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Abstract

Internet of Connected Vehicles (IoCV) comprises smart vehicles which communicate among
themselves and are connected to the Internet through static infrastructure nodes. Infrastructure
nodes may use heterogeneous network technologies like cellular networks, Wifi networks, or
Dedicated Short Range Communication (DSRC) networks. Among these networks, cellular
networks have limited resources and impose access costs. Therefore, reducing the number
of simultaneous cellular connections in an IoCV is a requirement. Smart vehicles of IoCV
need persistent Internet connections for various safety messages and infotainment services.
Among the infotainment services, video type infotainment services are prevalent. As the
major portion of the traffic carried by the Internet core is of video type, reducing video
traffic is the need of the hour. To meet the high-quality and low-latency demands for video
services, content originators use the services of Content Distribution Networks (CDN). While
providing video infotainment services over IoCVs, the objectives of CDN providers are to
reduce the traffic volume of the Internet core, reduce service costs, and increase service
profitability. To reduce the traffic volume, CDN providers deploy replica servers to serve the
demands locally. However, if several vehicles demand the same video content simultaneously,
like in the case of a live video streaming, a CDN replica server may get overwhelmed by the
number of concurrent and redundant flow requests. As the content demand is homogeneous,
the number of one-to-one flows to the CDN replica server can be reduced by bringing the
content further closer to an IoCV using edge servers. Using infrastructure nodes as edges
incurs deployment costs or carrier partnership costs, whereas using vehicles as edges needs
Vehicle-to-Vehicle (V2V) collaborations. To reduce the service cost, the CDN provider needs
to minimize the usage of simultaneous cellular connections and maximize V2V collaborations
while ensuring service quality and client satisfaction. To generate additional revenues, CDN
providers offer multi-tier video services where higher-tier clients pay more for enhanced
video quality. However, the dynamic connectivity among vehicles and the intermittent
availability of different networks (Wifi, cellular, DSRC) make the above-mentioned tasks
extremely challenging. Accordingly, the objective of this dissertation is to find cost-effective
solutions for CDN providers to run video infotainment services over IoCVs. This dissertation
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has four contributions toward the objective. The first contribution is focused on devising a
centralized solution for reducing Internet bandwidth usage and the number of simultaneous
cellular connections by minimizing the number of edge vehicles. The second contribution has
proposed a distributed version of the first contribution, which helps CDN providers to reduce
capital expenditure by avoiding setting up expensive servers of high-computing facilities.
In the third contribution, a solution is provided for efficient Vehicle-to-Infrastructure (V2I)
mode selection to increase CDN providers’ profit in heterogeneous network scenarios. The
fourth contribution of this dissertation devises an edge selection solution for CDN providers
to provide multi-tier streaming services. The experiment results show that in comparison to
existing solutions, the proposed solutions are the most cost-effective for CDN providers.
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Chapter 1

Introduction

This dissertation proposes cost-effective solutions for Content Distribution Networks (CDN)
providers to run video streaming applications over Internet of Connected Vehicles (IoCVs).
The objectives of the solutions are to minimize Internet bandwidth usage, minimize simulta-
neous cellular network connections, and increase service profitability. The introduction of
the thesis has been organized into following sections. Section 1.1 gives a brief introduction
to the IoCVs. Section 1.2 discusses various applications and usages of IoCVs. Section 1.3
focuses on various kinds of video streaming applications and the application requirements.
The roles of CDN providers for video streaming services over IoCVs are discussed in Section
1.4. The challenges and the motivations of this thesis is discussed in Section 1.5. Thesis
overview and contribution summary is given in Section 1.6. Finally, Section 1.7 gives the
thesis organization.

1.1 Internet of connected vehicles

An IoCV is a network of communication-capable vehicles with persistent Internet connec-
tions [7]. A vehicle of IoCV is equipped with On-Board Unit (OBU) which enables wireless
communication. Vehicles are connected among themselves through Vehicle-to-Vehicle (V2V)
communications by forming a Vehicular Ad-hoc Network (VANET). The Internet connec-
tivity is achieved through static infrastructure nodes using Vehicle-to-Infrastructure (V2I)
communications. Various technologies available for V2V and V2I communications are
discussed below.
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For V2V communications, IEEE has amended its existing Wifi standard 802.11a as
802.11p for Dedicated Short Range Communication (DSRC) frequency band and further
prescribed the standard series 1609.x for the upper layers, namely, Wireless Access in
Vehicular Environment (WAVE) [1]. Another standard for V2V communication has been
developed by European Telecommunications Standards Institute (ETSI) based on ITS-G5
band, namely, Intelligent Transport System (ITS) [8]. Recently, 3GPP has proposed another
standard with the name of Cellular Vehicle to Everything (C-V2X) [9], which extends V2V to
V2X, indicating that a vehicle can communicate with any device, for e.g., User Equipments
(UE), sensors, IoT devices, etc., that are connected to the 5G eco-system. WAVE and ETSI
ITS use shared wireless mediums with contention-based access control. They use the 5 GHz
range of the Industrial, Scientific, and Medical (ISM) frequency bands that can be accessed
without any cost. On the other hand, C-V2X needs resource (channel) allocation/reservation
before communication and can be used only based on subscriptions.

Infrastructure nodes act as anchor nodes for communications in dynamic topologies.
In IoCV, they also act as Internet access points for vehicles. Infrastructure nodes can use
different network technologies. For example, Road Side Units (RSUs) use DSRC, cellular
Base Stations (BS) use Long Term Evolution Advanced (LTE-A) or 5th Generation Mobile
Network (5G), Wifi access points [10] use 802.11.b/a/g/n/ac/ax, etc. V2I communications
may use any of the aforementioned infrastructure nodes and network access technologies.
An IoCV accommodates the coexistence of different network access technologies making
the network a heterogeneous one [11]. Accordingly, vehicles of IoCV are equipped with
multiple Radio Access Technology (multi-RAT) interfaces to connect to infrastructure nodes
of heterogeneous network technologies.

1.2 IoCV Applications

Applications of IoCV can be broadly classified into three classes as human safety, traffic
efficiency, and infotainment, which are described below.

1.2.1 Human safety

The primary motivation of VANETs and IoCVs is to increase on-road human safety. Safety
applications of IoCV enhance the safety of drivers, passengers, and pedestrians by taking
proactive measures to avoid adverse situations, quickly disseminating critical information,
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and advising precautionary measurements. Vehicles of IoCV are equipped with various
sensors to interact with surrounding environments. All the sensor data are periodically
sent to servers/clouds for processing and mining useful information. This information is
disseminated among vehicles by safety applications. A few examples of safety applications
are emergency brake warning, intersection collision warning, lane change warning, post
crash warning, emergency vehicle (e.g., ambulance) warning, etc. [12].

1.2.2 Transport efficiency

These applications increase transport efficiency for economic benefits like reducing commute
time and saving fuel. Hazardous road warnings, road congestion warnings, economic path
planning, etc., are a few examples of transport efficiency applications for IoCV.

