, we efficiently utilize the vehicle volume on the road

and D2D communication of future smart cars with roadside units, under the control

of cellular networks, to transport big data from various data sources of SC to their
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corresponding data centers. Instead of using separate storage media, these smart cars

will have their own storage, processing, and radio communication modules. These

modules contain Wi-Fi, GPS as well as cellular interfaces. In this part, we propose a

framework that offloads the data from congested networks through these vehicles by

using their routine rides.

In 2nd part of this chapter, we explore the collection of big data produced by a

massive number of smart devices in SC using VADD as an alternate data dissemination

channel. By using the opportunistic contacts between the sensors and microscopic

movement of vehicles with their GPS location information, it is possible to piggyback

accumulated data on moving taxis-cabs for further data delivery at data centers of the

corresponding service. Not only it can reduce the load on expensive cellular links but

also eliminates the need for new infrastructure deployment.

The findings of this proposed vehicle assisted data dissemination can help net-

work engineers, to configure the network for good coverage and capacity. The main

contributions of this chapter are:

• We propose an alternate network for data collection from densely deployed SC’s

devices, which saves a huge amount of cost for infrastructure deployment.

• We develop a mathematical model and a case of Auckland City is evaluated by

using annual average daily traffic (AADT) of Auckland City in our proposed

model to reduce the end-to-end delay for big data transmission.

• To explore the potential of vehicular displacement in the entire city, we develop a

grid clustering algorithm to divide the whole city in different sizes of rectangular

clusters, it reduces the complexity of data analysis to observe network dynamics.

A case of Beijing city is evaluated, by applying our proposed algorithms on real

taxi traces to observe network coverage and capacity of the proposed system.
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• For roadside units (RSU) placement in the smart city, we develop a greedy

algorithm to identify the most popular locations and evaluate a case of data

dissemination using our proposed framework.

To achieve this, propose VADD framework in Section 3.1. In this chapter, we

analyze the potential of our proposed system VADD by considering two cities Auckland,

New Zealand, and Beijing, China. In the Auckland case Section 3.2, we use real data

of annual average daily traffic (AADT) and our model explores, how much data can

be offloaded by using this vehicle count on the roads. The calculations related to an

alternate channel for data dissemination are presented in Section 3.3, which can fill a

gap between current and future needs of mobile data demands in different cities of New

Zealand. In the Beijing case Section 3.4, we use the real traces of taxies to consider the

displacement of vehicles around the city, for analysis of coverage, capacity, and data

offloading potential of VADD. Finally, the chapter is summarized in Section 3.5.

3.1 Overview of VADD framework

The smart devices and sensors are scattered throughout the smart city. These smart

devices are installed in a different type of structures to accumulate the status data

for various applications. The wireless coverage of the cellular network is available

everywhere in the city, and smart vehicles are moving on the roads. These smart vehicles

have GPS, WiFi, and cellular interfaces, also have storage and processing capacity.

They can form a network with the base station (BS) by using the cellular interface,

with roadside units (RSU) or with other vehicles by using WiFi interface. A central

controller (CC) server is installed at the cellular network. This controller will be the

manager of overall communication.

In the proposed work various SC devices and sensors generate a huge volume of

data in the city. CC selects the cellular network or traditional core network to forward
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delay-sensitive data. For delay-tolerant data, CC selects cellular network, core network,

or proposed vehicular network. When an information source needs to send information

to the control unit (CU)/ data center (DS), it sends an information request packet to

CC on a cellular control channel. CC will choose the most appropriate alternative, to

exchange information utilizing the core network, cellular network or vehicular network.

This decision is made by considering the information of vehicle count on the road, delay-

tolerant interval, history of the vehicle’s trajectory and energy cost. Based on these

results, CC selects the suitable network, if infrastructure network is more appropriate

for the given set of demands then CC guides the source to send data on path (a) or (b)

of Figure 3.1. Otherwise, data can be forwarded by using vehicular transport network

on path (c). For each given set of data transfer requirements, CC chooses optimal

vehicles by using their trajectory’s history and informs the DS to send data by using

these particular vehicles. The vehicles participating in this proposed system, update

their reputation profile to CC for optimal decision making.

On the receiver side, these vehicles will upload the data whenever they encounter

an RSU by using the WiFi interface. The RSUs are connected to the backbone network

of the city and send the data to SC CUs. After receiving the data, the RSUs send the

acknowledgements to the server. If a particular data packet is not transmitted to the CU

before the delay-tolerant indicator expires, then such data will be transferred directly to

the CU by using the cellular interface. Moreover, the vehicles in our proposed system

are smart, they can sense the data collected from sensors. If the data collected from the

sensor is critical and needs to upload urgently then our smart vehicles can upload it by

using their cellular links.

Whenever a service provider at CU or data center wants to send data to SC devices

e.g software update code, it sends the data to CC. CC will use our proposed system to

forward this data from a service provider to smart devices by using smart vehicles.
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Figure 3.1: VADD system overview
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Figure 3.2: Sequence diagram of proposed framework.

The sequence diagram of the proposed system is shown in Figure 3.2. It represents

the overall flow of data between different entities.

In the next two sections, we evaluated our proposed framework by using the case of

Auckland and Beijing cities.
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Table 3.1: Summary of variables used in proposed model

Symbol Meaning
n Number of vehicles used to transport the required data
B Available Bandwidth of internet
V Vehicle volume on the road
C System Capacity
D Delay Tolerant Data,Volume
d Distance Between,Source and Destination
s̄ Average Speed
ρ Probability of Vehicles to,Participate in Proposed System
k Number of,offloading points from source to Destination
Vf Vehicular frequency on the road
Td Total Transportation Delay
CV eh Storage Capacity of Vehicle
TD2D Time required to transfer data by using D2D Communication.

3.2 Auckland Case

In the Auckland case, we consider daily vehicle count on the roads to explore the

potential of our proposed framework. Following are the mathematical models that are

used in this work for mathematical calculations and the symbols used in these models

are shown in Table 3.1.

3.2.1 Network Delay Model

The time required to transport data between source and destination on the road is based

on two aspects. The first, time required to transit a vehicle between source to destination,

can be calculated from the distance between two points and the average speed of the

vehicle. Second, the time required to pass enough vehicles form the data pick-up point

towards the final destination or towards some other offloading point on the way to the

destination, it can be calculated by the given data volume, percentage of participating

vehicles and storage capacity of each vehicle.
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Td =
dAB
s̄

+ data loading time (3.1)

Vehicle volume ’V’ is the available vehicles on the road and it is publicly available

for each road of Auckland city in traffic count report of Auckland Transport Agency

[131]. The storage capacity of the vehicle can be assumed 1 TB or 1/2 TB for calculation.

Now the system capacity ’C’ can be expressed as follows.

C = V × CV eh (3.2)

Suppose there is a probability only ‘ρ’ drivers are willing to participate in this proposed

network based on some incentives and ‘Vf ’ is the vehicular frequency on the road then

the bandwidth of each road can be calculated as follows.

Bandwidth = Vf × CV eh × ρ (3.3)

From Eq. (3.1), we can calculate the total delay when no offloading point is in

between the source A to destination B.

Td =
dAB
s̄

+
D

Vf × CV eh × ρ
(3.4)

If there are k offloading points in between the source A and destination B, TD2D is

the time required at each offloading point to upload and offload the data then total delay

can be calculated as follows.

Td =
dAB
s̄

+
D

Vf × CV eh × ρ
+ 2×

k∑
i=1

(TD2Di
) (3.5)

And for internet case delay can be calculated by the data volume and available
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bandwidth as follows.

TInterent =
D

B
(3.6)

3.2.2 Performance Analysis

In this section, we compare the proposed system with the internet-based system.

3.2.2.1 Case Scenario

Figure 3.3: Internet based Vs Vehicle based system.

In this section, we compare two cases for data forwarding, internet-based and

vehicular based. Suppose a data source at WELLSFORD - Telemetry Site 17 - Nth of

Mangawhai Rd with reference ID:01N00336 in Auckland wants to send some data to

a destination in Central Business District (CBD) as shown in Figure 3.3. For vehicle

case, we get the distance between these two locations is 77.2 Km from google maps
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Figure 3.4: Internet based Vs Vehicle based system.

and vehicle volume on the road at the source site is 10055 vehicles per day [131],

we consider the average speed of the vehicle is 50 Km/h, each vehicle has a wireless

interface having speed 2.5 Gbps for D2D communication [132]. If 20% of the vehicles

take part in the proposed network then we can calculate the vehicular delay by using

Eq. (3.5). For internet case, data can be forwarded to the destination by using a wired

network, cellular network or Wi-Fi network. Core network delay can be calculated by

using Eq. (3.6).

We transfer the data between these two points for ten hours and get the results as

shown in Fig. 3.4. For internet case, we consider bandwidth 100 Mbps and 1 Gbps,

and for a vehicle-based system, we consider the vehicles having disk capacity 100 GB

and 512 GB. The results show that our proposed system outperforms than the internet.

Vehicular network transfer more than twice data at the same time as compared to the

internet has a very high data rate of 1 Gbps.

66



CHAPTER 3. VEHICLE ASSISTED DATA DISSEMINATION FRAMEWORK

Figure 3.5: Data Volume Vs Delay.

To transfer big data volume we compare internet system having data rate 1 Gbps

and vehicular system having disk capacity of 512 GB for each vehicle. In Fig. 3.5, we

gradually increase the data volume and examine its effect on data transmission delay.

The results show that for big data volume there will be a significant increase in delay

for internet case as compared to vehicle case.

Eq. 3.5, demonstrates that the performance of the proposed system depends upon

vehicle volume, speed, and distance other than the data volume. Therefore, it is essential

to get the effect of these parameters on the system performance.

Vehicle Volume: To get the impact of vehicle volume on the throughput of the

proposed system, we transfer 1 PB data from the same source to destination. We vary

the vehicle volume from 100 to 850 vehicles per day, by keeping constant the average

speed 50 Km/hour, and storage capacity 256 GB for each vehicle. Fig. 3.6(a), shows

that at the start latency is very high as compared to internet case and it gradually reduces

by increasing the vehicle volume. When the vehicle volume increases more than 170
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(a) Vehicular network Vs Internet Delay.

(b) Vehicle count Vs Throughput.

Figure 3.6: Vehicle volume’s effect on the performance of the proposed system
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(a) Distance Vs Throughput.

(b) Distance Vs Delay.

Figure 3.7: Effect of distance on the performance of the proposed system
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vehicles per day then the latency get decreases in our proposed case as compared to

traditional networks. Whereas, Fig. 3.6(b) shows that the throughput of the proposed

system is directly proportional to the vehicle count on the road. If more vehicles will

take part in the proposed system then there are more chances to transfer big data.

Distance: As the distance between source and destination can vary significantly,

we, therefore, tested our system by varying the distance from 50 Km to 1450 Km and

by keeping the other parameters constant. The results show that distance is inversely

proportional to the throughput of the system, as we increase the distance the throughput

of the system decreases as shown in Fig. 3.7(a). On the other hand, Fig. 3.7(b) shows

the latency of the proposed system is directly proportional to distance.

Speed: We vary the speed of the vehicle from 10 Km/h to 130 Km/h by keeping the

other parameters constant and get the results as shown in Fig. 3.8(a). Results show that

speed has a directly proportional impact on the proposed system throughput. Whereas,

the latency of the proposed system reduces if we increase the speed, as shown in Fig.

3.8(b).
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(a) Speed Vs Throughput.

(b) Speed Vs Delay.

Figure 3.8: Effect of speed on the performance of the proposed system
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In next section, how our proposed network bridge the gap between the existing

mobile data demands and future mobile data demands of smart cities.

3.3 A Possible Alternate Channel

In this section, we consider the case of smart cities in New Zealand and perform some

calculations on the existing vehicle volume in these cities. Here we propose an alternate

channel for communication in New Zealand cities by using our proposed VADD.

Like rest of the world, the data demands in New Zealand are increasing each year,

as depicted in Figure 3.9. There is an increase of 40% data demand in 2018 and an

increase of 54% in the number of fiber connections for faster data communication, to

make up 32% of all broadband connections. On the other hand, a significant decrease

of 25% is shown on the slow Internet and dial-up connections. More than 70% of all

Internet broadband connections with no data limits and cap. These data demands of

broadband connections include the use of 281,615,000 GB of data that is equal to 90

million hours of streaming, or 10,700 years, high definition online shows of TV. Mobile

phone users consumed 10,089,000 GB data in June 2018, which is up to 56% from

2017 [133]. The use of mobile data has been grown by 600% in the past four years and

the expected growth for the next four years is 50% per year [134].

Cisco predicts that a SC with a populace of 1 million could produce 180 million

GB data volume for each day or 42.3 ZB/month [135]. If we assume NZ main cities

as smart cities, where data sources of different applications of smart cities like smart

buildings, smart water, smart public services, smart lighting, smart mobility, smart

waste management, smart meters, smart energy, smart sensors, and smart grids etc., will

generate a massive volume of data and we need to transmit this big-data to data cloud,

data centers or data control units. These expected data demands of 724 PB per day, will

exceed the data usage beyond the available limit of existing infrastructure. There will
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Figure 3.9: Past five years broadband data usage in NZ: Comparison of Fiber optic,
Cellular/satellite/ and fixed wireless, DSL, and Monthly data use.

Figure 3.10: Data usage statistics of various NZ cities. Comparison of Cisco predicted,
current, and the proposed data usage.
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be a massive gap between existing data usage and required data usage of these cities, as

shown in Figure 3.10.

Table 3.2: Average percentage increase in per capita vehicles.

City Name Population Per capita
Vehicle

Number of
Vehicles

Yearly %Age
Increase

Northland 168,300 0.71 119,493 1.14
Auckland 1,569,900 0.71 111,4629 2.03
Waikato 439,100 0.75 329,325 1.37

Bay of Plenty 287,100 0.86 246,906 1.66
Gisborne 47,400 0.66 31,284 0.62

Hawke’s Bay 160,000 0.74 118,400 1.64
Taranaki 115,700 0.76 87,932 0.8

Wellington 496,900 0.64 318,016 1.28
West Coast 32,700 0.90 29,430 1.61
Canterbury 586,400 0.80 469,120 0.25

Otago 215,000 0.74 159,100 1.38
Southland 97,300 0.89 86,597 1.37

We propose a complementary network, the vehicular network as a hybrid network,

along with existing infrastructure, and mobile networks. Business Insider (BI), predicted

that in 2021, 82% of all vehicles would be shipped as smart and connected vehicles [3].

These smart vehicles will have wireless interfaces, global positioning system, storage

capacity, and processing capacity. We assume NZ’s main cities as SCs. Ministry of

transport NZ predicted that NZ has 0.79 per capita vehicles in 2016. This value keeps

on increasing with an average increase of 2.12% in per capita vehicles since the past

five years [136] as shown in Table 3.2. Figure 3.10, also predicts the parallel growth

in mobile data demands and vehicle volume in NZ. Hence, it is forecasted that this

significant volume of connected vehicles can produce huge bandwidth on the road

network of NZ’s smart cities. By using the data set of the ministry of transport NZ

[136, 137] as shown in Table 3.2, our proposed system predicts the vehicular network in

SCs of NZ could produce a massive bandwidth up to 607 PB if only 20% smart vehicles

in NZ will transfer only one data assignment daily, as shown in Figure 3.10.
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3.4 Beijing Case

It sounds exciting, the ubiquitous availability and displacement of taxi cabs can help us

in data collection and can move the collected data throughout the smart city. However,

we must consider that these taxi-cabs can cooperatively deliver the essential coverage

and capacity to fulfil SC requirements. In this regard, we analyse the coverage and

capacity of vehicle assisted data dissemination framework, formed by these taxi-cabs

by considering their possible contacts in different locations of SC. To evaluate our

proposed work we use the real-time taxi traces of Beijing city. At first, we cut the

complexity of the proposed network by using a clustering algorithm on big data of taxi

traces. In our case, the cluster is a rectangular region from where a vehicle can collect

or deliver the data. Moreover, we apply different spatial data mining techniques to filter

the data and analyse it for different wireless technologies by using the different sizes of

clusters.

To analyse the network coverage and potential we will use the microscopic move-

ment of vehicles based on GPS locations and trajectory traces, for data dissemination.

We divide the whole city in smaller grids. Grid is a rectangular region bounded by

some longitude and latitude. The length of each grid depends upon the selected wireless

technology. In the next section, we describe the model to calculate the effective distance

of a vehicle from a wireless device inside a grid. The number of vehicles reported inside

a grid form a cluster.