1.2.3 Infotainment

This type of IoCV application provides value-added services to onboard passengers. Infotain-
ment applications have become popular as they increase convenience, provide entertainment,
and bring opportunities for various service providers to earn profits. A few examples of
infotainment services are audio/video advertisements, movie/audio file downloading, online
multi-party gaming, video streaming, etc.

An example of an IoCV is shown in Fig. 1.1. Information about an adverse situation is
quickly disseminated among vehicles using V2V communications. The message is also
reported to the safety application server (run by the government) through the Internet using
V2I communication. The server immediately informs the nearest ambulance about the
incident, and vehicles collaborate among themselves to clear the lane for the ambulance.
Wifi access points are located in important junctions or busy areas, like near shopping malls.
Vehicles connect to infotainment servers for value-added services for onboard passengers.
Infotainment servers may also push location-specific audio/video advertisements like nearby
hotel offers, etc.
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Fig. 1.1 An example of IoCV

1.3 Video streaming over IoCVs

Among the infotainment applications, video streaming applications are the most popular
ones. As Cisco predicted, among all Internet traffic, a whooping 82% of traffic is video type
[13]. Video streaming applications can be categorized into three types depending on the
application requirements as given below.

• On-demand streaming: Users demand heterogeneous content asynchronously. The
application can tolerate some latency. A playback buffer is used to tolerate jitters.

• Live streaming: A large group of users demands homogeneous content simultaneously.
Latency should be as low as possible for users to watch the content before it becomes
stale. Playback buffer sizes are smaller than that of on-demand streaming and can
tolerate jitters of low magnitudes.

• Real-time conferencing: Multi-way video traffic is generated by a small group of
users which needs to be delivered to all participants in real time. These applications
are very sensitive to latency and jitters.

This thesis explores the challenges of video streaming applications over IoCVs through
content distribution networks, which is introduced next.
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Fig. 1.2 Vehicles fetching the same content directly and simultaneously from the content
originator is causing wastage of Internet bandwidth and putting the burden on the

content originator server.

1.4 Content Distribution Networks

In case several users (vehicles) try to fetch content directly from a content originator server
simultaneously, the server may get overwhelmed to handle so many concurrent flows. For
homogeneous content demands, these one-to-one client-server flows are duplication of the
same set of packets. As the server is far located from users across the globe, delivery latency
is also increased. The situation is shown in Fig. 1.2. To meet users’ demands for low latency
and high-quality video streaming, content originators take the services of CDN [14]. A CDN
provider deploys replica servers near the high-demand areas and keeps copies of original
contents to serve the requests locally from the replica servers. This reduces the latency to
a great extent compared to the latency experienced in fetching contents from the remote
content-originator server. It also greatly reduces the bandwidth loads of the core Internet.
The benefit of using CDN service for a live video streaming application is shown in Fig.
1.3. However, as the figure shows, the number of required Internet connections has not been
reduced, and the number of concurrent flows (and bandwidth requirements) to the replica
servers is high. Further improvements can be achieved if contents are placed further closer to
IoCVs using edge servers [15].

A CDN provider may get the responsibility of efficiently distributing contents to an IoCV
within an Area of Interest (AOI) like a city, stretches of important highways, etc. The CDN
brings the contents further closer to the IoCV by caching the contents to the edges of IoCVs.
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Fig. 1.3 To reduce the number of flows to the content originator, the content is distributed
among Vehicles from replica CDN servers

A CDN provider can use static infrastructure nodes as well as a few suitable vehicles as edge
servers/nodes. Edge nodes are responsible for fetching contents from the CDN’s replica
(placed near AOI) servers through the Internet and distributing the contents among other
client vehicles. An IoCV scenario for live video distribution with edge vehicles is shown in
Fig. 1.4 where the number of simultaneous Internet connections and bandwidth requirements
has greatly reduced. To ensure the timely delivery of live video streaming, the multi-hop
V2V collaboration must be restricted within a few hops. Fig. 1.4 shows the example of 2
hops V2V collaboration.

1.5 Challenges and Motivations

This dissertation explores the challenges of live video streaming applications over IoCVs
from a CDN provider’s perspective. The challenges faced by CDN providers can be due to
the dynamic topology of IoCVs, constraints of streaming applications, optimum edge vehicle
selections, or multi-tier service requirements. Each of the challenges has been discussed
subsequently.
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Fig. 1.4 To reduce the number of Internet flows and bandwidth requirements, a few edge
vehicles selected by CDN are fetching content from replica CDN servers and
distributing it among peer vehicles. For timely delivery, the multi-hop V2V

collaboration is restricted to 2 hops.

1.5.1 Challenges from IoCVs

The challenges faced by CDN providers from IoCVs can be further sub-categorized as the
challenges from V2V communications and V2I communications.

1.5.1.1 V2V communications

Contention-based shared wireless medium of DSRC makes V2V communication unreliable,
whereas, C-V2X technology has the overhead of resource reservations and incurs access
costs. Due to the high mobility of vehicles, the mean connectivity duration between two
vehicles is usually short to very short (in the case of opposite-direction vehicles), making
the topology highly dynamic [16, 17]. Moreover, topologies of IoCVs are very much
fragmented [18, 17, 19] into disjoint clusters hindering V2V message propagation. Within a
cluster, V2V collaborations can be achieved through single-hop [20, 21] or multi-hop [22–
24] collaborations. Single-hop collaborations are easy to maintain, but with the cost of an
increased number of edge vehicles. Though multi-hop collaborations solve the issue, it incurs
the overhead of multi-hop path creation and maintenance in dynamic ad-hoc environments.

In an IoCV, all vehicles act as routers and are capable of routing/forwarding IP packets.
However, only a few vehicles at a time become interested (become clients) for an infotainment
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application and run the corresponding client application. All other vehicles are termed
ordinary vehicles in this work. Client vehicles may need to exchange application-specific
messages for V2V collaborations and content sharing. However, the client vehicles may be
connected among themselves through ordinary vehicles that cannot interpret any application-
specific message, making V2V collaboration challenging. V2V content distribution can be
done through unicast, broadcast, or multicast. Broadcasts may result in network congestion,
whereas unicast results in high redundancy in case the content is homogeneous, like live
video streaming. Though multicast techniques are appropriate for live video streaming,
they have overheads of multi-hop path establishment and maintenance in highly dynamic
environments.

Motivated by the above challenges, this dissertation devises suitable V2V communication
solutions to efficiently distribute live video streaming content over IoCVs.

1.5.1.2 V2I communications

Based on vehicle mobility and application requirements, one network access technology
may be preferred over others for Internet connectivity. The small communication radius of
DSRC and Wifi access points results in frequent connectivity disruptions for high-velocity
vehicles. On the other hand, the communication radius of cellular base stations is of few
kilometers [11]. However, unlike the free network access provisions for DSRC and Wifi, a
vehicle needs to bear the cellular network access costs. Slow-moving vehicles prefer Wifi
access points over cellular base stations when they are within Wifi coverage. On the other
hand, for fast-moving vehicles, persistent Internet connectivity can be provided by cellular
base stations. Due to these reasons, selecting the appropriate mode of V2I communication is
a challenging task for CDN providers. This dissertation proposes a V2I solution for network
selection which reduces service cost and increases the profitability of CDN providers to run
live video streaming services over IoCVs.

1.5.2 Challenges from live video streaming

The popular existing video distribution frameworks like Apple’s HTTP Live Streaming
(HLS), Microsoft Smooth Streaming (MSS), Adobe’s HTTP Dynamic Streaming (HDS), and
Dynamic Adaptive Streaming over HTTP (DASH) use HTTP protocol which requires one-
to-one TCP connections between a client and the streaming server. As the content demand
is homogeneous for live video streaming, one-to-one flows result in huge redundancy and
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Internet bandwidth wastage (refer Fig. 1.3). As shown in Fig. 1.4, redundancy can be reduced
if the CDN provider selects a few of the vehicles as edges, which fetch the content from the
replica server and distribute the content among peer client vehicles. Accordingly, the CDN
provider needs to create and maintain groups of vehicles and schedule V2V content delivery.
However, V2V content distribution may experience delay, jitter, and packet loss, making
live video streaming over IoCVs extremely challenging. Motivated by these challenges, this
dissertation finds solutions for CDN providers to provide live video streaming over IoCVs
with the objective of bandwidth saving while providing good Quality of Experience (QoE) to
the end-users.

Fig. 1.5 An optimal edge vehicle selection considering live streaming latency constraints
and relative velocity constraints

1.5.3 Challenges from edge vehicle selection

Unlike on-demand video streaming, a CDN cannot pre-fetch live video contents in edges
to reduce latency as the contents are not available beforehand. As a result, a CDN provider
needs to select edge nodes strategically such that the content is distributed among all the
client vehicles within the stringent latency constraints of live streaming. CDN providers can
use static infrastructure nodes [25–27], or a few of the vehicles as edge nodes [28, 29]. To
use RSUs or Wifi access points as edge nodes, a CDN provider needs to bear the cost of
dense deployment. To use cellular BSs as edge nodes, a CDN provider needs to collaborate
with various carrier enterprises, which increases the operating costs of CDN providers. On
the other hand, no extra cost is involved in using a few suitable vehicles as edge nodes.
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However, as the connectivity among vehicles is highly dynamic, selecting suitable vehicles
as edges is extremely challenging for CDN providers. For example, in Fig. 1.4, vehicle v7
has been selected as an edge to serve vehicle v8 despite the opposite moving directions of
the two vehicles making the collaboration unstable. Accordingly, a CDN provider needs
to select edge vehicles periodically and allow V2V collaborations only among vehicles of
low relative velocities to mitigate dynamic connectivity. Selecting a suitable interval and
relative velocity threshold is also a difficult task. A CDN provider also needs to select an
optimum number of edge vehicles to minimize simultaneous cellular connections and total
bandwidth requirements. In Fig. 1.4, vehicles v1 and v5 are selected as edge vehicles which
are non-optimum, as selecting only vehicle v3 as an edge is sufficient to serve v1, v2, v4, and
v5 in case of two-hop collaboration. The optimum edge selection for the considered scenario
is shown in Fig. 1.5 considering all the constraints. However, for a large IoCV network, the
optimum selection of edges with all the constraints of live streaming is a non-trivial task.
Motivated by the challenges, this dissertation proposes solutions for optimum edge vehicle
selection for CDN providers.

1.5.4 Challenges from multi-tier services

To generate additional revenues (increase profits), a CDN provider usually offers multi-tier
services where clients pay more for higher-tier services to get enhanced video quality and
other extra privileges. To provide a multi-tier service, a CDN provider must ensure the
on-time delivery of the additional packets required for the higher-tier vehicles. As a result,
the multi-tier service using V2V collaborations makes all the vehicles receive and forward
additional packets to be consumed by only a few of the client vehicles. This additional
packet delivery task may have adverse effects on the delay-constrained live video streaming
service. Accordingly, CDN providers need to select edge vehicles judiciously such that the
higher-tier packet delivery burden is minimized. The above challenges are the motivation for
this dissertation to devise a solution for CDN providers to provide multi-tier services over
IoCVs.

1.5.5 Challenges from security perspective

Malicious vehicles may attempt to disrupt any service over an IoCV in terms of availability,
confidentiality, and integrity. Availability of service can be disrupted by various denial of
service (DoS) attacks. In case of a centralized service, malicious vehicles try to exhaust the
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resources of the centralized server. If the service is running over UDP, malicious vehicles
can easily launch UDP flood DoS attacks. In case a service is running over TCP, malicious
vehicles can launch distributed DoS (DDoS) attack by infecting several other vehicles with
Trojan and using them as bots. For example, in a TCP SYN attack, the connection state table
of a server quickly gets exhausted, which prevents legitimate vehicles from establishing new
connections. If a service is using HTTP, then HTTP GET attack can be launched. In case of
a distributed service, malicious vehicles can transmit jamming signals in designated service
channels to make the service unavailable to other vehicles. Confidentiality is an integral part
of any service. A CDN provider wants to ensure that no unsubscribed vehicle can access
the provided content. Accordingly, vehicles and the server must be authenticated before
any data exchange takes place. The integrity of a service ensures that when vehicles receive
the content indirectly from a server through edge vehicles and multi-hop transmissions,
the content is not altered by any of the malicious vehicles in the path. There are a few
security concerns that are specific to IoCVs. The anonymity and privacy of a vehicle must be
preserved. A vehicle wants to conceal its real identity from any service provider and does
not want its location/route to be tracked. There are various routing attacks that may disrupt
the multi-hop routing path of any service. For example, in black-hole attacks and grey-hole
attacks, a malicious vehicle drops all or a few packets for its downstream vehicles. Though
the above-mentioned security vulnerabilities are of serious concern and must be taken care
of while designing any service over IoCV, these design aspects are out of the scope of this
thesis work and can be addressed in future works.

1.6 Thesis Overview and Contributions

Based on the challenges and motivations mentioned in the previous section, the objective
of this dissertation is to provide bandwidth-efficient and cost-effective solutions for CDN
providers to offer live video streaming applications over IoCVs. The primary contributions
of the thesis are summarized next.

1.6.1 Centralized optimum edge vehicle selection for live video stream-
ing over IoCV

For a live video streaming application, content demands from all vehicles are homogeneous.
To reduce the required bandwidth and number of cellular connections, a CDN provider selects
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only a few client vehicles as edges that fetch the content from the replica CDN server and
distribute the content among peer client vehicles. To maximize the cost-effectiveness of the
application, a CDN provider wants to select a minimum number of edge vehicles. However,
the CDN provider must ensure that the total distribution time including content fetching
from the replica CDN server and multi-hop path propagation, must be within the delivery
latency constraint of the live video streaming. As a result, multi-hop V2V collaborations
must be restricted within a few hops, which in turn increases the number of edges. Moreover,
multi-hop paths may get broken due to the dynamic connectivity of vehicles. Accordingly, a
CDN provider needs to make edge selections frequently and optimally. In this dissertation,
the above task has been formulated as the Minimum Set Covering (MSC) problem [30] and
is solved by an existing centralized approximation algorithm. Vehicles periodically send
their neighbor topology to the server, where the global topology is built, and an optimum
number of edge vehicles are selected by solving the MSC problem on the global topology
graph. As fresh edge selections are made after short intervals periodically, the problem of
dynamic connectivity is mitigated. As the edge vehicles are selected using the MSC problem,
the solution is optimum, which maximizes the cost-effectiveness of the live video streaming
applications.