Notations used to calculate effective distance, cluster density, network area coverage

and network capacity are given in table 3.3

3.4.1 Effective distance

It is assumed that whenever a vehicle will visit a rectangular grid cluster, it can collect

data from all the devices inside that cluster. For this purpose, the size of the grid cluster
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Table 3.3: Notations used in this scenario

Symbol Meaning
d Effective distance
d0 Reference distance
n0 Path loss factor
Ψ Gaussian random variable
ρ Vehicle density
r Length of each side of grid cluster
tid Taxi id
Lon Longitude
Lat Latitude
aid Cluster area ID
Si Size of wireless technology used
t Unit time interval
m Total number of clusters in Si
n Total number of GPS points in selected area (25× 25Km2)
T Average update time
ST Stay time in a cluster
θ Data rate of wireless technology

will be adjusted concerning the selected wireless technology.

To reduce the packet loss, it is essential to keep a vehicle in the appropriate area of

a device’s wireless coverage region as shown in figure 3.11. We can calculate the path

loss PL(d) at a distance d by using path loss formula [138].

PL(d)[dB] = PLF (d0) + 10n0 log (
d

d0

) + Ψ (3.7)

Where d0 is the reference distance where path loss inherits the characteristics of free-

space loss PLF , n0 is path loss exponent, depending upon the propagation environment.

Ψ is the Gaussian random variable.

From Eq. (3.7) we can find the effective distance of a vehicle to wireless device

inside a grid.

d = d0 × 10
PLF (d0)+Ψ−PL

10(n0) (3.8)

d is the distance the vehicle to a device and effective distance can be 2d, the diameter of
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Figure 3.11: Effective distance.

the wireless coverage area of a device. In other words, each vehicle can have a chance

to transmit the data packets to a device at a distance from 0 to 2d meters, as shown in

figure 3.11.

To calculate the presence of a vehicle in a given area, we will divide our whole

selected area in grids having the length of each side equal to r as shown in figure 3.11.

If d is the radius of wireless coverage of a device then maximum length of wireless

coverage can be calculated as follow.

2d =
√
r2 + r2 (3.9)
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Where r is the length of each side of a grid topology. Eq 3.9 can be written as

follow.

d =
1√
2
r (3.10)

The length of each side of grid can be calculated as follow.

r =
√

2× d0 × 10
PLF (d0)+Ψ−PL

10(n0) (3.11)

If r is the length of each side of the grid, then any vehicle at a distance 1√
2
r or

double of it is in the wireless range of a device can collect data from that device as

shown in the figure 3.11.

In the next section, we describe our algorithm for this division related to different

wireless technology.

3.4.2 Grid clustering algorithm

The cost to evaluate all possible taxicabs encounters with geographically stationary

sensors is high. In this way, it is important to process, for every taxicab and for all

time intervals, the area as characterized by the wireless coverage under consideration.

For this situation, as the databases of vehicle trajectories are of noteworthy size, the

procedure of complex mining is expensive and tedious. The data set is made out of GPS

locations of taxicabs during the whole day’s intervals. There are various approaches to

dissect huge measures of spatial data, like sampling an array of GPS points, decreasing

the investigated area, clustering, measuring the distance between all GPS locations, to

cite a few. One of the main objectives of this work is to examine the reasonableness of

wireless technology along with its range, that’s why we use grid clustering method, it

garbs well our proposed study and problem.

10) By inspiring the grid clustering approach for useful data analysis of geospatial

78



CHAPTER 3. VEHICLE ASSISTED DATA DISSEMINATION FRAMEWORK

data, we use STING algorithm and reduce the complexity of big data of vehicular traces.

[12]. Our grid clustering algorithm 1 will be used for making rectangular and spatial

clusters. It will also reduce the complexity of big data analysis. We give taxi ID, date

time, location, starting value of longitude and latitude and the set of different wireless

technologies coverage range as input to our algorithm 1. Our algorithm will return

clusters of different sizes according to given wireless ranges.

Algorithm 1: Grid clustering algorithm (GCA)
Input: Set of vehicle traces Trace={(tid,datetime,lon,lat)}, Set of initial values

V={(lons, lats, loni, lati)}, Set of all sizes S = {si}
Output: Set of vehicle traces with along smaller area ID’s

TraceArea={(tid,datetime,lon,lat,aid)}
1 lo← lons
2 la← lats
3 while i <= si do
4 la1 ← la
5 la2 ← la+ lati
6 while j<= si do
7 lo1 ← lo
8 lo2 ← lo+ loni
9 for new cell values do

10 update Trace
11 set aid+ +
12 where lon between lo1 and lo2 and lat between la1 and la1

13 end
14 lo = lo+ loi
15 end
16 lo← loni
17 la← la+ lai
18 end
19 return TraceArea
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3.4.3 Cluster Density

Density of a grid having size Si is the number of records mapped or updates reported in

that grid until a time t. it can be written as follow.

Density(Si, t) =|M(Si, t) | (3.12)

The sum of all densities of all clusters m in each time t can be calculated as follow.

MDensity(t) =
m∑
i=1

|M(Si, t) | (3.13)

We use algorithm 2, to estimate vehicle density in each cluster area of size Si. It is the

number of vehicle visits in each cluster. A cluster having more vehicle visits means a

high dense cluster, whereas low dense cluster means it has a smaller number of vehicle

visits. High dense clusters are more popular areas, can have a high potential for data

dissemination and they can be used as a location for RSU installation.

Algorithm 2: Cluster Density
Input: Set of vehicle traces Trace={(tid, datetime, lon, lat)}, Set of all sizes S

= {si}, Total updates Counti
Output: Set of clusters with vehicle density TraceArea_density = {(aid, counti)}

1 initialize();
2 TraceArea ← Algorithm_GCA()
3 for Sj ∈ S do
4 Count← 0
5 for ∀aid ∈ TraceArea do
6 if tid ∈ TraceAreai then
7 + + Counti
8 else
9 do nothing

10 end
11 end
12 TraceArea_density ← {aid, Count}
13 end
14 return MDensity(t)
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3.4.4 Network area coverage

Algorithm 3: Area Coverage
Input: Set of vehicle traces Trace={(tid, datetime, lon, lat)}, Set of all sizes S

= {si}, Area Visits Counti, Set of time intervals T = {t1, t2, ..., tn}
Output: Percentage coverage of clusters in a given time interval Coverage(S)

1 initialize();
2 TraceArea ← Algorithm_GCA()
3 for Sj ∈ S do
4 for ti ∈ T do
5 Counti ←
6 select count (Distinct (aid))
7 from TraceArea
8 where aid is not NULL
9 and time = ti

10 Coverage(Si) =
∑
Counti×100
Totalaid

11 end
12 Coverage(Sj) =

∑
Coverage(Si)×100

Totalaid

13 end
14 return Coverage(S)

If vehicles cover k clusters in time t then we can calculate percentage coverage by

using equation 3.14.

Coverage(S) =
k∑
i=1

Si × 100

Totalaid
(3.14)

We use algorithm 3, to measure the coverage of clusters Si in our selected area by

vehicle displacement in time T . The time T is divided into equal smaller intervals ti

as T = {t1, t2, ..., tn}. Some areas where vehicles are not allowed to visit have zero

coverage.

3.4.5 Network Capacity

Network capacity is the total potential of our proposed system. It is the total data that

can be disseminated by considering all possible contacts in each cluster of our selected
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Algorithm 4: Network Capacity
Input: Set of vehicle traces Trace={(tid, datetime, lon, lat)}, Set of all sizes S

= {si}, Total updates Updatei, Average updae time T, Set of data rates R
= {ri}, Stay time ST

Output: Data transfer capacity of the system Capaciyt(S)
1 initialize();
2 TraceArea ← Algorithm_GCA()
3 for Sj ∈ S do
4 Count← 0
5 for aid ∈ TraceArea do
6 Updatei ←(
7 select Number of updates
8 from TraceArea
9 where aid is not NULL

10 and time = date and time)
11 STi = Updatei × T
12 end
13 STj =

∑
STi × T

14 Capacity(Sj) = θ ×
∑
STj

15 end
16 return Capacity(S)

area. These contacts can be calculated by the displacement and movement of vehicles in

different clusters of size Si. By getting the total number of possible contacts or updates,

we can calculate the total stay time ST of each vehicle in each cluster. Finally, the

capacity of the network, with the data rate θ of each selected wireless technology in

each cluster of size Si can be calculated as follows.

Capacity(S) = θ × T ×
m∑
i=1

|M(Si, t) | (3.15)

Where T is the time duration of the average update interval. We can calculate the

total amount of data dissemination by using algorithm 4.
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3.4.6 RSU placement

RSUs have storage processing and communication capabilities and are directly attached

to CC. To transfer data from a service provider to smart sensors we can use RSUs. The

service provider can send the data e.g software update for sensors to CC, CC forward

this data to RSUs by using some traditional network e.g cellular network. So vehicles

can easily get the data from the RSUs and transfer the data to SS. Hence, it is important

to deploy the RSUs at important locations. In this work, we consider the most visited

locations of a geographical area visited by vehicles and use algorithm 5 for RSUs

placement, the greedy approach for most visited locations.

Algorithm 5: Greedy Algorithm for RSU placement
Input: Set of vehicle traces Trace={(tid, datetime, lon, lat)}, Set of all sizes S

= {si}, k ← Number_of_RSUs
Output: Set of most visited clusters TraceRSU_Locations = {(aid, lon, lat)}

1 initialize();
2 MDensity(t)← Algorithm_ClusterDensity()
3 nc ←|M(Si, t) | // number of clusters in Si
4 for i=1...k do
5 for j=i+1...nc do
6 if (MDensity(t)[j] > MDensity(t)[i]) then
7 temp = MDensity(t)[j]
8 MDensity(t)[j] = MDensity(t)[i]
9 MDensity(t)[i] = temp

10 else
11 do nothing
12 end
13 end
14 TraceRSU_Locations[i] = MDensity(t)[i]

15 end
16 return TraceRSU_Locations

83



CHAPTER 3. VEHICLE ASSISTED DATA DISSEMINATION FRAMEWORK

3.4.7 Performance Analysis

To evaluate the coverage, capacity, and performance of our proposed vehicular system

for data collection, we selected four subsets of 400 random taxis from Beijing city,

having average update time less than 30 seconds. The most important of taxi fleet is

that taxicabs can reach to each street at the exact destination/origin of the riders and

can provide more excellent coverage. In this section, we will briefly describe the data

set, locations with high potential for data transmission, coverage and capacity of the

proposed system.

1. Beijing taxi traces overview

Taxi traces of Beijing city are available at Microsoft repository [139], as a T-Drive

data set by MSRA. This data set contains the information of 10375 taxis trajectories,

having GPS position of taxis in the most populated and congested city of Beijing. The

total number of GPS updates in this data set reaches 15 million points, and these taxi

trajectories cover a distance up to 9 million kilometres. Figure 3.12 is the one day’s

visual representation of these traces, the heat map colours represented the different

densities of taxis on Monday, February 04, 2008. We draw the heat map by using a

MATLAB function Scatter Plot coloured by Kernel Density Estimate to calculate the

vehicle density to each GPS location [130]. Figure 3.12, shows that it is difficult to

analyse each possible contact in a selected geographical area, that’s why we use our grid

clustering algorithm to reduce the complexity and calculated possible contacts in each

clustered area rather than at each GPS location. The average update time in this data set

is 177 seconds; the average distance between the consecutive points is 623 meters. The

average speed of the taxis in these traces is 12.67 km/h, which is nearly equal to 7.5

miles/h, that is validated at [140]. This implies that these distinct points have enough

data to represent the persistent trajectories of taxicabs [141][142]. Each text file of this

repository, name by the ID of the taxi, contains the geographical information of each

84



CHAPTER 3. VEHICLE ASSISTED DATA DISSEMINATION FRAMEWORK

Figure 3.12: Heat map of vehicle density in Beijing selected area of 25× 25Km2: a
visualization of T-Drive Traces data set.

taxicab.

2. Area selection for analysis

For our proposed network performance, coverage and capacity, we have selected an

area of 25×25 km2 having longitude between 116.24◦ E to 116.5335◦ E and latitude

between 39.8125◦ N to 40.04◦ N. The initial step of our methodology is to apply grid

clustering algorithm on taxi traces to make a graph having every vertex as a geographic

area of the selected city called a grid. Every vertex has a weight, that is equivalent to

the total number of taxicabs reported inside that grid. After girds creation, the whole

area is separated into equivalent measured quadrants. Finally, the GPS locations of
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Figure 3.13: Heat table: Vehicle density in each cluster of size 1000× 1000m2.

each taxi are stored in the database, along with their quadrants (grids), as shown in

figure 3.13. A grid is a small region of the city bounded by a square, having a side

length r, demarcated by GPS locations of taxis. If n is the total number of GPS points,

then during association phase, our algorithm has O(n) complexity, at higher levels

this complexity condensed to O(m), where m is the total number of grids in the target

region. This is the basic advantage of grid clustering algorithm, it has less complexity

because of m << n.

It is important to choose the grid size, so that is neither too big nor too small, which

influence the performance of our proposed work directly for evaluation of radio ranges

of chosen wireless technologies. We analyse the coverage and dynamics of the proposed
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network by using the four random subsets of 100, 200, 300 and 400 taxi cabs from the

above-said data set Beijing Taxi traces, by considering the wireless range of different

wireless technologies as shown in table 3.4.

Table 3.4: Cluster size selection with a coverage range of different wireless technologies

ID Cell Size Area Total Cells Lon. Inc. Lat. Inc. Technology
1 1000m2 25×25 625 0.0174 0.008992 IEEE 802.11p
2 500mm2 50×50 2500 0.00587 0.004496 IEEE 802.16
3 250mm2 250×250 10000 0.002935 0.002248 IEEE 802.11n
4 100mm2 100×100 62500 0.001174 0.008992 IEEE 802.11ay

3. Vehicle Density

To evaluate the network dynamics, it is important to stop at each desired layer of

algorithm 1, where the size of the layered grid matches with the radio range of wireless

technology. Based on this division, we got a heatmap table of 400 cabs visits in each

grid of 1000 m2 size, as shown in figure 3.13. The colours of the heat table show the

vehicle density of cabs in all grids. The cab density varies from yellow grid 0% to the

darkest grid of 94.5%. The GPS locations having a great human index, have more cab

visits. More vehicle visit’s in a grid means more chance to transfer or receive data from

sensors to vehicles in that grid. The maximum degree of a grid is 378, the average

degree of a grid is 166. The percentage of grids having a degree greater than the average

value is 48.16%. Having an average degree of 166 means that the network may be

highly connected.

The connectivity of the proposed network can be illustrated by quantifying the

displacement of taxi cabs in the city during some specific periods. By analysing

GPS locations, it is promising to categorize patterns which are distinctive of Beijing

transportation network. By this analysis, we can find the areas or grids where taxicabs

stay a longer period of times. These can be taxi stops or highly congested areas. One

of the main objective of this work is identifying the locations, with high potential for

data transmission. Hence, clusters having high density have a high potential for data
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Figure 3.14: Week day, weekend and average week coverage.

dissemination.

4. Network area Coverage

We evaluate the percentage of grid coverage of 1000m2 by using a set of 400 random

vehicles, for a given interval. Figure 3.14, compare the grid coverage percentage of a

working day, a weekend day, and the weekly average. In all three cases, there is a big

coverage of the area; almost it is 95% area coverage after a half-day. Some of the grids

can never be visited, e.g., the grid with ID 27. So the coverage can never be 100% in

this given case.

Figure 3.15 depicts the area coverage in 24 hours by the displacement of 400

random taxi cabs of the given data set. In this experiment, we investigate the coverage

concerning different grid sizes varies from 100 m2 to 1Km2. In the case of 1Km2 grid

size, the coverage of the area varies from 80% to 98.5%. Almost 1.5% of the grids can

never be visited by these cabs. By geographical inspection of the selected area, it is

found that these grids are in the regions where taxi cabs and vehicle movement is not
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Figure 3.15: Coverage with different cell sizes.

allowed, for example, old cemeteries, big private areas, public gardens, train stations,

rivers, hotels, etc. Moreover, when we reduce the size of grids, the coverage of the area

also reduces, as shown in the above figure 3.15, with grid sizes 500m2, 250m2, and

100m2. The smallest grid size division 100m2 gives the smaller coverage; it varies from

10% to 40% in 24 hours. The average road area in Beijing city is also 26% [143]. In

this division, we found that only those grids are covered, which are on the road or near

the coverage of the road. All the smaller grids which are away from the road can never

send their data directly to the vehicles because they are not in the wireless range of the

vehicles having the technology of 100 m2 wireless range. However, these areas can

also be covered if we use the clustering approach of wireless sensor networks. All the

sensors, away from the road, will route their accumulated data to their cluster heads

periodically. These cluster heads are installed in those grids, which are in the coverage

of some road.