1.6.2 Cost-effective distributed edge vehicle selection with V2V multi-
casting

Centralized solutions for edge selections have some drawbacks. For a large network, the edge
selection task with the global topology graph imposes a significant computational burden on
the server. To finish the huge computation task within the delay constraints, a CDN provider
needs to make massive investments in procuring high-computing facilities. Moreover, all
vehicles need to send their local neighborhood to the server, which may get overwhelmed by
numerous simultaneous connection requests. Alternatively, if vehicles are able to select edge
vehicles themselves distributively, CDN providers are relieved from expensive server setups.
This dissertation proposes a distributed edge selection protocol for CDN providers, which
has an approximate optimal solution with time-bounded convergence.

As mentioned in Section 1.5.1.1, multicast techniques are required for network layer
V2V collaborations for edge selection. Multicast techniques are well established for wired
networks, and few of the techniques have been adapted [31–33] for ad-hoc networks. How-
ever, these adaptations are not adequate for the highly dynamic environments of IoCVs. They
are also inappropriate for delay-constrained applications. A multicast protocol is proposed
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in this dissertation, which is hop-constrained and relative velocity constrained to provide
delay-bounded services and mitigate dynamic connectivity. The selected edge vehicles act
as multicast sources to distribute contents among peer client vehicles. In the case of live
streaming applications, all the multicast sources simultaneously distribute the same content.
Therefore, it is sufficient for a client vehicle to be associated with only one of the multicast
sources. However, existing multicast protocols do not have any provision for multicast source
selection. The proposed multicast protocol has the provision of multicast source selection
based on the delay and relative velocity constraints.

1.6.3 Distributed V2I network selection to maximize cellular traffic
offloading

IoCV vehicles are connected to the Internet through V2I communications with infrastructure
nodes. Multiple options of infrastructure nodes with different network access technologies
may be available at a given time for vehicles of IoCvs. A vehicle needs to choose a network
for V2I communication judiciously based on application objectives. In dense urban scenarios,
a cellular network operator may deploy Wifi access points for cellular traffic offloading to
increase the cellular network capacity. The cellular network operator may tie up with CDN
providers to encourage its clients to offload from the cellular network to Wifi networks. In
return, the cellular network provider agrees to pay some incentives to the CDN provider. As
the content demand is homogeneous for live streaming, a CDN provider tries to increase the
offloading (and incentives) by extending Wifi coverages through DSRC V2V collaborations
wherever possible. However, intermittent availability of Wifi access points with small
communication radius may cause frequent vertical handovers (handovers between different
network technologies), disrupting the stability of the service. Moreover, the CDN provider
needs to ensure the timely delivery of live video content to all the client vehicles. The above-
mentioned challenges make the network selection task very challenging in case vehicles make
network selections independently. In this dissertation, the task of network selection is shown
to be NP-hard by formulating the task as an Integer Linear Programming Problem (ILPP).
Accordingly, a distributed algorithm is proposed as the solution which greedily maximizes
the cellular traffic offloading while ensuring delay-constrained content delivery.
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1.6.4 Distributed edge vehicle selection for multi-tier live video stream-
ing

CDN providers usually offer their clients multi-tier services where the higher-tier clients
pay more to enjoy better quality videos and other privileges. An agreement is made for the
maximum achievable bit rate for each tier. Multi-tier services are different from adaptable
bit-rate services [34, 35]. In an adaptable bit-rate service, all clients are identical from
the service provider’s perspective, and the bit rates are decided based on current channel
conditions and network congestion. In contrast, in the case of multi-tier services, clients are
not identical, and the bit-rates are decided as per the agreements based on clients’ subscription
tiers. This dissertation proposes a solution for CDN providers to offer multi-tier services
for live video streaming to client vehicles. The objective is to minimize edge vehicles to
save bandwidth with the constraints of delivery latency and tier-specific bit-rate agreements.
The edge selection task with all these constraints is formulated as an MSC problem, and a
distributive solution is provided accordingly.

1.7 Thesis Organization

The rest of the thesis document is organized into the following chapters:

• Background and Literature survey: This chapter lays the foundation for the dis-
sertation. It covers all the required technical aspects and the standardizations for
network access technologies, H.264 video communication over networks, and content
distribution networks. Literature surveys are done for each of the above-mentioned
areas.

• Centralized optimum edge vehicle selection for live video streaming over IoCV:
The chapter gives a detailed description of the first thesis contribution, which gives
a cost-effective edge selection solution to CDN providers to minimize the number of
cellular connections and Internet bandwidth usages for live video streaming services
over IoCVs.

• Cost-effective distributed edge vehicle selection with V2V multicasting: This
chapter discusses in detail the second thesis contribution which devises a distributed
edge vehicle selection for CDN providers to alleviate the requirements of centralized
computation facilities to reduce the service cost.

This chapter also describes the proposed multicast protocol DSS-CAST as a V2V
communication solution for distributing live video content among peer client vehicles.
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DSS-CAST provides multicast source selection and association mechanism, and is
designed to work in dynamic ad-hoc environments like IoCVs.

• Distributed V2I network selection to maximize cellular traffic offloading: This
chapter explains the third thesis contribution which provides a V2I communication so-
lution for live video streaming over IoCV. The solution provides a distributed algorithm
for network access technology selection for individual vehicles, which maximizes the
incentive of a CDN provider by greedily maximizing cellular traffic offloading.

• Distributed edge vehicle selection for multi-tier live video streaming: The chapter
narrates the fourth thesis contribution. The solution is devoted for providing multi-tier
live video streaming to increase the CDN provider’s revenue.

• Conclusions and Future research directions: The final chapter summarizes the
contributions of this thesis and discusses the scopes of future research.
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Chapter 2

Background and Literature Survey

This chapter lays the technical foundation of this dissertation and is organized in the following
ways. Section 2.1 discusses in detail the Internet of connected vehicles, Section 2.2 gives
a brief overview of video distribution, and Section 2.3 discusses the Content Distribution
Networks.

2.1 Internet of connected vehicles

An IoCV is a network of communication-capable vehicles with persistent Internet connections.
An IoCV comprises vehicles and static infrastructure nodes. Vehicles form an ad-hoc network,
namely VANET, which is a special subclass of mobile ad-hoc network (MANET). Unlike
MANETs, the velocity of VANET nodes (vehicles) is very high, and the movements are road
topology constrained. Unlike MANETs, static infrastructure nodes are present in VANETs,
which usually act as anchor nodes for communications and provide Internet connectivity
to vehicles. VANET nodes (vehicles) significantly differ from MANET nodes in terms of
energy and computation power constraints, as vehicles have ample power supply and high
computation units.