Figure 3.16, depicts the coverage of the given area with the different number of
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Figure 3.16: Coverage with different taxi cab subsets.

taxi cab sets in 24 hours, on 04 February 2008. This experiment shows that when we

increase the number of vehicles, the coverage also goes on increasing. The subset of

100 taxicabs gives coverage from 60% to 92%, of the given area, whereas the bigger set

having 400 random cabs give higher coverage from 80% to 98.5% of the given area.

As a last comment, we bring up that we limit our investigation to an urban region of

25 × 25 Km2 area; one could criticize that this situation won’t be relevant in hardly

populated regions or rural areas. This objection is valid, without any doubt. Though

we think that the locations where more taxicabs move, frequently compare to locations

where more information is produced/consumed and at those locations usually the data

dissemination is progressively critical. This reflection is true likewise if we consider

the different regions of the same city. Furthermore, on the off chance that we consider

for example uncommon occasions like domestic carnivals or open exhibitions, we

observe that a more noteworthy number of taxis in that area compares to an extended

need of data communications among "things"; for example, to report the load levels
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of trash cans, that they are full more quickly. The outcome is that mobile nodes (cabs)

arrangements could likewise give a sort of automatic solution to bring greater capacity

where and when it is required.

5. Network Capacity

To measure the data transfer capacity of the network, we assume that each grid has

multiple sensors. These sensors can communicate directly with the vehicle inside the

grid. Every vehicle can store and forward the data collected by these sensors by making

a wireless secession with them inside each grid. Vehicles gathered data from these

sensors when they encountered during their routine travel. Finally, they upload to some

cloud through some wireless access point called roadside unit (RSU), in a grid. We make

no further hypothesis, as far as the applications are concerned, that produce/consume

the data. Additionally, by estimating the duration vehicles remain in the radio range of

a grid, we can measure the capacity of that grid in term of data transmission and the

delay associated with data transmission over the proposed vehicular system.

In conclusion, the estimates of these analyses can be matched with the requirements

of different applications that can be supported by the proposed vehicular network.

By knowing the requirements of different smart city data applications, for example,

the amount of data generated from the smart sensors, the delay-tolerant intervals, it

is conceivable to decide the radio technology that can support it. Data transmission

capacity is a key component to measure the application requirements of a smart city

that can be supported by the proposed vehicular communication. For this purpose, we

can associate the total time a taxicab remains in the wireless range of the grid with the

time to travel between source and destination grids. That’s why we need the number of

updates recorded by each vehicle in each grid and the total time a vehicle remain inside

each grid.

As each taxicab update its location after some time, and the average update time is

30 seconds for Beijing taxi traces in our selected set [139]. After the formation of grids
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by our grid clustering algorithm, we got the location updates of taxis in each grid, over

the time intervals of 24-hour. When we increase the radio range of technology, then

we get a higher number of vehicle contacts inside the grid. In our analysis, the biggest

cluster got 12260 number of updates by taxicabs in a day having grid size 1000 m2.

When we decrease the grid size, we get a smaller number of updates. The grid size 500

m2 receives 9483, 250 m2 receives 9415, and 100 m2 receives 9248 number of updates

respectively.

Figure 3.17 represents the total time in seconds that all vehicle remains inside a

grid, in the time interval of 24-hours, all grids are considered. This sum compares the

absolute time that these taxicabs can use to offload information to the system in 24

hours. Each group of vertical bars relates to a different radio range, varying from 100

m2 to 1000 m2. A rectangular cluster is created by all taxicabs that update their position

inside a grid. In this manner, if a taxicab remains for a longer time in a cluster, it implies

that it appears more than once in this grid. Since these clusters are formulated by the

number of updates reported by taxicabs, there is an immediate connection to staying

time. Besides, there is an association with the number of taxicabs inside a grid, as a

taxicab has a limited number of updates in each day, thus a grid cluster having more

updates forms the most active area of the city.

To calculate the aggregated data volume that can be collected in an interval of

24-hours, we just need to utilize the multiplying factor, the data rate related to each

radio technology and that all taxicabs remain in the wireless coverage area of the grid

cluster, introduced in figure 3.17. It is difficult to determine this multiplying factor

accurately because there are many other variables involved to be considered for actual

calculations. That’s why we get help from the literature, gives a few reflections on the

throughput of data communication in vehicular systems.

A. Abdelgader et al. [144], define the data rates of IEEE 802.11p, 9, 18, 36,

48, 54 Mbps, by using different modulation techniques, with a wireless range up to
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Figure 3.17: Stay time inside cluster of different sizes with each taxi cab subset.

1000 m2 outdoor and frequency band of 20 MHz bandwidth. Vanhatupa et al. [145],

calculated the data rates of IEEE 802.11n 600 Mbps, with frequency range 20MHz to

40 MHz, modulation MIMO-OFDM and wireless range are up to 250 meters outdoor.

G. Yasaman et al. [146], define the data rate of IEEE 802.11ay up to 100 Gbps. The

data rated defined in [147], 20 Gbps in an outdoor wireless range of 100 m2, with

frequency band 8000 MHz, and OFDM modulation. IEEE 802.16, a metropolitan

area network protocol, WiMax (Worldwide Interoperability for Microwave Access)

provide the mobile and fixed internet access; it can provide data rate up to 1 Gbps with

a frequency band 2 GHz and 11 GHz [148].

The literature shows the great capability of data transfer among vehicles and fixed

infrastructures. Each of these studies uses different conditions and equipment which out-

comes in a distinctive test-bed. It is difficult to fix the multiplying factor for throughput

of data in V2I case, because of different conditions and equipment. Hence, supported

by the literature, for SC device to vehicle and the vehicle to the roadside unit, we select

IEEE 802.11p for 1000 m2 cluster, IEEE 802.16 for the 500 m2 cluster, IEEE 802.11n
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Table 3.5: System capacity with various cluster sized and data rates of selected wireless
technologies.

Cell Size Technology Data rates Data transfer capacity in PB
400 Taxi 300 Taxi 200 Taxi 100 Taxi

1000mm2 IEEE 802.11p 54 0.133 0.103 0.065 0.036
500mm2 IEEE 802.16 1000 2.463 1.901 1.204 0.670
250mm2 IEEE 802.11n 600 1.477 1.141 0.722 0.402
100mm2 IEEE 802.11ay 20480 51.135 38.966 24.661 13.733

for 250 m2 cluster and IEEE 802.11ay for 100 m2 cluster. In this case, the multiplying

factors are, 54 Mbps for IEEE 802.11p, 1Gbps for IEEE 802.16, 600Mbps for IEEE

802.11n and 20 Gbps for IEEE 802.11ay, as seen in [144, 145, 146, 147, 148].

All selected sell sizes, technologies, and multiplying factors are shown in table 3.5.

By applying the multiplying factor with the total stay time of vehicles in corresponding

grids, we can get the potential of the system against each selected set of vehicles. For

example, in a grid size of 1000 m2 and throughput of 54 Mbps, IEEE 802.11p can reach

up to 0.133 PB in case of a bigger set of taxicabs. As the size of the grid grows, the

number of updates by vehicles in that grid also grow, which implies the greater stay

time in that grid, as shown in figure 3.17. But, on the other hand, the table shows that

the throughput of selected technologies increases in case of smaller grid sizes, where

taxicabs have less stay time. For example, with IEEE 802.16, the capacity reaches up

to 2.463 PB. But in this case, it is the most expensive technology and requires a huge

infrastructure to implement. IEEE 802.11n provides 1.477 PB capacity with 250 m2

grid size. With the smallest grid size of 100 m2, IEEE 802.11ay can reach up to 13.733

PB with the smallest set of taxicabs. These results show that the capacity of the system

not only depends upon the vehicles stay time in a cluster but also depends upon the

technology selected.

Figure 3.18 explains the stay time of all selected set of taxis in a 1000m cell for

the period of each 1-hour during the whole day. It is noted that the time of the day
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Figure 3.18: Number of updates by each taxi set using 1000 m2 cell division.

Figure 3.19: Hourly updates in top hundred cells of each category.

impacts the system capacity. During the rush hours, especially in business hours, there

is a significant increase in traffic congestion. On those hours, there are more taxicabs

to satisfy the need of the people, moving between their homes to the work locations,

students heading off to the school, to refer to a couple. Whereas the period from 9 pm

to 9 am is less congested leads to less capacity.

On the other hand and interesting factor is shown in figure 3.19, it gives the hourly

updates of the biggest set of taxicabs during the whole day, in the top 10 clusters of each

size. It shows that the number of updates from taxicabs is highest from 3 am to 8 am.

At this time interval, the taxi movement is slow, and they remain in most popular areas
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of the city, where job ratio remains high. This time interval is more suitable to transfer

data from taxicabs to data centers, which they have collected during the whole day. This

fact can help us to deploy the RSU network for data centers as well as a suitable time

for data offloading at data centers.

3.4.8 Data offloading

To evaluate the data offloading performance of our proposed system, we envision a

case, a new software update for SC devices will be available at some service provider at

some given time. The service provider needs to forward these updates to all devices.

One of the cases is, the service provider will send this data directly to devices. For this

purpose, each device should have a SIM card to connect it with the cellular network

or it should be directly attached to the internet. This case requires a high cost for

infrastructure deployment. In our proposed solutions, the service provider will forward

this update to CC. From CC data will be forwarded to SC devices, we consider two

cases for the evaluation of our proposed frameworks. The cluster size for this evaluation

is considered equal to 1000 m2 and number of taxi-cabs are 400.

1. Direct communication.

As we assume that the vehicles in a smart city are smart. These vehicles are

connected to the internet and can directly receive this software update from CC through

the internet. CC selects a set of vehicles and forwards this update to those vehicles.

After getting this data, vehicles start the diffusion process and transmit this data to SC

devices whenever they are in their wireless range. In this diffusion process, vehicles

should be helpful as they use their resources in terms of internet connection, yet this

won’t impact their trajectory.

2. Using RSUs.

In this case, whenever CC will receive the software update, it will forward this data
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Figure 3.20: Location of road side units.

to RSUs. Now vehicles will pick the data whenever they are in the wireless range of

these RSUs and start the diffusion process. After collecting data from RSUs, vehicles

transfer data to SC devices, whenever they are in their wireless range. In this case,

we apply the greedy algorithm 5 on Beijing city traces, to identify the most popular

location of the selected area as shown in figure 3.20. We consider the case of 1000 m2

grids and identify 36 locations. We assumed that RSUs are installed at these locations

and they are directly connected to CC by the internet. In this case, there is no need to

share the internet connections of smart vehicles as in the previous case. This process

will be slow as compared to direct communication because here a vehicle will first visit

any of RSU installed grid clusters then it will start the diffusion process.

In both cases, we assume that for wireless communication we didn’t consider any
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Figure 3.21: Percentage of clusters reached during data diffusion process.

particular propagation model. Also, we didn’t consider any pairing delay and remain

independent of any wireless or sensor network technology. Figure 3.21, in the latter case,

the delay is higher and has a significant difference as compared to direct communication.

As the delay-tolerant interval increases the coverage in both cases increases and almost

98% in direct communication and 96% in the latter case when we use the RSUs. When

we have a higher delay-tolerant interval then the latter case also provides good coverage

and saves the cost of smart vehicles’ internet connections.

3.5 Summary

A network architecture for delivering big data in the smart city by using the existing

transport infrastructure is proposed in this Chapter. It could best accommodate those

massive and delay tolerant-able data transmission demands by utilizing efficiently the
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existing vehicles’ mobility in the urban areas. Moreover, it could release the congestions

in the wireless and wired networks.

In 1st part of this chapter, a method of big data aggregation for smart cities using

the existing vehicle volume on the road is investigated. For delay tolerant data needs,

our proposed method efficiently utilizing the existing vehicles and their energy-efficient

wireless links, for big data transmission to reduce end to end delay and infrastructure

cost. Our essential and contextual investigations performed in the mathematical evalu-

ation of these case scenarios give solid proof that substantial end-to-end delay and cost

savings can be accomplished while as yet ensuring the information delivery. Results

obtained from the Auckland case, show that our proposed approach can provide faster

transferring the large volume of data by using the existing daily vehicles’ mobility, than

the conventional transmission network.

In 2nd part of this chapter we used the taxi traces of Beijing city to evaluate our

proposed system. It is possible to offload collected data on taxis for further delivering

data at data centers in smart cities. We investigate data dissemination potential of the

proposed system in terms of network coverage and capacity. The analysis of network

capacity and coverage is a function of selected wireless technology range. We evaluate

our proposed system by using the microscopic movement of taxi-cabs and their GPS

locations in Beijing, China. We apply the area division algorithm on big temporal-spatial

data to reduce the complexity of data for analysis of the proposed system. Evaluate

the vehicle density in the given area, that is further used to find the potential locations

for data offloading. The results propose that even relatively small subsets of taxi fleets,

operating in a very large area of Beijing (25×25 Km2) can achieve more than 90%

coverage in 24 hours in case of grid size greater than 500 m2. Our proposed system can

collect a significant amount of data that can be offloaded on to vehicles, for instance,

if we assume IEEE 802.11n for communication with vehicles, the system can collect

more than 1.4 PB data on daily basis.
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The main conclusion is that our proposed system is suitable for delay-tolerant data

delivery applications as it can reduce the network load further by sharing the burden of

congested networks. The case of code dissemination shows that whenever we have a

loose time of requirement then our system outperforms.

This chapter explored the potential of data dissemination in smart cities by using our

proposed VADD framework. The data and code forwarding schemes are investigated in

the next Chapter.
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Chapter 4

Data Forwarding schemes by VADD

Framework

4.1 Introduction

In chapter 3, the VADD framework for data dissemination in smart cities to explore

the potential in terms of data/code offloading is proposed. We evaluate our proposed

framework by two case scenarios of Auckland’s vehicle count and Beijing taxi traces. In

the Auckland case, a vehicle needs to stop at any point for data offloading. To make our

framework more effective we updated our model so that vehicle will pick the data during

its movement. In the 1st part of this chapter, we propose a data forwarding scheme for

the Auckland case to transfer data from SC devices to the data center. We calculate the

effective distance under the coverage of a wireless device. We evaluate the degree of

data offloading by using Poisson arrival of vehicles and then calculate end-to-end delay.

In the 2nd part of this chapter, we propose a scheme to transfer updated code from CC

to SSs. Our proposed algorithms solve the NP-hard problem of the selection of optimal

vehicles and optimal RSUs for this transmission. To compare this code transmission

scheme we use the random and fixed deployment of RSUs. Finally evaluated this
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scheme by using real traces of Beijing taxies.

The main contributions in this chapter are listed below..

• We develop a mathematical model to measure the degree of data offloading by

considering the Poisson arrival of smart vehicles and RSUs of the road network.

• A case of Auckland City is evaluated by using the annual average daily traffic

(AADT) of Auckland City in our proposed model to reduce the end-to-end delay

for big data transmission.

• In 2nd part of this chapter, we propose an optimal code forwarding scheme

(OCFS) for software update code transmission from end-user to SSs, where

optimal mobile nodes and roadside units are selected to solve a multi-objective

optimization problem that manages a balance between coverage enhancement

and minimize time duration for this transmission.

• Finally, we evaluated the proposed OCFS using real taxi traces of Beijing city.

Our results show that OCFS enhances the code transmission coverage rate and

reduce the time duration for this dissemination.

Section 4.2, presented a brief background work. Data forwarding delay models are

presented in Section 4.3. Data forwarding a data source to the data center is presented

in Section 4.4, by considering the daily vehicle count in Auckland city. In Section

4.5, we presented data forwarding from the data center to different sensor locations by

considering the Beijing city taxi traces. Finally, the chapter is summarized in Section

4.6.
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4.2 Background

In smart cities (SC), a massive number of sensing devices monitor the physical and

environmental conditions, create a huge amount of data along with thousands of SC

applications. The collection of data from these devices may pose several challenges.

The connectivity of these millions of SC’s devices to their data centers by using cellular

networks or traditional networks may require expensive infrastructure. Our work

proposes that an alternate delay-tolerant network exists, to connect such a huge number

of smart devices with their data centres, by using smart vehicles, to be specific the

transport fleets e.g. taxi cabs.

In future, smart urbanization will improve the satisfaction of their residents with

the assistance of different services of data and communication technologies. Similar to

other tasks, it includes observing different environmental variables and provide in-time

actions based on advance analytics. Because of their very low budgets, smart sensors

and smart devices can unquestionably discover their spaces in a widespread scope of

SC’s applications. For example, collection of temperature and humidity data from

vegetation fields along either side of the road, physical structure deformation collection

of bridges and road, information about the filling level of all garbage bins in the city for

cost optimization in bin collection for city government, storm drains can send warnings

when they are obstructed by leaves, surveillance cameras for SC security. These are

a few examples where smart sensors can be used as “thing” that can be attached into

prevailing objects, to improve their functionality or productivity. However, in this regard

we are facing two main challenges: (a) how we can provide power to these sensors; (b)

how they can send/receive notifications to/from their administrative bodies.