A smart vehicle of an IoCV has a number of sensors installed in it to constantly sense
its environment. The sensed data are either processed locally or sent to a remote server for
central processing and extracting useful information for various applications. As mentioned
in Section 1.2, the primary objective of VANET and IoCV is to increase human safety. IoCV
applications are also devised for transport efficiency and infotainment. IoCV applications
require V2V/V2I communications for which one-to-one or one-to-many messages need to be
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Fig. 2.1 WAVE Protocol stack (this image is reproduced from [1])

delivered correctly and efficiently, which is challenging in the highly dynamic scenarios of
VANETs and IoCVs. Accordingly, a series of standards and a number of routing protocols
have been defined to meet the distinguished requirements of VANETs which are discussed in
subsequent sections.

2.1.1 Communication Standards

Vehicles of IoCVs are equipped with multiple communication interfaces to communicate with
vehicles and infrastructure nodes using various technologies. As a result, a vehicle of IoCV
needs to support multiple communication protocol stacks to accommodate heterogeneous
technologies. Various standardization bodies like IEEE, ETSI, Japan ARIB STD-T109, and
3GPP have proposed different standards and specifications for vehicle communication stacks.
Among these, IEEE and 3GPP standards are briefly described below.

2.1.1.1 IEEE WAVE

WAVE is a series of IEEE 1609.x standards defined for different layers of the communication
stack as illustrated in Fig. 2.1. The physical layer consists of the DSRC radio channels of
range 5.85 - 5.925 GHz band. The band is divided into seven channels of 10 MHz width,
though two adjacent channels can be merged to get a 20 MHz channel. One channel (5.89
GHz) is used explicitly for control information and is named as control channel (CCH). The
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Fig. 2.2 1609.4 multi-channel access (this image is reproduced from [1])

other six channels are named service channels (SCH), out of which channel 5.86 GHz and
channel 5.92 GHz are designated for safety applications.

The MAC layer of WAVE is based on 802.11p, which is an amendment of 802.11a. To
cope up with highly dynamic environment of VANETs, the amendment is done to allow
transmission Outside the Context of a Basic service set (OCB) with dot11OCBActivated
flag on. As a result, the BSSID field can have a wildcard (*) value, and no association
or authentication is required with access points or other nodes. IEEE 802.11 provides
Distributed Coordination Function (DCF) for medium access and error control for a single
channel. To make VANET work in multichannel environments, WAVE standard 1609.4
is proposed by IEEE, which creates an instance of 802.11 for each available channel with
Enhanced Distributed Channel Access (EDCA) coordination function as depicted in Fig.
2.2. The DCF uses Carrier Sense Multiple Access (CSMA-CA) along with Request To
Send (RTS), Clear To Send (CTS), Network Allocation Vector (NAV), and Acknowledgment
(ACK) for distributed channel access and collision avoidance. However, RTS/CTS and ACK
mechanisms are available only for unicast transmissions. For broadcast/multicast frames,
medium reservation and acknowledgments through RTS, CTS, and ACK are not possible.
This is because, if a RTS is transmitted, all the neighbors simultaneously reply with CTS
which collides with each other in the medium. This phenomenon is called the CTS explosion,
and the RTS sender cannot receive all the required CTS before it can start transmitting the
original data frame. On the other hand, if somehow the data frame is transmitted, if all the
receivers simultaneously send acknowledge (ACK) for successful reception, these ACKs
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Fig. 2.3 V2X functionality support for 5G (this image is reproduced from [2])

collide with each other (known as ACK explosion), and the sender cannot know whether all
intended recipients have actually received the frame.

WAVE proposes a dual-stack above the Link Logical Control (LLC) as shown in Fig. 2.1.
The IPv6 and TCP/UDP stack is used to connect to the Internet, whereas the WAVE Short
Message Protocol (WSMP) stack is used to send/receive WAVE Short Messages (WSM).
The LLC layer distinguishes between the two upper stacks by the Ethertype field. WSMP
can be sent to any channel, whereas IPv6 traffic can be sent only to SCHs. In the transport
layer, while IPv6 uses standard TCP/UDP port numbers, the WSMP uses Provider Service
Identifier (PSID) to distinguish among the services or applications. WAVE has defined
security mechanisms and management protocols across the stack.

2.1.1.2 3GPP C-V2X

3GPP, in its release 16, has added a provision for vehicle-to-everything direct communication.
Enhancements are proposed in the 5G ecosystem to accommodate this new provision. The
functional architecture of C-V2X is shown in Fig. 2.3. As the diagram shows, the component
V2X Control Function is added, which provides User Equipments (UEs) and application
servers with the necessary parameters for V2X communications. Usually, only one V2X
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Control Function provides service for all UEs and V2X application servers within a Public
Land Mobile Network (PLMN).

Fig. 2.4 V2X communication support (this image is reproduced from [3])

The communication model for UEs and a V2X application server is shown in Fig. 2.4. As
can be seen from the diagram, one instance of V2X Application Enabler (VAE) and Service
Enabler Architecture Layer (SEAL) is present in all UEs and servers. VAE components
provide service registration, group management, monitoring reports, mode switching, 3GPP
system configuration, etc. The SEAL components are responsible for location management,
identity management, key management, network resource management, etc. A C-V2X device
uses the standard 5G protocol stack for communication.

In the physical layer, V2X uses the newly introduced PC5 interface for the 5.9 GHz band
as side-link channels. A channel can be 10 to 40 MHz in width and is divided into 180 KHz
Resource Blocks (RB). A RB is divided into 12 sub-carriers of 15 KHz in the frequency
domain and is divided into sub-frames of 1 ms in the time domain. A sub-frame has 14
Orthogonal Frequency-Division Multiplexing (OFDM) symbols.

Medium access can be done in either Mode 3 or Mode 4. In Mode 3, the allocation is done
centrally by the cellular infrastructure nodes, whereas in Mode 4, the vehicles distributively
select RBs. As a result, Mode 3 operation needs vehicles to be present inside cellular network
coverage, whereas Mode 4 can operate out of cellular network coverage. In Mode 3, a
cellular infrastructure node allocates RBs to vehicles based on requests. The request can be
made as Semi-Persistent Scheduling (SPS), where a vehicle places a requirement for periodic
RB allocation. In mode 4, vehicles distributively and autonomously reserve required RBs
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using a sensing-based SPS scheme as specified in 3GPP Rel. 14/15. The vehicles announce
their selection to their neighbors to prevent them from using the same RBs. 3GPP defines a
mechanism to detect congestion while reserving RBs, which is used by the vehicles to adapt
dynamically with the current channel condition.

2.1.2 IoCV Routing

To realize any IoCV application, application layer messages need to be routed among
vehicles in one-to-one or one-to-many mode in a single or multi-hop manner. Routing in
the VANET environment is a challenging task due to its highly dynamic network and short
association time among vehicles. As per the application’s requirement, routing can be of
unicast, multicast, or broadcast type. Each type of routing is discussed subsequently.

2.1.2.1 Unicast

Traditional Mobile Ad-hoc Networks (MANET) routing protocols are of uni-path type, which
is found to be inappropriate for highly dynamic ad-hoc networks. Accordingly, cluster-based
routing is designed for VANET to reduce the overhead of end-to-end path maintenance.
Cluster-based routing divides the entire network into clusters where one cluster head is
elected for each cluster. For inter-cluster communication, paths have to be created via cluster
heads. As a result, only cluster heads are burdened with path discovery and maintenance. A
few examples of cluster-based unicast routing are COIN [36], APROVE [37], and CBDRP
[38].

Another type of routing, namely Opportunistic routing (OR), is widely used in dynamic
ad-hoc scenarios like IoCVs. In OR, relay selections are made for each individual packet
in each hop, which makes OR robust and suitable for dynamic ad-hoc environments. Geo-
routing is one kind of OR where the relay selection is based on vehicle position. The
assumption is that each vehicle is aware of its own and its one-hop neighborhood GPS
locations. Based on this information and the destination vehicle’s location, the source node
and each intermediate node takes routing and forwarding decision independently. A vehicle
tries to forward a message to the neighbor vehicle, which is the closest to the destination
vehicle. This approach is called greedy forwarding. However, it may get stuck to a local
minima where an intermediate node finds its own location as the closest to the destination
among its neighbors. A few examples of geo-routing are GPSR [39], AGF [40], CBF [41],
and PBR-DV [42].
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2.1.2.2 Multicast

Multicast routing is useful in situations where a subset of nodes becomes interested in a
specific service. Interested receivers form groups and cooperate among themselves to deliver
packets of interest. Participation or membership in a group may be implicit or explicit.
Implicit memberships are usually based on time and a vehicle’s location. Dissemination
of safety/warning message to the vehicles approaching a road or location is an example
of this kind. The works IVG [43], and Mobicast [44] are examples of implicit multicast
routing. In explicit membership, individual vehicles get interested in different services and
join appropriate groups. However, group creation and maintenance are extremely difficult
in highly dynamic scenarios like VANETs. There are few traditional MANET multicast
protocols like MOLSR [31], MAODV [32], and ODMRP [33], which are difficult to apply
on VANETs.

2.1.2.3 Broadcast

Most safety applications and few transport efficiency and infotainment applications use multi-
hop broadcasts to disseminate messages/data among vehicles within an AOI. Flooding is the
most trivial way to achieve this goal, where the message originator transmits the message to
all its immediate neighbors, which is further re-transmitted by all neighbors in a cascading
manner. As a result, flooding results in exponential growth of the number of copies of the
message, which makes the shared wireless medium so congested that it becomes unusable.
This phenomenon is known as the Broadcast Storm problem. Accordingly, various kind of
controlled flooding mechanism is used in practice, which aims to reduce the redundancy
of message transmission. A controlled flooding mechanism strategically selects only a few
of the neighbors for further re-transmitting of a message. To increase the reliability, some
application-level acknowledgment mechanisms are used in a few works.

The sender of a message can select the neighbor subset based on various fitness parameters.
The fitness parameters depend on the objectives of the broadcast scheme like reducing
broadcast time [45], increasing broadcast coverage [46], increasing reliability [47] [48],
reducing redundancy [49] [50], message relevance [51] [52], etc. Alternatively, the receivers
can contend among themselves distributively to re-transmit a message. The contention
can be based on re-transmission probability or re-transmission wait time. In probability-
based methods, the receiving vehicles re-transmit the message with some probability. The
probability can be predefined [53] [54] or decided dynamically [55] [56] [57]. On the other
hand, in re-transmission wait time schemes, each vehicle calculates a wait time based on
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parameters like distance from sender [51] [52] [58], location [59] [49], channel congestion
[60] [61], etc. When one vehicle re-transmits the message, hearing that, other vehicles cancel
their re-transmission schedule.

The above-discussed routing protocols distribute contents of various safety and non-safety
IoCV applications. However, routing/distributing video content needs special attention due
to its distinguished characteristics, which are discussed in the next section.

2.2 Video distribution

Video type data has its own distinguished properties making its distribution over a network
challenging. Moreover, there are different types of video distribution services that vary
among themselves based on service requirements. This section discusses the structure of
video data, H.264 video streaming, and video streaming over IoCVs subsequently.

2.2.1 Video data

A digital video comprises a series of digital images or frames which are played one after
another to produce an illusion of moving objects in human eyes. The quality of a video
depends on the temporal sampling or the frame change rate, and the spatial sampling or
the quality of the individual frames. Temporal sampling is to take snapshots of the input
analog video signal in periodic time intervals. Spatial sampling denotes the two-dimensional
discrete sample values (pixels) taken from each snapshot. Each pixel represents the color
information of the sample area either in RGB format or YCrCb format. The total number of
pixels in a frame is termed as resolution.

2.2.1.1 Video compression

The amount of data required to represent an uncompressed digital video is too large to be
efficiently stored or transferred. Therefore, a video is encoded and compressed to a smaller
representation removing the huge redundancy of information presented in the original video.
The similarity between two subsequent frames is exploited by storing the reference frame,
and only the differences of the next frame (residual image) compared to the reference frame.
The motion estimation is done with respect to the reference frame to further reduce the
residual information. Within a frame, not all pixel information is stored as many of them can
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be generated by an extrapolation method by the neighboring pixels. These residual images
then go through Discrete Cosine Transformation (DCT), or a variant of DCT, to reduce the
statistical redundancy. The transform coefficients are then quantized so that non-significant
coefficients can be discarded. Finally, the coefficient values are passed through an entropy
coder to get the compressed video. Video de-compression follows the steps in a reverse way
to generate the video for playback. Latest standards like H.264 or Advanced Video Coding
(AVC), H.265 or High Efficiency Video Coding (HEVC) are widely used nowadays for video
encoding and decoding.

Fig. 2.5 Hierarchical B frame prediction (this image is reproduced from [4])

2.2.1.2 H.264 video structure

Depending on the encoding process, the H.264 standard categorizes a video frame into
intra-coded (I), forward predictive coded (P), and bi-directionally predictive coded (B). P
frames can be predicted (motion compensated) only from preceding I or P frames, whereas
B frames are predicted using both preceding and succeeding frames. Two I frames with few
P and B frames in between form a Group of Picture (GoP). H.264 standard has prescribed
B frame hierarchical prediction as shown in Fig. 2.5. In this example, one I frame (I0)
and 15 B frames (B1 to B15) are consisting a GoP of size 16. As shown in the diagram,
the middle B frame (B8) is predicted first with I0 and I16 (the first frame of the next GoP).
B4 is predicted using I0 and B8, while B12 is predicted using B8 and I16. This hierarchical
prediction continues till all frames of GoP are predicted. Though this technique increases the
prediction quality, it increases the decoding time at the receiver as it needs to wait to receive
all the frames of a GoP to proceed for prediction.