The energy and cost required for this purpose depending upon the quality of com-

munication requirements. For instance, the real-time communication requires expensive

infrastructure over all nodes that could be very expensive. To accomplish these tasks,
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we need a ubiquitous and reliable communication infrastructure, e.g conventional net-

works or cellular networks. However, the conventional networks or cellular systems

may not be adequate enough to fulfil the requirements on peak load and may fail to

provide connectivity and services, at the point when the city needs it most. Moreover,

connecting a massive number of smart sensors to a conventional network or some other

IP based traditional network may look insignificant technically. It is problematic from

both administrative and economic point of view to installing a SIM card on each sensor.

It is also unrealistic for the management of sensor gateways or femtocells in the entire

city under the same administration.

In this work, we explore the collection of big data produced by a massive number of

smart devices in SC using vehicular sensor networks as an alternate data dissemination

channel. By using the opportunistic contacts between the sensors and microscopic

movement of vehicles with their GPS location information, it is possible to piggyback

accumulated data on moving taxis-cabs for further data delivery at data centers of the

corresponding service. Not only it can reduce the load on expensive cellular links but

also eliminates the need for new infrastructure deployment.

4.3 Network models

The system overview of our proposed framework is given in section 3.1. To calculate the

end-to-end delay for data dissemination in smart cities, following are the models, that

are used in this case for mathematical calculations. Notations used in the mathematical

model are listed in Table 4.1.

To transfer the data from source to destination, following are the two models of

end-to-end delay for the transport network and core network.
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Table 4.1: Notations used in data forwarding.

Symbol Meaning
d Effective distance
d0 Reference distance
n Path loss factor
Ψ Gaussian random variable
ρ Vehicle density
λ Poisson arrival process parameter
Bv Data offloading by a vehicle
BRSU Bandwidth of roadside unit
s̄ Average speed of the vehicle
r Radius of RSU’s coverage area
D Diameter of RSU’s coverage area
dac Distance between two consecutive RSUs with no wireless coverage
B Core network bandwidth
DV ol Data volume
µ Probability of vehicles to participate
Einc Incremental Energy cost

4.3.1 Delay Model for Transport Network

Effective distance: We have to identify the suitable region for the vehicle in the wireless

coverage area of an RSU. Normally, the packet loss rate depends upon the received

power. By increasing the received power we can reduce the packet loss rate. Received

power also depends upon the distance from the RSU. Therefore, to calculate the packet

loss rate we can use the distance from RSU. Hence, to reduce the packet loss, it is

essential to keep a vehicle in the appropriate coverage area of the RSU. We can calculate

the path loss PL(d) at a distance d by using path loss formula 3.11.

Delivery probability with vehicle density: The other parameters that affect the

effective region of RSU are delay and bandwidth of WiFi is a key factor that can control

the delay. RSU has a fixed bandwidth that can be shared among all vehicles inside

the coverage area. If vehicle volume on the road is greater, then smaller will be the

bandwidth share for vehicles. We assume a fixed number of vehicle m in the coverage

area of RSU with bandwidth BRSU . As we know that vehicles that connect to RSU
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follow Poisson arrival process {f(t), t ≥ 0} with parameter λ > 0 and vehicle volume

on the road varies at different intervals of the day [149]. We can convert a day into

various intervals, according to vehicle volume on the road, and these intervals follow

the Poisson distribution. Suppose that there are n intervals (I1,I1 ... In) with parameters

(λ1, λ2 ... λn). The probability of vehicles in the coverage area of an RSU at any time t

can be calculated as follows.

P{f(t+ i)− f(i)} = e−λt
(λt)m

m!
(4.1)

Where i is the start time of each interval, (t+ i) ∈ (I1,I1 ... In), and λ ∈ (λ1, λ2 ... λn).

The vehicle density in the effective region of an access point depends upon the

average speed s̄ and Poisson arrival parameter lambda λ. By using different value of

lambda (λ1, λ2 ... λn) in different intervals (I1,I1 ... In), we calculate the vehicle density

ρ in the effective distance d of access point.

ρ =
λ

πs̄d
(4.2)

Suppose BRSU is the bandwidth of RSU and Bv is the shared bandwidth of each vehicle

when there are m vehicle in the coverage of RSU then

m =
BRSU

Bv

(4.3)

Transmission probability Φ, with m number of vehicles can be calculated as follows.

Φ =
m∑
v=1

(e−λt
(λt)v

v!
) (4.4)

Degree of data offloading: By using (3.8),(4.1), and (4.4) we can calculate the data
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transmitted/offloaded by a vehicle to RSU as follows.

Bv = BRSU × Φ× d

s̄
(4.5)

Equation (4.5) can be represented in term of vehicle density (4.2) as follows.

Bv = BRSU × Φ× d
λ
πρd

(4.6)

Where d is the distance of the vehicle from RSU and s̄ is the speed of the vehicle.

End-to-end delay: The time Td required to transfer a big data Dvol from source A to

destination B depends upon two things. First travel time between A and B TAB , 2nd the

data loading time TL.

Td = TAB + TL (4.7)

If dAB is the distance between these two points and s̄ is the average speed then TAB

can be calculated as follows.

TAB =
dAB
s̄

(4.8)

If Nv is the total number of vehicle required to transfer data Dvol then data loading

time TL can be calculated as follows.

TL =
Dvol

Nv

(4.9)

Nv depends upon vehicle count Vc on the road, bandwidth share of each vehicle

Bv and probability µ of the drivers or vehicles willing to participate in this proposed

system, then Nv can be calculated as follows.

Nv = Vc ×Bv × µ (4.10)
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By applying the value of Nv, TAB and TL in (4.7).

Td =
dAB
s̄

+
Dvol

Vc ×Bv × µ
(4.11)

By using the value of Bv from (4.5).

Td =
dAB
s̄

+
DV ol

Vc ×BRSU × Φ× d
s̄
× µ

(4.12)

4.3.2 Delay Model for Traditional Core Network

For core network case, the total delay depends upon the number of packets and number

of intermediate nodes. Suppose L is the length of each packet then the total number of

packets N can be calculated as follows.

N =
DV ol

L
(4.13)

Let Tp be the processing delay, Tq be the queuing delay, and Tt be the transmission

delay and NNodes is the total number of nodes between sender and receiver then total

end to end delay can be calculated as follows.

TCore = NNodes × 1stPacketDelay + (N − 1)× (Tp + Tq + Tt) (4.14)

We assume in case of a dedicated link when a packet arrives at a node; it will find no

packet ahead in the queue. Then queuing delay becomes zero. In such case parallel

processing will be performed at each node then the final end to end delay can be

calculated as follows.

TCore = NNodes × 1stPacketDelay + (N − 1)× Tt (4.15)
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If B is the transmission bandwidth then Equation (4.15) can be written as.

TCore = NNodes × 1stPacketDelay + (N − 1)× L

B
(4.16)

4.4 Data forwarding

This section describes the numerical analysis of our proposed system with the conven-

tional network system. In first part, we set the value of various parameters and then we

present two case scenarios to compare both systems.

4.4.1 Parameters Setting

To evaluate the proposed system model, we consider a straight expressway . Vehicles

are moving with some predefined average speed s̄ along the straight road. We are

assuming that the vehicles are moving only in one direction for simplicity. We calculate

the effective distance and data transfer probability in the wireless coverage area of an

RSU. We also measure the vehicle density with different speeds of vehicles. Finally, by

applying these parameters, we calculate the degree of data offloading by using different

speeds and vehicle density.

Effective distance: To calculate the effective distance, we set reference distance

d0 = 100m and carrier fc = 2.4 GHz and apply the different path loss exponent values,

according to equation (3.8). The relationship between path loss [dB] and distance is

shown in Figure 4.1. Path loss increases with the distance between vehicle and RSU and

approaches to 80 dB for 50 to 100 meters. For the remaining analysis we set effective

distance d=100 m.

Delivery probability: The fixed bandwidth of RSU is divided among all the vehicles

in the wireless coverage area of WiFi. Data transmission probability increases exponen-

tially with different densities of vehicles as shown in Figure 4.2. We vary the Poisson
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Figure 4.1: RSU Distance vs Path loss.
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Figure 4.2: Data transfer probability.

arrival parameter λ from 500 to 2000 by using Equation (4.4). The trend shows that

the data transfer probability reaches to 0.95 in all cases when the number of vehicles

approaches to 15.

Vehicle density: ρ is evaluated with different speeds of vehicles by using effective

distance d and Poisson arrival parameter λ in Equation (4.2). We vary the value of λ

from 500 to 2500 and set effective distance d = 100. Vehicle speed is used to get the

vehicle density in a specific area as shown in Figure 4.3. If we increase the vehicle

speed, then vehicle density decreases exponentially.

Degree of data offloading: By considering the above evaluation, the data offloading

can be calculated by using equation (4.5) in the wireless coverage area of an RSU.

According to Figure 4.1, we set the effective distance of the vehicle from RSU d = 100,
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Figure 4.4: Mobile data offloading.

and we set the transmission probability ρ = 0.95 as in Figure 4.2. A vehicle can transfer

the various amount of data to RSU by using different speeds. The time in which

a vehicle stayed connected with an RSU is inversely proportional to vehicle speed.

According to Equation (4.5), the data transfer rate varies with the different speeds of

vehicle and connection time duration of a vehicle decreases with increase in the speed

of the vehicle. Moreover, Figure 4.4, shows that if we increase the vehicle density,

i.e., more vehicles want to send the data then the bandwidth will be divided among all

vehicles.

In the following two subsections, we present two case scenarios for comparing the

performance in terms of delay and EC.
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4.4.2 Auckland Case Scenario

Figure 4.5: Auckland City Case Scenario for Delay Tolerant Study

The proposed case of Auckland City is shown in Figure 4.5. We propose two cases

for delay-tolerant information transmission, the core network, and the vehicle transport

network. Assume a source at SH16 Royal Rd Off Ramp to Hobsonville Rd/SH18

Off Ramp WB with reference ID:01610016 in Auckland City needs to send some

delay-tolerant data DV ol to a destination in the city center. For the vehicular system,

we find the distance d between these two points is 23 Km by using Google maps and

vehicle countAADT on the said link is 27857 [150]. The average speed s̄ of the vehicle

on this link is 50 Km/h. Assume each vehicle has IEEE 802.11ay wireless interface

and disk capacity is 256 GB. We assume that if only 20% (µ = 0.2) drivers take part

in this proposed framework, then by applying Equation (4.12) we can estimate the

delay value of the proposed network. In the core network case, a cellular network, a

wired network, or a wireless network can be used for data forwarding, and its delay

can be estimated by using the Equation (4.16). We exchange the different information
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volume between these two locations and get the outcomes as appeared in Figure 4.6. For

comparisons, we use the bandwidth 512 Mbps and 1 Gbps in traditional core network

case. The outcome demonstrates that our proposed vehicular network outperforms the

traditional core network. We enhance the data size and look at its impact on delay

for data transmission. The results demonstrate that for huge information volume, the

delay increases significantly for core networks as compared to our proposed vehicular

network.
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Figure 4.6: Data volume vs delay.

In the next case, as shown in Figure 4.7, we compare data transmission delay

with distance for both cases. We transfer 100 TB data between two points by varying

the distances. In this case, more routers and intermediate nodes will be used in the

core network, and delay depends upon the distance between two points as well. This
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Figure 4.7: Distance vs Delay.

transmission delay depends upon queuing delay, propagation delay, transmission delay,

and processing delay. We assume that there is no queuing delay on the core network

when a packet arrives in at the router, there is no inbound and outbound queue. Also,

assume that the core network is built on fiber. Hence the propagation delay can also

be ignored. We consider only transmission and processing delay and assume that there

is a router after every 100 Km [151]. Vehicular network delay also increases as the

distance increases to the destination because each vehicle takes more time to reach

the destination when we increase the distance. Similarly Figure 4.7, also shows that

the delay in the case of core networks also increases as the number of routing devices

keeps on increasing. The results show that our system outperforms the traditional core

networks when we increase the distance.

116



CHAPTER 4. DATA FORWARDING SCHEMES BY VADD FRAMEWORK

4.5 Optimal code forwarding scheme (OCFS)

Smart sensors are smart devices and their functionality can be updated according to

need. They will receive their software update code from MNs and update themselves

automatically. A huge number of SS are densely deployed throughout the smart city

closed to the road network. The working of these sensors can be adjusted according to

application requirements. E.g, a temperature sensor can detect the temperature in a fire-

prone area; a sensor can sense the filling level of garbage in the garbage can; for weather

prediction wind sensors are required and a sensor can be used to determine building or

road deformation structure. Suppose we have a set of sensors Sss = {S1, S2, . . . ..Sk}.

To update these sensors suppose we have a set of codes Scodes = {c1, c2, . . . ., cm}.

RSUs have a consistent power supply, are directly connected to CC and data center DC.

They will collect the updated code from CC and forward it to SS by using MN. We have

a set of RSU SRSU = {r1, r2, . . . .rn}.

In this scheme, MNs are smart vehicles moving around the city, having storage,

communication, GPS, and processing facility. These MNs get updated code for SSs

from RSUs, work in a store carry forward manners and transfer the code to SS whenever

they are in their wireless range. In general, these mobile nodes can be used without any

change. They are not specifically responsible to forward the code to SSs. In other words,

the trajectory of these MNs doesn’t need to change by our proposed code forwarding

scheme but it upon the destination of the rider. This non-scheduled and non-regular code

forwarding communication between SSs and RSUs by using MNs is called vehicular

opportunistic communication. The following are the main steps, how this scheme will

work, as shown in Figure 4.8.

1. Whenever a user needs to update a set of sensors, he will send his request to

CC, along with GPS locations of SS, updated code, and time interval D, the

delay-tolerant indicator for task completion.
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2. CC finds the optimal set of vehicles for this task by using the vehicles traject-

ory history. Vehicle participating in this proposed system send their reputation

profile to CC periodically for optimal decision making in vehicle selection. This

reputation profile is based on the frequency of visits in different clusters.

3. Based on the optimal set of vehicles CC also calculates the optimal set of RSUs.

CC finds which RSU or cluster in existing set of RSUs have maximum visits of

these optimal vehicles.

4. CC forward the updated code to optimally selected RSUs.

5. All vehicles from the optimal vehicle selection set will start execution of the

given task as follow

(a) The updated code can be received from RSUs. MNs will get this code

whenever they will be in the wireless range of any RSU.

(b) After getting the code MNs transfer this code to required SSs wherever they

are in their wireless range.

(c) After each task completion, MN will inform to CC.

6. After delay-tolerant interval D, CC will inform to MN to stop executing the tasks.

4.5.1 Problem Statement

In our proposed scheme the trajectory of MN is not adjusted for code forwarding.

Therefore, it is unpredictable that all sensors receive the updated code. Hence, we need

to address some concerns: How to forward the code to maximum possible SSs. How to

forward the code more quickly to SSs in a given time interval D. The problem definition

is given in detail to solve these issues.

1. Code forwarding coverage rate
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The quality of service of the proposed scheme depends upon the task completion

rate. Code forwarding coverage rate (CFCR) is the ratio of the number of SSs who

receive the updated code to the given number of SSs in a time interval T. Higher ratio

will show the batter output of the proposed scheme. This ratio can be calculated by the

following equation.

CFCR =
SSFinish
SSTotal

(4.17)

Where SSTotal is the given number of smart sensors need to update and SSfinish is the

updated SS in time T.

2. Code forwarding time duration

It is a total time from start to end of the proposed scheme to forward the updated

code. The completion time will reach when CFCR gives 100% coverage or it doesn’t

grow well after a certain time period. The system will outperform with a lower value of

CFTD. It can be calculated by the following equation.

Ttotal = t2 − t1 (4.18)

Where t1 is the starting time and t2 is the finishing time of the proposed scheme.

To get better performance and service quality of the proposed scheme we need to

maximize the CFCR and minimize the CFTD as follow.

CFCR = max(
SSFinish
SSTotal

) (4.19)

CFTD = min(t2 − t1) (4.20)
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4.5.2 Design of proposed scheme

1. Motivation

To recognize SC, a huge number of SSs are need to install throughout the city. As

stated earlier, the sensing requirements of different applications may change from time

to time which leads to software code update in SSs. Many of the SSs in SC cannot be

connected to DC clouds directly because of the high cost of infrastructure network and

power resources. This is the reason, managing software update code transmission to

SSs from DCs in traditional ways is challenging.

On the other hand, there exists a displacement of a huge number of mobile vehicles

in SC. These vehicles travel on streets and roads almost everywhere and at any time.