H.264 supports Scalable Video Coding where the lowest layer (base layer or layer 0)
contains a self-sufficient video with lowest quality that can be played by a media player.
There are one or more enhancement layers that need to be applied subsequently on top of
the base layer to gradually increase the video quality. Each enhancement layer has its own
identification number. An enhancement layer can increase the video quality in one of the
three dimensions of scalability as mentioned below.
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• Temporal scalability: It represents the increment of video frame rate. A hierarchical
GoP B frame prediction structure is used to define enhancement layers. For the example
of Fig. 2.5, I0 and I16 consist of layer 0 (base layer) with only 2 frames/sec. Temporal
scalability layer 1 consists of one level prediction frame B8. Together with layer 0
frames, a layer 1 video frame rate becomes 3 frames/sec. Temporal scalability layer
2 consists of B4 and B12, and together with layers 0 and 1, the frame rate becomes 5
frames/sec. This continues till the highest level of B frame prediction is reached.

• Special scalability: The base layer or layer 0 of the special scalability dimension
represents the lowest resolution frames. The upper layers in this dimension increase
the frame resolution gradually. H.264 has prescribed a macroblock coding mode for
upsampling lower layer frames.

• Quality scalability: In this dimension, the enhancement layers successively increase
the Signal to Noise Ratio (SNR) and decrease the encoding noise of the frames without
increasing the resolution. This is achieved through re-quantization of the residual
images with successively smaller quantization step sizes.

Fig. 2.6 H.264 enhancement layers (this image is reproduced from [5])

Fig. 2.6 shows an example of a H.264 video with two temporal, three spatial, and three
quality layers. An enhancement layer can be uniquely identified by the tuple of < DQId,
temporal id >. The DQId is calculated as ((spatial layer id << 4 ) + quality layer id). SVC
is designed to make video transmission more agile and adaptive according to storage and
bandwidth availability. H.264 video transmission over a network is discussed next.

2.2.2 H.264 video streaming

In addition to SVC, the H.264 standard defines the Network Abstraction Layer (NAL)
specifically for efficient video transmission purposes over networks. In NAL, the encoded
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video data is organized into chunks or NAL units (NALU) [62], which can be transferred
independently. Depending on its size, a NALU is transmitted in one or more network packets.
A NALU consists of a 1-byte header followed by control information or encoded video data
representing an integer number of macroblock data [63]. A NALU header contains various
parameters indicating the coding dependencies and the priority of the NALU. A NALU
containing lower layer data is more important compared to a NALU containing upper layer
data.

As mentioned in Section 1.3, video streaming services are sensitive to latency and jitter.
As latency and jitter depend on network conditions, video streaming applications need to be
agile to dynamically change the streaming bit rate such that users are able to experience a
smooth playback. In case the network is congested, or the receiver is resource constrained,
the sender may avoid forwarding NALUs of lower priorities without requiring to re-encode
the video into lower quality. Unlike H.264 standard, earlier standards compel the sender
to encode a single video source to multiple quality versions and store them separately. For
example, Hypertext Transfer Protocol (HTTP) based video streaming frameworks like DASH
[64], HLS, and HDS are popular for on-demand/live streaming of videos. These frameworks
is used for streaming single layer (non-scalable) video formats where the entire video file
is divided into small segments, and multiple bitrate versions are stored for each segment.
A metadata file is sent to clients containing the list of all segments and the bitrate options
available for each segment. Depending on current network conditions or buffer occupancy,
an appropriate bitrate version of the next segment is chosen [65]. However, the problem with
this approach is that once a segment is downloaded into a lower bitrate, the segment quality
cannot be improved even if the currently available network bandwidth is increased. With
H.264 video format, the issue can be solved as only a few enhancement layers needs to be
downloaded opportunistically to improve the quality of a previously fetched segment [66]. In
the case of real-time video conferencing, a dedicated server called Multipoint Control Unit
(MCU) is needed to decode the incoming video source and re-encode it in different versions
depending on the needs of multiple end devices. In the case of H.264 videos, a MCU only
needs to choose which NALUs to forward and which NALUs to drop for each of the end
nodes. However, HTTP-based streaming needs one-to-one TCP connections to the remote
server for each client node. As mentioned in Section 1.4, this is a huge waste of bandwidth
in the case of live video streaming. Moreover, it puts a load on cellular operators due to the
requirement of a large number of simultaneous cellular channel access.
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2.2.3 Video streaming over IoCV

Though OR is mostly used for IoCV for its robustness in a highly dynamic environment, they
may cause delay and jitter for receiving nodes, because of which OR cannot be readily applied
for streaming data. Few works have proposed modifications to existing OR protocols to
make them suitable for streaming data. The works [67][68] improve throughput by retaining
a relay selection decision for a few subsequent packets instead of treating each packet
individually. Increasing redundancy [69] and using network coding [70] are a few of the
proposed ways to increase reliability for streaming content for OR protocols. However, this
imposes overhead which may lead to network congestion. Acknowledge and re-transmission
based schemes are not used for streaming content as they may cause delay and jitter. The
works of [67] [71] are examples of unicast, whereas the works [68][69][70] are examples
of broadcast routing for V2V video delivery. Multicast techniques in the existing literature
are proposed for traditional MANETs. The survey [72] topology-wise classified existing
multicast protocols for MANET as source tree-based, shared tree-based, and mesh-based. In
the case of source tree-based multicast like MOLSR[31], all source nodes maintain separate
trees to reach member nodes. For shared tree-based multicast like MAODV[32], STAMP[73],
a predefined/elected core node is responsible for maintaining a shared tree that connects all
of the member nodes. Instead of a shared tree, mesh-based multicasts like ODMRP[33] and
E-ODMRP[74] maintain a mesh-structured forwarding group to increase reliability at the
cost of network overhead.

In the case of live streaming applications, all the multicast sources simultaneously
distribute the same content. Therefore, it is sufficient for a client vehicle to be associated
with only one of the multicast sources. However, existing multicast protocols do not have
any provision for multicast source selection. The above protocols are efficiently used to
deliver/disseminate in-network generated video data. However, to efficiently distribute a
large volume of externally/remotely generated video data over an IoCV, CDN services are
usually opted for, which is described next.

2.3 Content distribution networks

A CDN is a special-purpose network that offers Quality of Service (QoS) constrained content
delivery/distribution service to large-scale content providers to decrease end users’ perceived
latency and increase the content provider’s scalability. A CDN provider installs surro-
gate/replica servers in geographically dispersed strategic locations and creates an overlayed
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network out of them. Based on content demands, contents are replicated in replica servers
close to end users. A user’s request for content is redirected by the request routing method to
a suitable replica server. The performances of CDNs heavily depend on many design aspects
like replica server placement, content selection, outsourcing, cache updation method, request
routing mechanism, etc.