Many vehicles are equipped with storage, processing, and communication facilities. We

can use this huge displacement of vehicles as mobile nodes to forward updated code to

SSs.

The other important thing is, this displacement of vehicles have a certain similarity

in trajectories in continuous periods of time. To examine the similarity, the Beijing taxi

trajectory data set is used in this work. We use the following equation to measure the

similarity of the vehicle displacement in the consecutive periods.

Similarity =
| λ(x) ∩ λ(y) |
| λ(x) ∪ λ(y) |

(4.21)

This equation calculates the similarity between the periods x and y. Infect, this is a

ratio of vehicles visited in common areas, to all areas visited by vehicles in time x and

time y. We calculate the similarity of a given set of taxi trajectories, we divide the time

into intervals of 24 hours each. Figure 4.9 shows that there exists a strong similarity in

taxi displacement of taxi trajectories in an area of 25 ×25 m2 .

2. Overview

We use mobile vehicles as mobile nodes MN in this proposed scheme of code
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Figure 4.9: Similarity in consecutive days.

transmission to SSs in SC. This scheme manages a huge number of SSs and saves the

infrastructure cost. In this scheme, SSs are scattered throughout the city at different

locations to manage different sensing applications and they are installed near road

networks. Although traditional cities have many sensors installed once they are installed,

it is difficult to change there working status. But SSs can update themselves wirelessly

after their installation and in many scenarios, it is necessary to update their working

status. In many situations, environmental changes that are monitored by SSs, e.g high

temperature in summer can become the reason to cause a fire. To monitor the fire cause

more quickly in the summer season, the temperature of SSs can be adjusted for easy

detection of fire by summer updated code. But the problem is how to transfer updated

code to SSs without the internet. Our scheme uses smart vehicles as mobile nodes MN

to forward this updated code to SSs. The following are the three main components used

in this scheme.

a. Mobile Node

122



CHAPTER 4. DATA FORWARDING SCHEMES BY VADD FRAMEWORK

Algorithm 6: Algorithm at Mobile Node
1 while True do
2 Enter Detecting Mode
3 if Detect an RSU then
4 RRSU(aid)← + + value
5 else
6 RSS(aid)← + + value
7 end
8 if MN in transmitting mode then
9 Transmit a send request to RSU/SS

10 receive a responce from RSU/SS
11 if RSU/SS is ready then
12 Transmit code/data and add log
13 if finishing transmission then
14 clear internal memory
15 else
16 attempt to transmit next time
17 end
18 else
19 do nothing
20 end
21 else
22 Switch to detecting mode
23 end
24 if MN in receiving mode then
25 if RSU/SS is ready to send then
26 MN receives the code/data packets
27 if data is critical then
28 upload to DC by using LTE connection
29 else
30 Wait for RSU/SS location
31 end
32 else
33 do nothing
34 end
35 else
36 Switch to detecting mode
37 end
38 end
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Mobile nodes in this work are the smart vehicles, which are extensively dispersed

and frequently moving in the entire city. These vehicles are equipped with multiple

wireless interfaces, storage, and processing units, so many of them can be used in this

data communication between sensors and roadside units without any real modifications.

We can say that the trajectory of the mobile node is not affected by our proposed model,

but it depends upon the final destination of the rider is going to. This non-scheduled

and non-regular communication between SSs and RSUs can be called as store carried

and forward communication or opportunistic communication. Whenever a MN visits

a cell area it updates its reputation parameter and profiles its reputation concerning

encounters in different areas as shown in Figure 4.12. If MN is in transmitting mode

then it sends a transmission request to SS/RSU, it transfers the data if the other device

is ready to receive the data. If a device wants to send data to MN then it converts its

mode to receiving mode and receive the data. It can transfer updated code from RSUs

to SSs and sensed data from SSs to RSUs. To build the profile of a MN and forwarding

code or data between RSUs and SSs, we use algorithm 6.

b. Smart Sensor

Smart devices and actuators installed in the infrastructure of the entire smart city

are termed as the smart sensor in this work. These smart sensors are used for data

collection and controlling of different applications. These sensors can be controlled

and administrated by the central authority e.g by using software-defined networking.

They can upgrade their IOS after receiving regular software updates from data centers

and can become more intelligent. They are low powered devices, to save the cost;

these devices are not directly attached to cellular networks. These smart sensors can

communicate with MNs whenever they are in the wireless range of each other, by

using different wireless technologies like, IEEE 802.11n, IEEE 802.11p, IEEE 802.16

and IEEE 802.11 ay, etc. After getting the data from control centers, these sensors

can update their settings. For example, sensors that are previously working for data
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Algorithm 7: Algorithm at Smart Sensor
1 while True do
2 Enter Detecting Mode
3 if SS detects MNs and have data to send then
4 switch to transmission mode
5 if m.ttl is not expired then
6 1. Broadcast request for reputation index for each MN
7 2. MNs send their reputation index
8 3. Find the MN with highest reputation value
9 if RV alue ≥ thresholdvalue then

10 transfer data packets
11 else
12 wait for next comming MNs
13 end
14 else
15 do nothing
16 end
17 else
18 do nothing
19 end
20 if SS detects a MN having update code from SoptimalMN then
21 1. Switch to receiving mode.
22 2. Receive the code from MN.
23 3. update its function by received code.
24 else
25 do nothing
26 end
27 Collect data from srounding environment.
28 end

collection of temperature can be reset to gather data for humidity in the vegetation

field. The sensors controlling the working period of street lights can be reset with foggy

weather conditions. These sensors can forward the collected data to RSUs by using

MNs. SSs use algorithm 7 to perform its operations.

c. Road Side Units

They are controlled by the central authority, data center cloud, or control center.

Data from all the sensors of the city is collected here with the help of mobile nodes.
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Algorithm 8: Algorithm at RSU

Input: SSS ← set of smart sensors, Code← updated code from DC, SoptimalMN ←
set of selected vehicle for code transmission

1 while True do
2 Enter Detecting Mode
3 if RSU detect a MN having data from sensors. then
4 if MN send a data forwarding request then
5 1. Switch to receiving mode.
6 2. Receive the data from MN.
7 3. Upload the data to DC.
8 end
9 else

10 do nothing
11 end
12 if RSU detects a MN from SoptimalMN for code transmission then
13 1. Switch to transmission mode.
14 2. Forward the received code to MN.
15 3. Update DC.
16 else
17 do nothing
18 end
19 update RTMN [tid][aid]← + + value // update reputation value of vehicle at

DC
20 Switch to detecting mode
21 end

They are also responsible for downloading software updates from CC, for different

sensors and forward to them by using MNs. Moreover, these RSUs have continuous

power supply and connection with the core network. RSU uses algorithm 8 to perform

its functionality

4.5.3 Code deployment

We use the RSU on the road network to transmit updated code to SSs by using MNs. All

RSUs are attached to CC by using the internet. CC needs to select optimal RSUs among

all, to transfer the updated codes and to maximize the coverage rate and minimize

time and cost. We turned the RSU selection problem into two problems of minimum
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Table 4.2: Symbols used in this scheme

Symbol Meaning
SMN Set of Mobile Nodes
SSS Set of available Smart Sensors
SRSU Set of road side units
BestMN The MN covered the highest number of SSs
SbestcoveredSS Set of SSs that BestMN passed
SoptimalMN Set of optimally selected MNs
SbestcoveredoptimalMN Set of optimal mobile nodes passed by BestRSU
SArea Set of Areas where SoptimalMN passed
BestRSU The Area where the highest number of MNs passed in SArea
RI(MNi) Reputation index of mobile node MNi,
RI(RSUi) Reputation index of cluster RSUi,
RFA(MNi) Reputation function, can find the set of areas that the MNi passed
RFM(RSUi) Reputation function, can find the set of MNs passed by RSUi

set coverage. 1) Based on historical trajectories, find the optimal set of vehicles that

can cover all the SSs of the given task. 2) based on optimal vehicle selection, find a

minimum set of areas, where all selected vehicles travel through at least one selected

area. This problem of set coverage is a distinctive NP-hard problem and our proposed

algorithms can obtain a realistic solution set. The following are two algorithms are used

for this selection.

a. Optimal vehicle selection

In the motivation section, the similarity between future and past vehicle trajectories

have been observed. This similarity will build the reputation of vehicles w.r.t. area visit.

Therefore, the reputation of vehicles has certain implications for future trajectories that

can be used for code transmission. If we have an updated code for a given set of SSs,

then we can use historical data to find the optimal set of vehicles that cover all areas

of SSs by using algorithm 9 and RFA(MNi) function will calculate the reputation of

mobile node i with respect to area visits, how many areas are covered by MNi in the

history and number of SSs covered in the given requirement, where they are located in

a given set of clusters as follows.
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RI(MNi) =
n∑
i=1

|M(MNi, aid) | (4.22)

Where n is total number of clusters.

RFA(MNi) = {MNi : RI(MNi) > RI(MNj) ∴ for all SSs} (4.23)

For all given set of SSs the CC calculate the set of optimal vehicles by 4.23 with

respect to maximum coverage.

Algorithm 9: Optimal set of vehicles for code forwarding
Input: SSS ← set of smart sensors to update, SMN ← set of all mobile nodes.
Output: SoptimalMN ← set of optimal vehicles

1 while SSS is not Φ do
2 BestMN = = NULL
3 SbestcoveredSS = Φ
4 for MNi ∈ SMN do
5 SMNi

covered= RFA(MNi)
⋂
SSS

6 if SMNi
covered > SbestcoveredSS then

7 SbestcoveredSS =SMNi
covered

8 BestMN = MNi

9 end
10 end
11 SoptimalMN ⊕BestMN

12 SSS 	 SbestcoveredSS

13 SMN 	 BestMN

14 end
15 return SoptimalMN

b. RSU Selection.

To verify the performance of our proposed scheme, we following two more schemes

for RSUs selection and compare the results with optimal RSU selection scheme. Here

are the three schemes for RSU selection.

1. Optimal RSU Selection After getting the set of optimal vehicles, we need to

find the areas where the selected vehicles travel through at least one time. Algorithm
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10 is used to select the optimal set of RSUs for code transmission from CC to RSUs.

RFM(RSUi) function will help to get the clusters where the mobile nodes in the set

of optimal vehicles visited at least one time in the history. That code will be further

forwarded to SSs by using the optimal set of MNs. RI(RSUi) will calculate the

reputation index of RSUi, how many vehicles passed in a given cluster. RFM(RSUi)

calculate the optimal set of RSUi with respect to given set of optimal vehicles.

RI(RSUi) =
m∑
i=1

|M(aid,MNi) | (4.24)

RFM(RSUi) = {RSUi : RI(RSUi) > RI(RSUj) ∴ for all MNs} (4.25)

Where m is total number of vehicles. For the given set of optimal vehicles CC

calculates the optimal RSUs by 4.25 in algorithm 10.

Algorithm 10: b. Optimal RSU selection for code forwarding

Input: SoptimalMN ← Algorithm x, Set of Road Side Units = SRSU
Output: SoptimalRSU ← set of optimal RSUs

1 while SRSU is not Φ do
2 BestRSU = NULL
3 SbestcoveredoptimalMN = NULL
4 for RSUi in SRSU do
5 SRSUi

covered = RFM(RSUi)
⋂
SoptimalMN

6 if SRSUi
covered > SbestcoveredoptimalMN then

7 SbestcoveredoptimalMN = SRSUi
covered

8 BestRSU = RSUi
9 end

10 end
11 SoptimalRSU ⊕ BestRSU
12 SoptimalMN 	 SbestcoveredoptimalMN

13 SRSU 	 BestRSU
14 end
15 return SoptimalRSU

2. Adjacent Fixed RSU Selection.
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By closely observing the heat table 3.13 in chapter 3, of vehicle trajectories, we

have selected an area of adjacent cells, for RSU deployment, where the frequency of

vehicle is very high.

3. Random Selection

In random selection, we have selected some areas randomly for RSU deployment

that fulfil certain criteria.

4.5.4 Performance analysis of OCFS

In this analysis, we use 1000 m2 cell size, and there are 625 cells in our selected area.

The parameters used in this analysis are shown in table 4.3.

Table 4.3: Parameter settings for code transmission analysis.

Parameters Value
Dataset Beijing Taxi Traces (China)
Area 25×25Km2

Area division (Cell size) 1000 m2

Number of cells 625
Wireless Technology IEEE 802.11p
Number of GPS points reported 5,051,513
Longitude 116.24 ◦ E -116.5335◦ E
Latitude 39.8125◦ N-40.04◦ N
Number of Taxies 400
Average update time of Taxies 30 seconds
Number of smart sensors 1000,1200,1400,1600,1800,2000
Number of groups 6
Delay tolerant interval 12 hours, 24 hours
Number of repetitions for each group 5 times
Maximum execution time 1800 minutes

1. Area selection

To verify the performance of the proposed code transmission scheme we use the

T-Drive taxi data set from the city of Beijing. For VADD contact estimation, we have

selected an area of 25×25 km2 having longitude between 116.24◦ E to 116.5335◦ E
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Figure 4.10: Number of vehicles visits in each cell of 1000 m2.

and latitude between 39.8125◦ N to 40.04◦ N, as shown in figure 4.10 [139]. The exact

measurements of all lengths between these longitudes and latitudes are calculated from

a web page Moveable Type Scripts [152]. The number of vehicles visit from a set of

400 random selected vehicles is shown in figure 4.10, in each cell of 1000 m2.

2. Data filtration

The remaining GPS locations are filtered out other than the selected area. To reduce

the error, we filtered more points, deviated from the typical trajectory of each taxi.

Figure 4.11(a) depicts the invalid points of the taxicab having ID 3015, with red colour.

The vehicles are broadcasting wrong GPS locations near the areas, vulnerable to

GPS errors, like tunnels, areas having high buildings skyscrapers, etc. For this purpose,

we calculate the average speed and remove those points where speed is much greater

than the average speed. After this data filtration, we purify the data set that is shown in
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(a) Trajectory with invalid points.

(b) Trajectory with valid points.

Figure 4.11: Trajectory of the taxi having ID 3015
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figure 4.11(b)

3. Profile building

Figure 4.12: Reputation of taxi id 6275 in each cell of 1000 m2.

After filtration of data for each taxi, we got 5,051,513 GPS trace points. We divided

the data set into two parts, 70% of the data we have used for a historical time period T1

and the rest of the trajectory data has been used for code transmission in time period T2.

In T1 each taxi will build his reputation profile as shown in figure 4.12. Each vehicle

will maintain its trajectory history with respect to area visit and periodically update

to CC with its heat table. Then for each given request CC can calculate reputation

index with respect to number of SSs covered by each vehicle. A vehicle having highest

index will be selected as an optimal vehicle. The heat table shows the movement of taxi

ID:6275 in all cells of 1000 m2 of selected area 25×25 km2. Similarly, it can build its

profile for 100 m2, 250 m2, and 500 m2 cell sizes. Figure 4.12 shows that this taxi has
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more visits to the down-town area as compared to the peripheral areas. Similarly, all

the taxies will build their profiles.

4. Smart sensors locations

To verify the proposed scheme, we need to find the locations of SS and RSUs. At

first, we selected a set of 1000 SSs and find 1000 random locations for SSs near the

road network of 100 m2 cells of the selected area. To minimize the contingency of the

experiment, each group of comparison experiments was performed 5 times for each

set of SSs, for a total of 30 comparison experiments. The random locations of these

1000 SSs for 1st experiment is shown in figure 4.13(a). In our proposed scheme, we use

algorithm 9, to find the optimal MNs which can complete the largest number of tasks to

transfer the updated code to these SSs.

5. RSU deployment

Our next task is to find the locations for RSUs. In our proposed scheme, we use

algorithm 8 to find the optimal locations of RSUs and we got 36 locations of RSU

to implement this task. For comparison, we use the same number of RSU in fixed

RSU selection, and Random RSU selection. For fixed RSU selection we selected 36

consecutive cells in the down-town area having the high number of taxi visits and for

Random RSU selection we selected 36 random cells having taxi visits greater than 100.

The RSU deployment by all three schemes is shown in figure 4.13(b).

6. Results and discussion

For the 1st experiment, we execute the scheme for a delay-tolerant interval of 12

hours and compare the CFCR for all deployments. We got the results as shown in figure

4.14(a). Our proposed scheme outperforms in all 5 cases and obtains a CFCR rate of

up to 85%. The fixed deployment scheme has also obtained batter CFCR it is because

these locations have the highest frequency of MNs visits. On the other hand, random

deployment obtains the highest value up to 70% in all 5 experiments.

In this experiment set, we increase the delay-tolerant interval equal to 24 hours and
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(a) Location of SS in Beijing City.

(b) Location of RSU in Beijing City.

Figure 4.13: Location of SS and RSU in selected area of 25 × 25Km2.
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(a) Delay tolerant interval = 12 hours and number of SSs = 1000.

(b) Delay tolerant interval = 24 hours and number of SSs = 1000.

Figure 4.14: Code forwarding coverage rate CFCR.
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calculate the CFCR rate for all three schemes. When we increase the delay-tolerant

interval then the CFCR rate also increases in all three cases. Our proposed scheme got

the highest completion rate up to 97 %, whereas fixed and random deployment got the

highest completion rate up to 90% and 85% as shown in figure 4.14(b).

The rest of the experiments are executed with 1200, 1400, 1600, 1800, and 2000

smart sensors. The results of the CFCR rate for all 30 experiments are shown in figure

4.15. our proposed scheme outperforms and got the highest completion rate as compared

to fixed and random deployment.

Figure 4.15: Task completion ratio for delay tolerant interval of 24 hours. (G1=1000
SSs→ experiment number1-5, G2=1200 SSs→ experiment number 6-10, G3=1400
SSs→ experiment number 11-15, G4=1600 SSs→ experiment number 16-20, G5=1800
SSs→ experiment number 21-25, G6=2000 SSs→ experiment number 26-30).

Now we assume that there is no limit on delay-tolerant interval and execute code
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Figure 4.16: CFCR Vs CFTD in minutes for 400 vehicles in 1000 m2 clusters.

dissemination for all there schemes for 1000 SSs. The results obtained are shown in

figure 4.16, it compares the code dissemination rate CFCR over CFTD in minutes. The

fixed deployment scheme got results closer to our proposed scheme of RSU deployment,

after 1800 minutes.

Table 4.4 shows that our proposed code dissemination scheme obtains a 98.72%

CFCR code completion rate in 1260 minutes. The figure shows that there is no change

in the completion rate after this time. By observing traces it is found that a few MNs

passed through these points but at that time they didn’t visit any RSU location, i.e these

MNs have no updated code when they visited these SSs locations. After 1800 minutes

fixed and random deployment code dissemination archive 97.88% and 90% respectively.

The number of sensors who didn’t get the updated code is the smallest in our proposed
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Table 4.4: Results of three RSUs deployments schemes.

RSU Selection CFCR CFTD (in minutes) Un updated sensors
Optimal RSU 98.72% 1260 1.28%
Fixed RSU 97.88% 1800 2.12%
Random RSU 90% 1800 10%

scheme, which is 1.2% after 1260 minutes.

The results in the case of fixed RSU are closer and obtain in 1800 minutes, whereas

in the case of random RSU selection after the same time 10% of the sensors didn’t get

the code. Our proposed OCFS achieves the highest code transmission coverage rate in

less time.

4.6 Summary

In this chapter, we proposed data and code forwarding schemes for our proposed VADD

framework. To evaluate the data dissemination scheme we develop a case scenario in

Auckland city by using the real data of road traffic count and to verify the effectiveness

of the code transmission scheme we use the real traces of Beijing city.

In this chapter, we developed delay models for sustainable data dissemination to

be used to tackle typical SC daily data traffic. As a proof-of-concept of our work,

we presented Auckland City case scenario where delay tolerant data is delivered to

data centers. We found that our proposed system can effectively use the daily vehicle

mobility of Auckland City for enormous data transmission from data sources to data

centers. The results obtained show that the proposed system can offer up to four times

better data transfer rate than the dedicated core network with a data rate of 1 Gbps.

In the 2nd part of this chapter, we proposed an optimal code forwarding scheme

OCFS. In this strategy, we used thousands of vehicles as the mobile nodes to transfer

code from the data center to SSs. RSUs collect the codes from CC and forward this code
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to optimally selected MNs. These MNs transfer the collected code to SSs whenever

they are in their wireless range in store carry forward opportunistic communication.

The huge displacement of vehicles in a city has a large number of vehicles that lead to

high coverage of code. OCFS is low cost because we need to install the RSUs only, the

other components MNs and SSs are already available in the proposed system. In OCFS

we propose multi-objective optimization of an NP-hard problem, the minimum set

coverage of the optimal selection of MNs, and RSUs. This optimal solution enhances

the coverage ratio and reduces the time for this code transmission. The results of the

experiments validated the proposed scheme of code forwarding from the users to SSs in

SC.

In this chapter, the data and code forwarding schemes are proposed and in the next

chapter, we discuss the usefulness of the proposed VADD framework in terms of energy

consumptions and carbon emissions.
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Chapter 5

Energy Consumption & Carbon

Emissions by VADD

In chapter 3, we proposed a system overview of VADD and discussed data offloading in

smart cities. In chapter number 4, we propose data and code forwarding schemes. In

this chapter, we explore energy consumption models for data transmission. One of the

main challenges of operating a smart city (SC) is collecting the massive data generated

from multiple data sources (DSs) and transmitting them to the control units (CUs) for

further data processing and analysis. These ever-increasing data demands require not

only more and more capacity of the transmission channels but also results in resource

over-provision to meet the resilience requirements, thus the unavoidable waste as a

result of the data fluctuations throughout the day. Besides, the high energy consumption

(EC) and carbon discharge from these data transmissions posing serious issues to the

environment we live in. Therefore, to overcome the issues of intensive EC and carbon

emission (CE) of massive data dissemination in SCs, we propose an energy-efficient

and carbon reduction approach by using the daily mobility of the existing vehicles as

an alternative communications channel to accommodate the data dissemination in SCs.

To illustrate the effectiveness and efficiency of our approach, three numerical studies
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evaluated in this chapter confirm the noteworthy cost and energy saving can be obtained

by utilizing existing vehicle volume on the road for big data dissemination in smart

cities. The analysis of energy consumption and carbon emissions using traditional

min-cost flow problem and multi-commodity flow problem is also included to optimize

energy cost and carbon emissions.

A brief introduction is given in Section 5.1. Section 5.2, presents background and

related work. Mathematical models are presented in Section 5.3. Three case studies

are presented in Section 5.4, 5.5, and 5.6. A comparison of our proposed framework

has been conducted with the existing techniques in section 5.7. Finally, the chapter is

concluded in Section 5.8.

5.1 Introduction

In the near future, SCs are envisioned to provide services such as road lights conversing

with the smart grids, urban parks associating with administrations, seasides conveying

cautions on pollution levels, and flood alerts to disaster management. This results in

generation of huge data, and they are stored in the data clouds or some data control

centers for processing and analysis. A huge number of sensors, installed in each city

will continually generate a tremendous amount of data [153]. For instance, Westminster

City Council has introduced solar waste bins that can speak to city council workers

and inform them how much full they are. The framework used infra-red and telemetry

sensors and prompted a 60% decrease in cost for waste collection. Smart homes are

now turning into reality, and it is expected that they will be available commercially

by next year. Splunk predicts that one smart home today can create as much as 1 GB

of data in a week. This means that all the UK smart homes may generate more than

26 million GBs of information [154]. Furthermore, video surveillance of the entire

city, smart sensors, and smart girds also generate a big volume of data on each day for
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processing and analysis[155].

The transmission of a large amount of SCs data is going to swamp existing infra-

structure networks, and it presents some unwieldy challenges. The operator’s concern is

to enhance the performance of their network by adding more capacity to their networks

or by efficiently using the existing network resources. To address the issues of this

explosion of data traffic we have different solutions. One of the expensive solutions is

to elevate the existing networks to the next generation networks. Another expensive

solution is to enhance the network capacity. However, the problem with these solutions

is that it requires an enormous amount of cost for the operational expense (OPEX) and

capital expenditure (CAPEX) [156].

To transmit huge information in SCs, one of the candidate networks is a power

line communication (PLC), it may provide LAN connectivity, WAN access, and some

command and control capabilities [157]. However, interoperability problems, low

dispersion and short-range communication of PLC networks become weak points for its

success in the market of data transmission system [158]. Other energy-efficient solutions

may include the use of Zig-Bee, Bluetooth and WiFi along with PLC for smart metering

and smart homes. Due to capacity and wireless range limitations, these solutions may

be suitable for a short-range communication rather than long-distance communications

[159]. Furthermore, fiber-optic in SC for huge data volume dissemination might be a

good competitor. However, the city-wide deployment of optical-fiber system requires

high budget [160].

Lately, Cellular Networks (CNs) appear to be an alternative solution for big data

communication in SCs. However, huge mobile data demands have already created

issues of devastating CNs [161]. Figure 5.1 shows that mobile data demands will grow

up to 38 PB per month by 2021 in New Zealand, which is 380% more than 2010 [134].

Broadband Internet and traditional core networks could also be possible candidates for

SC data transmissions, but these networks are also now congested networks, traffic on
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Figure 5.1: Mobile data demands and number of vehicles in New Zealand (NZ).

the Internet has increased more rapidly than its existing capacity [10, 162]. As a result,

the problem of data dissemination between data sources and control units in SC ought

to be solved by using some other types of hybrid networks instead of the using only

Wi-Fi, 3G, LTE, Internet and so forth [163]. Under this topic, vehicular networks by

using the existing routine rides in the city could be a possible solution to disseminate

big data in SCs.

On the other hand, there is one more big challenge in energy consumption in

information communication technology (ICT). Andrey gives his analysis of global EC,

with the best average and worst-case scenarios. International Energy Agency (IEA)

estimated that Global electricity consumption would grow by 2.8 to 3.4% per year

and ICT EC will be a big ratio (51%) of global EC in 2030. The electricity demand

of communication technology is increasing and will be 30,715 TWh of a worst-case

scenario in 2030. Andrey predicts that depending on different scenarios of ICT, EC in

2010 is 8% to 14%, 2020 6% to 21% and 2030 8% to 51%, respectively. Hence, it is

also a critical issue that needs to address [1, 164].

These factors of congested networks and EC in ICT create interest in alternate

energy-efficient solutions to reduce the pressure of data traffic on traditional core

networks. In this direction, Cho and Gupta [165] enhanced the data transfer performance
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by suggesting the concurrent use of conventional network and postal system. Some

portion of the data is forwarded using the conventional network while some other

delay-tolerant data is forwarded on hard disks through the postal system and it requires

comprehensive data scheduling. In [11], Marincic and Foster enhance the same work

for energy cost optimization and reduce the CE through various optimization scenarios.

Munjal et al. proposed a centralized Software-Defined Vehicular Connectivity procedure

that enables scalable and adaptive control of the scheduled vehicles to offload traffic

[166].

Thus, it is useful to introduce an energy-efficient option by using the existing

vehicular networks to address this problem of big data transmission and to reduce the

load on existing infrastructure networks. In this chapter, we are proposing to use daily

routine rides of SC’s vehicles and annual average daily traffic (AADT) of Auckland

city for delay-tolerant data transmission. The main contributions of this chapter are as

follows:

• We develop an energy consumption model and an Auckland case is evaluated by

using these models. Our proposed framework saves a huge amount of energy cost

as compared to the traditional network.

• We use a min-cost flow problem to optimize energy consumption and carbon

emissions by using vehicle count on the road.

• We design new algorithms using the multi-commodity flow problem to select an

energy-efficient network for data transmissions to save more energy cost.

5.2 Background

Presently, different data clouds offer a data storage space on their web servers to their

clients. Normally, numerous duplicates of data are stored on these servers [167]. The

145



CHAPTER 5. ENERGY CONSUMPTION & CARBON EMISSIONS BY VADD

best example to transfer data from a client location to these servers is the data delivery

services of Amazon Web Services (AWS). AWS offers data movement by using their

data vehicles. For this purpose, AWS sends their vehicle to the client, the client loads

required data onto the vehicle, and the vehicle is driven back to AWS for loading the

client’s data onto their web servers [168]. A digital map provider company Digital

Globe used snowmobile services of AWS to transfer 70PB data onto the cloud of AWS

[169]. This type of data transmission requires some fiscal cost because it needs a

dedicated vehicle for this purpose. Moreover, it consumes energy and emits carbon in

the environment.

A big data of delay-tolerant applications can be transferred by efficiently using the

energy of daily routine trips of vehicles. Vehicular delay-tolerant network (VDTN)

[79], is built on the theory of delay-tolerant network (DTN). It handles delay-tolerant

applications at low cost and on unpredictable network conditions. Vehicles can be used

as data carriers between terminal nodes either in rural areas or in emergency scenarios.

This strategy can be helpful in both V2V and V2I communication. In this direction,

Kashihara et al. [80], proposed a data offloading scheme to offload data, particularly

to scheduled vehicles by using short-range and high-speed wireless communication.

The motivation was to reduce traffic congestion because of the high data volume on

traditional networks. Similarly, Hunjet et al. [170] and Usbeck et al. [171] uses

VDTN and implement data forwarding schemes by using data farriers. A vehicular

data dissemination project is implemented in France to reduce the load on conventional

networks [172]. Dessler et al. [173] used a parked vehicle for data communication

among other vehicles and proposed a protocol called vehicle cord where parked vehicles

are used as RSUs.

In another work [174], Cho et al. use a hybrid network to upgrade the performance

by proposing the concurrent use of traditional core network and postal framework. A

portion of the time-critical data is exchanged by using the conventional core network
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while the postal system is used to transfer delay-tolerant data with the help of hard

drives. It requires complex data scheduling for data forwarding. Marincic et al. upgrade

a similar work to minimize the EC and reduce the CE [11].

Moving Vehicles on the road and roadside APs of WiFi Network can also be

used as a practical solution for cellular data offloading in SCs, called vehicular Wi-Fi

offloading. The research in this direction has an objective to enhance the cellular data

offloading performance, particularly for delay-tolerant and non-interactive applications

[88, 89]. At the same time, the advantages of opportunistic communication and D2D

revolution are sound for some vehicular related use cases. It can empower location-

based peer-to-peer applications and services. For example, thinking about the huge

number of connected smart vehicles, a new software update of the smart vehicles can

put a critical load on the cellular network, and cost huge money for vehicles owners. In

this way, the new update can be downloaded by some designated vehicles by using D2D

communication with RSUs, and then this update can be exchanged to other vehicles by

D2D transmission. Along these lines, the majority of the cellular load can be shifted to

V-D2D communication and accordingly cellular bandwidth, energy, and cost can be

saved [175].

In this chapter, we are trying to describe how much data can be uploaded/downloaded

to/from RSU while vehicle is on the move and how the proposed algorithm can be used

to select an energy-efficient network mode to transfer big data between two points.

5.3 Energy Consumption Model

A detailed overview of our proposed framework VADD has already been given in 3.1.

To transfer the data from source to destination, following are the two models of energy

consumption for transport network and traditional core network.
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5.3.1 Energy Model for Transport Network

EC for delay-tolerant information transporting between two points by using vehicles

depends on two things. 1st EC for data loading and 2nd EC for transporting the weight

of storage device from point A to B.

EV eh = EDataLoad + ETransport (5.1)

If k is the total number of offloading points between A and B then EDataLoad can be

calculated as follows

EDataLoad = 2×
k∑
i=1

ED2Di
(5.2)

Etransport depends upon the distance between the sender and receiver, gross weight

of the vehicle, and fuel economy of the vehicle. If n vehicles are used to transport total

data between them and WStorage is the storage device weight then we can calculate the

EC for whole data shipment as follows.

ETransport = Cfuel ×WStorage ×
n∑
i=1

EShipmenti (5.3)

Cfuel is fuel constant, and it converts the volume of fuel into energy consumed i.e., from

litters to joules. If FE is the fuel economy then EShipment can be calculated as follows.

EShipment =
dAB

FE × VLoad
(5.4)

If WTotal is the gross weight of the fully-loaded vehicle then VLoad can be calculated

as follows.

VLoad = WTotal −WEmpty (5.5)
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5.3.2 Energy Model for Core Network

Data transmission begins from the 1st datagram at the source and ends when the last

datagram is delivered at the destination. EC for conventional network depends upon the

energy consumed at the sender, receiver, and all intermediate devices. These devices

contain switches and routers. If DV ol is the total data volume, ESR is the EC at source

and destination, and we consider the incremental EC at all k intermediate devices, then

the EC for conventional network case can be calculated by using the following equation.

CnEc = ESR +
k∑
i=1

Einci (5.6)

If Bup is the uploading and Bdown is downloading bandwidth at sender and receiver

respectively,4P is power change at sender/receiver while transmitting/receiving the

data, then ESR can be calculated as follows.

ESR = max

(
DV ol

Bup

,
DV ol

Bdown

)
(4PSender +4PReceiver) (5.7)

For intermediate devices, if Ebit is the energy cost per bit then energy consumption

for total DV ol data is calculated as follows.

Einc = DV ol × Ebit (5.8)

Energy consumed per bit is calculated as a fraction of the max power Pmax and

available bandwidth B.

Ebit =
Pmax
B

(5.9)
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5.4 Case-I: EC & CE by VADD Framework

Energy consumption and carbon emission depend upon the data volume, disk weight,

and the distance between source and destination in our proposed case. In the following

case, we use our proposed EC model to calculate energy cost and carbon emission for

data transmission.

5.4.1 Auckland Case Scenario

Proposed energy models show that Energy consumption depends upon the data volume

and the distance between source and destination. For internet case, we consider 11 LAN

switches, 2 core and edge routers with 0.1 Gbps uploading and downloading bandwidth

at the source and sink respectively [11]. For vehicle case, we transfer 100TB data and

vary the distance from 10 Km to 250 Km, by keeping the average speed of vehicles

constant.

5.4.2 Results and analysis

Fig. 5.2, shows that energy consumption of the proposed case is better than the internet

case when the distance is less than 150 Km, but when the distance is greater than 150

Km then the energy consumption of our proposed model is greater than the internet

case. It shows that our proposed model is suitable for a smart city if it has a diameter of

less than 150 Km. This assumption supports our proposed framework of “A Sustainable

Vehicular Based Energy Efficient Data Dissemination Approach in Smart City”. Fig.

5.3, shows that if we increase the data volume the energy consumption increases in

both cases. Our proposed model of energy consumption consumes less energy in case

of the vehicular network. To transfer 100 TB data between the above-said source and

destination (Telemetry Site 17 to CBD.) the energy consumption for the vehicular case

is 89.60 MJ, which is much less than internet case that is 227.5 MJ.
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Figure 5.2: Distance vs Energy consumption.

Figure 5.3: Data volume Vs Energy Consumption.
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Figure 5.4: Carbon Emission vs Weight of disk.

Eq. 5.3 shows that energy consumption also depends upon the weight of the disk.

If we increase the weight of the storage device then the energy consumption also

increases. To transfer data between the same source and destination we increase the

weight of the storage device and keep the remaining parameters constant. The results

in figure 5.4 show the increase in carbon emissions while increasing the weight of the

disk in the moving vehicles of our proposed framework VADD. The higher value of

weight will consume more energy. This energy consumption emits more carbon into

the atmosphere.

5.5 Case-II: Energy-Efficient Path Selection

In this case, we use the traditional min-cost flow problem to minimize the energy cost

to transfer big data over the road network by using multi-hop communication in our

proposed framework of VADD.
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5.5.1 Problem formulation

We have a set of nodes N and set of edges E as shown in Fig. 5.5. Let G = (N,E) be

a directed graph a road network and a flow having sender node s ∈ N and a receiver

node t ∈ N . Each edge (u, v) ∈ E having edge capacity c(u, v) > 0, energy cost

EV eh(u, v) and vehicle flow as vehicle volume on the road f(u, v) ≥ 0, with supporting

negative cost edges as a receiver edge. The energy cost of a flow on a given edge (u, v)

is EV eh(u, v).f(u, v). In this problem we need to send a data flow d, from source node

s to sink node t.

The main objective of this problem over here is to minimize the total energy cost of

a given flow over some given edges under some conditions of road capacity, which is

represented here by the vehicle volume of the road.

Minimize :∑
(u,v)∈E EV eh(s, t).f(s, t)

Subject to:
f(s, t) ≤ c(s, t)

f(w,x)(n) = −f(x,w)(n)∑
w∈N f(w,x)(n) = 0 =⇒ ∀w 6= s, t∑
(u,v)∈N f(u,v)(n) = d and,∑
(u,v)∈N f(v,u)(n) = d

5.5.2 Minimizing Energy cost

In this case study, we propose a problem having a road network as shown in Fig. 5.5.

Each road has vehicle volume as its capacity and its energy cost to transmit 1TB data

by using an embedded disk having weight 0.95 Kg in a car. In our calculations, we
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Figure 5.5: Graph of building network flow.

are using the Toyota Prius car and assume the fuel constant Cfuel = 37,624,722.29

J/L [176]. The cost calculations are shown in Table II. Here we solve our problem

for energy consumption and carbon emissions by using traditional minimum cost flow

problem and use IBM ILOG CPLEX Optimization Studio for an end to end energy cost

calculations [14].

5.5.3 Energy Consumption

By using the above minimum cost flow model and the energy cost models from Eq.

5.3, we further minimize the energy consumption cost by transferring 20 TB data from

source node 1 to sink node 6. Calculated results for both internet and vehicle case show

that energy consumption is more efficient in the vehicle case as compared to the internet

case. We consider 11 LAN switches, 2 core and edge routers with 0.1 Gbps uploading

and downloading bandwidth at the source and sink respectively. Whereas in shipment

case 60 vehicles are used to transfer the required data from source to destination and disk

capacity of each vehicle is 1TB. The optimal route to minimize energy consumption is

[1→3→5→6]. From source node 1, 20 vehicles load the data and drop at an offloading
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Table 5.1: Summary of links and Energy Cost in MJ

Edge Distance speed Veh. Volume ECost(MJ)
1−→2 50 50 500 1.41409939
1−→3 50 50 1000 1.41409939
2−→4 80 50 2500 1.172239512
2−→3 40 50 2600 2.139679024
2−→5 55 50 5000 1.535029329
3−→2 40 50 850 1.172239512
3−→4 55 50 540 1.535029329
3−→5 20 50 850 0.688519756
4−→5 45 50 789 1.293169451
4−→6 25 50 556 0.809449695
5−→4 45 50 2250 1.293169451
5−→6 30 50 1500 0.930379634

point 3, then 20 vehicles transfer data from point 3 to 5. Finally, 20 more vehicles

pick the data from offloading point 5 and drop at the final destination node 6. Fig. 5.6

shows that to transfer 20TB data from node 1 to node 6, the energy consumption for our

proposed VADD framework is 60.66MJ, whereas in case of the traditional network it is

102.7 MJ. This case scenario shows that our proposed system is more energy-efficient

as compared to the core network.

5.5.4 Carbon Emission

Data transfer for both internet and vehicular shipment consumes some energy from

different resources like fuel and electricity. This energy consumption emits carbon

into the atmosphere. Fig. 5.7, shows that carbon emission for VDTN case is less than

internet case. The results show that the carbon emissions in this scenario is 0.592 Kg/TB

for shipment case and 1.0025 Kg/TB for internet case. To get these results, we used the

carbon emission 0.703 (CO2)Kg / kWh [177] and 1 MJ = 0.2777778 kWh [178].
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Figure 5.6: Energy consumption internet vs VDTN case.

Figure 5.7: Carbon emission Internet vs VDTN case.
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5.6 Case-III: Energy-Efficient Network Mode Selection

In this case, we use the optimal mode selection algorithm to select the energy-efficient

network mode for a given task of data transmission.

5.6.1 Minimizing Energy Cost

The goal of this work is to minimize the total cost of sending the data requirements

across the complex road network or traditional core network, while satisfying all

demands/supplies, and respecting arc capacities. We solve the energy optimization

problem for road network by using the multi-commodity flow problem and calculate

the energy cost for optimal paths. Similarly, we calculate the energy cost for the

core network and finally, we find that which network is suitable for data transmission

concerning energy consumption.

5.6.2 Problem Formulation

Let G = (V,E,C,A) be a capacitated undirected graph, where V is set of data sources

or data centers locations, E is set of road links between data sources and destinations,

C is the capacity of each road w.r.t vehicle count, and A is a set of cost per unit flow

for a commodity bi on each link (i, j) ∈ E . R = {(si, ti, bi)} be a set of requirements,

si ∈ V is data source and ti ∈ V is destination data center for commodity bi. For each

edge (i, j) ∈ E and each commodity r, associates a cost per unit of flow, designated

by arij . The demand (or supply) at each node i ∈ V for commodity r is designated

as bri , where bri > 0 denotes a supply node and bri < 0 denotes a demand node. We

define decision variables xrij that denote the amount of commodity r need to send from

node i to node j. The amount of total flow, for all commodities, that can be sent across

each link is bounded above by cij . We need to minimize the transport network energy

consumption TnEc by using the vehicle mobility of complex road network.
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Minimize :

TnEc =
∑

(i,j)∈A

∑
r∈R

arij.x
r
ij

Subject to :

∑
r∈R

xrij ≤ cij (i, j) ∈ E (Capacity)

∑
i,j∈E

xrij −
∑
i,j∈E

xrji = bri i, j ∈ V, r ∈ R (Balance)

xri,j ≥ 0 (i, j) ∈ E, r ∈ R

∑
i,j∈E

xrij(n)−
∑
i,j∈E

xrji(n) =


bri if n = sr

−bri if n = tr

0 otherwise

(Flow conservation)

∀n ∈ V and r ∈ R

We use Algorithm 11, to solve the above energy optimization problem of multi-

commodity flow, for multiple commodities of data transmission across the road network

and calculate the energy-efficient paths.

5.6.3 Energy-Efficient Network Mode Selection

Let Ga = (V a, Ea, Aa) be a capacitated undirected graph, where V a is a set of interme-

diate nodes (routers and switches), Ea is a set of the links between these intermediate

nodes, and Aa is a set of unit energy cost to transfer a data commodity bi on these links.

We calculate the energy cost CnEc for data transfer between the data source and data

158



CHAPTER 5. ENERGY CONSUMPTION & CARBON EMISSIONS BY VADD

Algorithm 11: Minimum cost multi-commodity flow
Input: A graph G = (V,E,C,A), and set of requirements R = {(si, ti, bi)}
Output: Set of paths that meet the requirements

1 UnMetR← R
2 P = ∅
3 GTemp1 ← GTemp2 ← G, and P = φ
4 GTemp2 = G
5 while (|P | < |R|) do
6 for (ri ∈ R) do
7 pi = minimum_cost_flow(GTemp1 , si, ti, bi)
8 if (pi == φ) then
9 pai = minimum_cost_flow(GTemp1 , si, ti, bi)

10 for (e, cij ∈ pai ) do
11 if (cij > Available_Capacity_in_GTemp1) then
12 Increase cost of e in GTemp1 and GTemp2

13 for (p ∈ P ) do
14 if (e ∈ p) then
15 P ← P − p
16 Return the capacity used by p to GTemp1

17 end
18 end
19 end
20 end
21 end
22 else
23 Reduce the capacity of edges in pi from GTemp1 P ← P ∪ pi
24 end
25 end
26 end
27 return P

center by using the traditional core network from Equation (5.6). For transport network

energy cost TnEc can be calculated from Algorithm 11. The central controller apply

Algorithm 12 to take the decision which network is suitable for a given set of data

demands. This decision is forwarded to all data sources and intermediate nodes. Finally,

they select the appropriate energy-efficient network interface to forward the data.
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Algorithm 12: Energy-efficient network mode selection
Input: Graphs G = (V,E,C,A), Ga = (V a, Ea, Aa) and set of requirements

R = {(si, ti, bi)}
Output: Energy-efficient network mode selection

1 CnEc← f(Ga, R)
2 TnEc← f(P )← multi_commodity_flow(G,R)
3 for ri ∈ R do
4 if CnEci > TnEci then
5 modei = proposed network
6 else
7 modei = traditional network
8 end
9 end

10 return mode

5.6.4 Finding the Best Routes

In this case scenario, we proposed a solution, where a road network is investigated

for data transfer assignments as shown in Figure 5.8. Here, nodes represent the data

offloading locations and links represent the roads. Each road has the traffic count as

the capacity of the road. We use an embedded storage device of weight 0.95 Kg in the

vehicle and calculate the energy cost to transfer 1TB of data for each road. In these

calculations, we use Toyota Prius as a relaying vehicle, and the value of fuel constant is

assumed as Cfuel = 37,624,722.29 J/L [176] in Equation (5.3). These calculations are

presented in Table 5.2. For each offloading request; we apply our Algorithm 11 to find

the best route by solving the data transfer assignment as a traditional multi-commodity

flow problem.

The data set in Table 5.2, provides the cost akij of sending a unit of commodity r

along arc (i, j), with distance and speed of that particular road. To calculate the EC of

the traditional core network we use Table 5.2

1. Energy Consumption

By using this multi-commodity flow model and our energy cost model, we evaluate
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Figure 5.8: Graph of building network flow.

Table 5.2: Energy Cost per link in MJ/TB

From To Cost / TB Distance (Km) Speed (Km/h)
1 2 0.96 40 50
1 3 2.41 100 70
5 3 0.24 10 50
5 6 1.45 60 60
3 4 1.2 50 50
4 2 2.18 90 80
4 6 0.48 20 50
7 1 2.53 105 100
7 5 1.81 75 80
2 8 2.30 95 80
6 8 1.57 65 60

the EC cost for a given set of five commodities (Figure 5.9) R = {c1, c2, ..., c5} of

delay-tolerant data, with a total data flow of 580 TB. We execute Algorithm 11 on SaS

optimization tool [15] to find a set P of energy-efficient paths and optimal solutions

for a given set of commodities to transfer data by using the road network. To calculate

the EC of the traditional core network, we use graph Ga = (V a, Ea, Aa) by applying

Equation (5.6), and unit cost for EC to transfer a data demand on each edge in MJ/TB is

calculated in Table 5.3. Calculated results for the core network and VDTN are shown in

Figure 5.9. It shows that our proposed data transport model outperforms the traditional
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Table 5.3: Core network cost to transfer 1 TB on each link.

From To Lan
L3 Switches

Edge
Routers

Core
Routers

Up
BW

Down
BW MJ/TB

1 2 9 2 15 0.1 0.1 5.095
1 3 6 2 3 0.1 10.0 4.355
5 3 8 2 14 1.0 1.0 2.03
5 6 11 2 3 1.0 1.0 2.275
3 4 6 2 5 0.1 1.0 4.4
4 2 9 2 6 1.0 10.0 2.02
4 6 8 2 6 0.1 0.1 4.74
7 1 11 2 7 1.0 1.0 2.36
7 5 6 2 7 0.1 0.1 4.44
2 8 11 2 5 1.0 1.0 2.32
6 8 13 2 14 0.1 0.1 5.71
1 6 8 2 9 1.0 10.0 1.925
2 6 14 2 6 1.0 1.0 2.635
3 6 9 2 15 1.0 1.0 2.215
4 8 11 2 2 0.1 0.1 5.135

core network, for all the commodities other than the commodity number 4. In this

case, the distance between the data source and destination is high. That is why vehicles

consume more energy to transfer data at the final destination. Moreover, for this demand,

a huge amount of energy is also consumed at intermediate nodes for data offloading

from vehicle to intermediate nodes and uploading from intermediate nodes to vehicles.

To transfer 580TB data, the traditional core network consumes 1950MJ energy, and

our proposed vehicular network consumes 1495MJ energy. In this way, our proposed

vehicular network can save up to 24% of energy costs for these data assignments.

2. Energy-Efficient Network Mode Selection

Based on of the above calculated energy costs for traditional core network CnEc

and for transport network TnEc, the central controller apply Algorithm 12 to take the

decision which network is suitable for each commodity in a given set of data demands.

Central controller forwards this decision to concerning data sources and intermediate

nodes. The data sources and intermediate nodes select appropriate energy-efficient
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Figure 5.9: EC: A comparison of the core network and VDTN.

network interfaces to forward the data. With this optimal network mode selection, we

can save the energy cost more than 32% for this given set of commodities.

Figure 5.10: CE: A comparison of the core network, VDTN and optimal network mode.

3. Carbon Emission

By applying energy-efficient network mode selection, we can further reduce the
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energy cost and carbon consumption. Information exchange for both core network and

VDTN consumes energy from various means like fuel and power. This usage of energy

transmits carbon into the environment. Figure 5.10 demonstrates that the CE is less for

our proposed optimal model as compared to traditional core networks and VDTN. To

evaluate these outcomes, we used the carbon emission 0.703 CO2 Kg/kWh [177] and

the conversion unit 1 MJ = 0.2777778 kWh [178].

5.7 Comparison with existing techniques

Table 5.4 indicates our proposed framework, the vehicle assisted energy efficient data

data dissemination framework, compared with other existing works. Apart from the

Amazon, most of the existing works utilise radio communications for transferring data to

or from the vehicles. Although Unmanned Aerial Vehicles (UAVs) is the comprehensive

body of work for data transfer, this method is not sufficient for covering all areas due

to inheriting battery restrictions. UAVs is not reasonably cost effective and they are

inadequate in numbers. From the security point of view, questions have been raised

as to whether it is secure to use UAVs for data mule [179]. Advanced scheduling is

needed for Amazon snowball and snowmobile, while transferring data (of this method)

is not free for the user. If data transferring via snowmobile is in its large scale, tens of

days are taken to schedule this transfer for each appointment [180]. Researchers cannot

benchmark their own route or algorithms of vehicle selection through other related

contributions because these sources are not made freely available to the general public.

In order to transfer data from source to destination of a single hop or multiples’, our

framework has been proposed which is based in the vehicles and it uses the intermediate

nodes RSUs. As smart vehicles and smart cities have become popular, vehicles can take

the role of transferring data to spend less energy in network communication. If data is

transferred through communication network, other applications are affected in addition
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to blocking the entire network. The average rates of uploading and downloading data in

traditional data transferring network is also different from continent to continent. For

instance, transferring 20TB of data would take around 38 months in Africa, whereas

this amount of data is transferred by around 4 months in Australia. It is noted that only

the time of uploading is considered at this case scenario and both time of transferring

and downloading have been neglected [181].

Discover the optimal route between the source and the destination is the respons-

ibility of the controller in the proposed framework. The controller also decides about

suitability of transmitting data via traditional or vehicular networks. To decide, the time

of transfer and the availability of volunteer vehicles close to the source for starting and

close to the source or destination for continuing are considered. We have interest in

adding more complex algorithms for the purpose of calculating the path of transferring

from source to destination in the future.

Energy – to transfer data, Internet has been in use across the world traditionally.

The energy which is consumed for communication through the Internet can be grouped

as the end-user cost. While this energy is around 38% of the total energy consumption,

the remaining of 62% energy supplies the network nodes of repeaters, routers, servers,

switches and the data-centres [182].

Costenaro and Duer [182] had approximate calculation on the consumed energy by

the Internet in kWh per GB as 5.12 kWh/GB according to the parameter values used

for Internet data transfer and in relation to core network devices. Therefore, to transfer

20TB data, total of 102.4 MWh energy is estimated for consumption by the Internet

data. From another standpoint, the average power consumption of a server equal to

145 watts per hour has been considered according to the research work of Pries et al.

[183] in order to calculate the consumed energy using vehicles for transferring data.

Whereas in our proposed case it consumed 60.66 MJ energy to transfer 20 TB of data

by using vehicles. To determine the total cost in both scenarios, the average electricity
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cost as standardized by U.S. Energy Information Administration equal to i.e. $0.112 per

Kilowatt hour (kWh) has been taken into account [184]. As a result, the cost of energy

of the system for 20 TB is estimated as $11469 approximately according to the energy

consumption for transferring data via Internet. Meanwhile, the cost for the proposed

vehicular approach is $1900 approx.

On the basis of the above discussion, Figure. 5.3 indicates the energy consumption

by variation on the amount of transferred data, while utilising the Internet or the

proposed vehicular approach. Thence, the performance of our vehicular based data

dissemination approach is with a superior quality and excellence in comparison with

the Internet data transfer in the context of both the energy and the delay.

One of the important implications of our proposed work is the business of sharing

economy. The business of the sharing economy is a mode of purchasing services and

goods that is different from the traditional model of business [185]. In the traditional

model, we hire the employees to produce the products and then we sell to customers.

On the other hand, in a shared economy, people are supposed to hire out their things

like private time, cars, and home to other people in a peer-to-peer manner, e.g Uber and

Airbnb. In our proposed work, people have their cars the can take part in this business

of shared economy based on some incentives for this data and code dissemination in

SCs.

Moreover we consider the bi-directional mode of communication in our proposed

framework. In most of previous work data communication mode is unidirectional i.e

from source to destination. Whereas in our work we consider big data migration, data

transmission from SSs to service providers and code transmission from service provider

to SSs.
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Table 5.4: Comparison with existing techniques.
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5.8 Summary

In this chapter, the energy models for sustainable data dissemination suitable for daily

data traffic in SC are proposed. A method of big data aggregation for smart cities

using the existing vehicle volume on the road is investigated. For delay tolerant data

needs, our proposed method efficiently utilizing the existing vehicles and their energy-

efficient wireless links, for big data transmission to reduce the energy consumption cost

and carbon emissions. Our essential and contextual investigations performed in the

mathematical evaluation of these case studies give solid proof that substantial energy

and cost savings can be accomplished while as yet ensuring the information delivery.

Moreover, our minimum energy cost flow model shows that if we know vehicle volume

on the road and transportation routes, we can identify the routes having the least cost

for data transportation. Furthermore, a case is evaluated by using a traditional multi-

commodity flow problem, energy-efficient network mode selection algorithm is used

for data transmission scenarios, our proposed approach can offer about 32% better EC

and CE than the traditional network.

In this chapter, we demonstrated that our proposed VADD framework is energy

efficient than the traditional systems. Moreover, we presented the comparison of our

proposed framework with the existing techniques. The conclusion and future research

directions are discussed in in next chapter.
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Chapter 6

Conclusions and Future Research

Directions

The thesis is concluded in Section 6.1. The practical system implications for system

planning and deployment are discussed in Section 6.2. Four future research directions

are outlined in Section 6.3.

6.1 Conclusions

This thesis has focused on designing an energy-efficient sustainable vehicle assisted

data dissemination framework for the collection of data from a massive number of smart

devices in SCs to their designated control centres. The growing demands of big data

dissemination, congested networks, a huge amount of energy consumption and carbon

emissions by ICT networks were the main motivation for the development of VADD

framework. To address the challenges of big data dissemination, this research proposes

that an alternate vehicular delay-tolerant network exists, to connect such a huge number

of smart devices with their data centres, by using daily mobility of smart vehicles.

In this thesis, a method of big data aggregation for smart cities using the existing
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vehicle volume on the road and vehicle displacement in the city is investigated by

analytical modelling and data-driven approach. For delay tolerant data needs, our

proposed method efficiently utilizing the existing vehicles and their energy-efficient

wireless links, for big data transmission to reduce the energy consumption cost and

carbon emissions. As a proof-of-concept of our algorithms, we presented Auckland City

and Beijing City case scenarios where delay tolerant data is delivered to data centers.

We found that our proposed system can effectively use the daily vehicle mobility of

Auckland City for enormous information transmission to reduce the cost of EC and

CE. Our essential and contextual investigations performed in the mathematical and

analytical evaluation of different case studies give solid proof that substantial energy

and cost savings can be accomplished while as yet ensuring the information delivery.

This thesis has made several original contributions, which are reported in Chapters 3 to

5. A summary of the main contributions is outlined below.

In Chapter 3, we propose a VADD framework for data dissemination by using the

existing vehicles in smart cities. It could best accommodate those massive and delay

tolerant-able data transmission demands by utilizing efficiently the existing vehicles’

mobility in the urban areas and could release the congestions in wireless and wired

networks. We use the daily traffic count of Auckland city and taxi traces of Beijing

city to explore the potential of our proposed VADD framework. In the Auckland case,

we develop a model to calculate the delay for data transfer between two locations on a

road by using the vehicle count on the road. We compare our results with a traditional

network having a dedicated bandwidth of 1 Gbps and the disk capacity of each vehicle

is 512 GB. Our proposed system reduces more than 50% latency as compared to the

traditional network.

In the later part of Chapter 3, we use the displacement of Beijing taxies to collect

the data from 25 × 25km2 area of the city. We use a grid clustering algorithm and

divide the whole city in different sizes of clusters or girds, to explore the coverage and
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capacity of the proposed system. In the case of 1000 m2 area, the network coverage

is more than 98% in 24 hours. Similarly, in the case of 500 m2, 200m2, and 100m2,

we got 90%, 70%, and 40% coverage respectively in 24 hours. All the grids near the

roads got full network coverage in all cases. Similarly, Network coverage increases if

we increase the number of taxies. We also explore the network capacity by varying the

different wireless technologies and their wireless coverage sizes. The results show that

the capacity depends upon the wireless technology used and the number of taxies. More

than 50 TB data can be collected in an area of 25× 25km2 if we use IEEE 802.11ay

and 400 taxi cabs.

Furthermore, we evaluate a case of data offloading and use a greedy algorithm for

RSU placement. The results show that if we increase the delay-tolerant interval then we

got good network coverage. The data from more than 98% of sensors can be collected

in 24 hours if vehicles use their cellular links. To save the cost of cellular links we use

the RSUs and got data from 96% sensors at the same time. In this way, our proposed

VADD framework saves the infrastructure cost, reduce the congestion on the traditional

networks, and provide good network coverage and capacity.

In Chapter 4, we propose data and code forwarding schemes. We updated the data

forwarding model and use the effective range of wireless coverage of SSs or RSUs. We

use the Poison arrival of vehicles to calculate the degree of data offloading under various

vehicle densities and delivery probabilities. As a proof of concept for the effectiveness

of the data forwarding model, we use the Auckland daily traffic count and compare the

results with a traditional network having dedicated bandwidth of 512 Mbps and 1 Gbps.

Our proposed network having IEEE 802.11ay wireless technology reduces the huge

latency while transferring 100 TB data.

To transfer the software update code we propose the OCFS scheme by using the

taxi displacement in Beijing city. To maximize the network coverage and minimize the

time for code transmission, we propose an NP-hard minimum set coverage problem.
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Our proposed algorithms select the optimal set of vehicles and RSUs for a given task

of code transmission. To verify the effectiveness of our proposed scheme we compare

our results with the fixed and random deployment of RSUs for code transmission.

Our proposed scheme outperforms and reaches up to 98.72% of smart sensors in 1260

minutes. Whereas fixed and random RSU deployment got 97.88% and 90% transmission

rate in 1800 minutes.

To overcome the problem of energy consumptions and carbon emissions, our pro-

posed VADD framework saves the energy cost and reduce energy consumptions. In

Chapter 5, we propose an energy consumption model, and to verify the effectiveness of

our proposed model we evaluate three different cases to calculate energy consumption

and carbon emissions. In 1st case, we use the daily vehicle count on Auckland road.

Our proposed model outperforms and saves a huge amount of energy as compared to

traditional data communication networks. Next, we formulate a problem by using a

min-cost flow problem to transfer data by using multi-hop communication. Evaluate

the results by using IBM ILOG CPLEX Optimization Studio. Our system outperforms

in terms of energy consumption, save more than 40% energy cost, and reduce carbon

emissions, to transfer 20 TB data. Finally, in the 3rd case, we formulate a problem

by using a multi-commodity flow problem and use an algorithm of optimal network

mode selection by the VADD framework for different data assignments. We evaluate

our results by using the SaS optimization tool to find a set of energy-efficient paths

and optimal solutions for a given set of commodities to transfer data by using the road

network. Our system outperforms and save more than 32% energy cost and reduce

carbon emissions.
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6.2 Practical System Implications

The vehicle assisted data dissemination framework has been investigated in Chapter 3 to

5. The main objective of this thesis is the use of VADD for massive data dissemination

in smart cities by using vehicle mobility. To achieve these objectives, system planners

could apply the results evaluated in the main contribution chapters to design sustainable

data dissemination in SC as an alternate channel by using existing transport. This

segment delivers the directions based on the results and analysis derived in Chapter 3 to

5. The possible data dissemination scenarios and solid guidelines are debated next.

The target users of our proposed framework VADD are the departments that manage

the various smart sensors in smart cities. Whenever a user wants to update the software

of smart sensors that are managed by him, the user will initialize an update request to the

central controller. The central controller receives the request and then find the locations

of smart sensors. Based on these locations the CC will find the optimal vehicles based

on the historical trajectories of vehicles. After finding the optimal vehicles for this task

the CC will find the locations of RSUs based on the set of selected vehicles. CC will

forward the updated codes to these RSUs and vehicles will pick the updated codes from

these RSUs then transmit this code to the GPS locations where these smart sensors are

installed. After updating each sensor vehicles will report to CC. In this way, CC will

monitor task completion.

In the reverse direction, whenever an SS creates data to transfer to these departments,

they send this data to the nearest vehicle with a high reputation value. The vehicle

receives the data and transfers data to RSU whenever it is in its wireless range.

For big data migration in a smart city, a user can send a request to CC and send

the location of its old and new data center. CC will find the set of vehicles for this

data migration and start the task. For data migration, other solutions are the existing

network or Amazon’s service snowball. Existing networks are also very congested
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and consume more energy as compared to our proposed solution. On the other hand,

Amazon’s solution is very expensive and it is also not feasible to get service at any time.

Our proposed solution can be available because we are using existing vehicle trips.

It is important, in the midst of rapid urbanization, to ensure the safety of people

in future smart cities. Under such situations, video surveillance systems will not

only improve the system’s intelligence to pro-actively minimise the risk of multiple

risks but will also play an essential role under detecting and prosecuting any crime.

Studies [186] have shown that in different city centres, video surveillance systems

minimise the crime rate. Also, some cameras have already been mounted by big cities

to increase surveillance, e.g New York City surveillance cameras project [187] and 4000

surveillance cameras in Auckland City [188]. However, these cameras do not have good

quality resolution and a lot of video processing is needed to work with any recognition

device. Nonetheless, the network does not have enough cameras to provide complete

video coverage of the various corners of the area. We envisage that future smart cities

will be fitted with video surveillance cameras at all intersections of the cities to improve

the coverage of video footage. Multiple high-definition cameras must be mounted at

every corner of the street to protect 360 vision.

One of the important implications of our proposed work is the business of sharing

economy. The business of the sharing economy is a mode of purchasing services and

goods that is different from the traditional model of business. In the traditional model,

we hire the employees to produce the products and then we sell to customers. On the

other hand, in a shared economy, people are supposed to hire out their things like private

time, cars, and home to other people in a peer-to-peer manner, e.g Uber and Airbnb. In

our proposed work, people have their cars the can take part in this business of shared

economy based on some incentives for this data and code dissemination in SCs.
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6.3 Future Work

This thesis provides a VADD framework for sustainable data dissemination in smart

cities. We use the daily vehicle count on the road and displacement of vehicles in a

city to transfer data between different locations. The aim was to answer the research

questions “What sustainable data dissemination framework can be developed for smart

cities using the existing vehicular network?” and “What can be done to quantify the

performance gains of the proposed VADD framework?”. To address these questions we

evaluated different scenarios in this thesis which open many future research issues. In

this section, we highlight four key research problems that can be explored for the future

extension of our proposed work.

• Incentive-based communication: We need to consider the incentive-based com-

munication to motivate the drivers to take part in this proposed framework of

VADD. Such motivation may contain low price rates, rewarded WiFi or cellular

bandwidth, etc. Different pricing strategies have been considered in the literat-

ure, such as in [102]. Though, with flat rate appraising broadly engaged, such

low-pricing strategies may not be viable. Consequently, a practical and smart

incentive model should be considered for the potential marketing relationships

between system users, cellular operators, and vehicle users. In the future, we

are planning to design a framework that will consider a Bitcoin-based reliable

and secure incentive scheme for VADD. Whenever the tasks will be assigned to

a vehicle a smart contract will be initiated by CC and cost will be decided for

each task completion. The CC will lock this transaction on the Bitcoin server,

under the condition that a vehicle can consume the coins after the completion of

given tasks. After the completion of the given tasks of data or code forwarding,

the vehicle will send the proof of work to CC. The CC will forward this proof of

work to the Bitcoin server and the incentive will be given to the vehicle base on
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the contract.

• Advance prediction mechanisms: The high mobility of vehicles in a city makes

the precise prediction of vehicle availability and performance difficult, even with

prior knowledge about the locations of SSs and RSUs or historical trajectories of

vehicles are available. To optimize the data/code dissemination performance more

accurate prediction mechanisms, more specifically the long prediction interval,

are then essential for scheming more smart data dissemination schemes. Using

deep learning neural network models such as CNN, DNN, RNN, or LSTM, etc,

for more accurate predictions is our future work.

In order to classify more suitable vehicles as data mules, the system will use

a neural network, heading towards the data destination. This could potentially

reduce the load from backend networks in terms of bandwidth usage and overall

energy consumption.

• Trust and security: There are many issues involved in peer-to-peer communic-

ation of mobile vehicles related to privacy and security plan taking part in this

propose VADD framework. Users hardly accept that anyone unknown or stranger

to access the data available on their storage devices. More challenges take account

of the development of a trust-based framework to guarantee distributed security

and trust to terminals involved in the data dissemination process.

With the more trustable and secure framework, there will be more chances that

the vehicles will be available as data mules for this proposed network. This trust

can enhance the potential of data offloading by motivating more users to take part

in this process of data dissemination.

• Augmented reality: The data collection scheme of our proposed framework can

be enhanced by adding with the modern expansion with Augmented Reality based
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trends and scenarios. In these applications, a video feed of different vehicles can

be combined to manage a video view of the entire smart city. This type of data

accumulation can be achieved either collaboratively between smart vehicles by

using their displacement or in a centralized approach.

In the core of rapid urbanisation, it is necessary to ensure the protection of people

in future smart cities. Video monitoring systems such as the augmented reality of

SC will not only enhance the intelligence of the system in such circumstances

to proactively reduce the likelihood of multiple threats but will also play an

important role in the identification and prosecution of any crime.
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