Fig. 2.7 CDN architecture (this image is reproduced from [6])

In the traditional client-server paradigm, a server plays the role of the content provider,
where all the clients contact the server and request content. As the number of internet users
exploded, a single server became inadequate to serve a large number of clients simultaneously
across the globe. Moreover, the centralized server approach has the risk of single-point failure
due to hardware failure, link failure, DOS attacks, flash crowds, etc. Nowadays, almost
all the major content providers have migrated from the client-server paradigm to the CDN
paradigm. CDN takes the responsibility of content delivery/distribution to the end users
while maintaining the QoS, minimizing latency, and increasing content availability. As CDN
replicates the content in replica servers near the end user’s location and serves a local copy of
the original content from the replica, the origin server and the core network load are reduced.
In return, CDN charges from the content provider for this service. Content originators have
the goals of increasing scalability, maximizing QoS, and minimizing bandwidth cost, whereas
CDN providers’ goals include minimizing infrastructure cost, maximizing replica server
utilization, and minimizing content distribution and cache updation cost. To achieve the
above-mentioned goals, content providers and CDN providers jointly decide on the design
aspects of CDN functionalities which are mentioned below.
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2.3.1 Replica server placement

Traditional CDN providers deploy replica servers in strategic locations across the globe and
create overlayed networks among them. Nowadays, new-age CDN providers deploy replica
servers on clouds. CDN provider’s replica placement decision is based on some parameters
as enlisted below:

1. Deployment cost: The cost to install/deploy a replica server [75]. It is part of the
capital expenditure or CAPEX of a CDN provider.

2. Bandwidth cost: The cost of transferring data through a network for which a CDN
provider has to pay to the Internet Service Provider (ISP) [76]. It is part of the
operational expenditure or OPEX of a CDN provider.

3. User perceived latency: The latency experienced by end users while receiving the
content [77].

4. Available bandwidth: The available bandwidth provided by an ISP for different links.

5. Server capacity: The storage and computation limitations of a given replica server.

CDN providers solve the server placement challenges usually by formulating an opti-
mization problem, putting either the deployment cost or the bandwidth cost, or both of them,
as cost functions, and putting other parameters as constraints. A few examples of such
optimization formulations are given below:

1. Facility location problem: A subset of all the available server locations are chosen
to place the replica servers, and each end user are connected to one of the servers so
that the total cost of installation of servers together with the delivery of data to each
end users can be minimized [78] [79]. It has two variants which are capacited and
un-capacitated. In the capacited version, the capacity of a given server is put into the
constraint so that the assigned load doesn’t exceed the server capacity. This problem
can be formulated as an ILPP and solved accordingly.

2. Minimum K-Center: K servers are placed such that the maximum delivery cost to a
user from its nearest server is minimized [80]. This problem can also be represented as
an ILPP.

3. K-Cache location: It is the optimization problem of placing K servers so that the total
delivery cost is minimized [81]. This is also an ILPP problem.

As the above-mentioned problem formulations turn out to be NP-Hard problems, different
heuristics and approximation algorithms have been proposed by various researchers. The
proposed design algorithms are influenced by the network creation approaches, as discussed
next.
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• Traditional approach: In traditional approaches, overlayed networks are static, where
any subsequent changes are time-consuming and costly. Historical/statistical data is
used to guess the user content demand patterns while choosing a location for replica
installation. In traditional approaches, the installation costs or deployment costs are
the prevalent ones.

• Cloud based approach: Cloud-based CDN (CCDN) providers [82] avoid installing
physical servers by taking Virtual Machines (VM) in lease from cloud service providers.
CDN applications run on these VMs where cloud service providers earn revenues from
Infrastructure as Service (IaaS) model. This makes CDN deployment dynamic and
responsive to end-user content demand changes. VMs can be added or removed from a
CDN on the go making the deployment cost model dynamic. The cost of leasing VMs
is usually very less compared to fixed proprietary infrastructures. The deployment time
also gets reduced drastically. In this scenario, the OPEX cost and the bandwidth cost
parameters are dominant in the server placement problem formulation.

• NFV based approach: The network function virtualization (NFV) is the new age net-
working paradigm where an instance of a network device along with all functionalities
can be created in software, and can be deployed on a general purpose hardware. In
a NVF based CDN [83], a CDN provider ties up with ISPs so that an instance of
a replica server can be installed/uninstalled dynamically inside any NFV enabled
router/switch across the ISP. This approach is more agile than CCDN in the sense that
installing/uninstalling NFV can be done faster than deploying/releasing VMs. Also, in
the case of NFV CDN, the location of the replicas can be distributed across ISP instead
of getting clustered among data centers. CDN providers can run an online optimization
problem depending on the end users’ dynamic traffic demands.

2.3.2 Content placement

Given a set of replica servers, content placement deals which content to be placed in which
replica server. Firstly, it is to be decided which content to be outsourced to the CDN by
the content provider. A policy needs to be designed by the CDN provider on how its
replica servers may cooperate among themselves while fetching contents and updating their
respective cache to maintain consistency. The above-mentioned aspects of CDN design are
discussed subsequently.

2.3.2.1 Outsourcing policies

Content outsourcing is the design aspect where the content owner decides which portions
of contents are to be outsourced to the CDN and which portions are to be served by itself.
Depending on the nature of contents, the design choice falls into two categories as follows.
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• Full site replication: If the content is static, the entire content can be replicated to
replica servers of CDN as the updation cost and consistency issue is negligible. For
example, on-demand audios, on-demand videos, images, etc.

• Partial site replication: If the content is dynamic or is customized depending on the
user profile, having copies of these contents in multiple replica servers is a costly affair
in terms of updation and consistency maintenance. A content provider may prefer
to serve them from its own data center or from a central server. Examples of this
kind of contents are user account information, personalized third-party advertisements,
customized content suggestions based on user activity history, etc. If a content provider
hosts a website, the static embedded objects like static texts, images, and videos of the
page are outsourced to CDN, whereas the customized or dynamic portion of the page
is maintained by the content provider. Partial site replication outsourcing policies can
be further sub-categorized into the following ways.

1. Empirical based: Content owner empirically or heuristically decides which
contents to outsource.

2. popularity based: Based on content popularity, the content owner may decide
that highly popular content to be outsourced, whereas infrequently requested
contents to be remained with the content owner [84].

3. Correlation based: Based on user activity history, geographical trend, URL
connections, etc., contents are correlated and are clustered into groups, and a
decision is made for each group as a unit whether to outsource it or not [85].

2.3.2.2 Placement policies

Content placement policies can be broadly classified into two categories as pull based
(reactive) and push based (proactive), as described below.

• Pull based or Reactive: In this policy, an end user’s request is first redirected to a
replica server. If the requested content is available in the cache, it is served to the
end user. In the case of a cache miss, the replica server needs to fetch a copy of the
content before serving it to the end user. Initially, as the cache of the replica server is
empty, all user requests result in a cache miss, and the replica continues to fetch the
contents till its cache is full. At this time, it needs to have a cache replacement strategy.
While the least recently used (LRU) is the most simple replacement policy, some use
utility-based replacement policies where a replica server tries to keep the contents
with more utilities depending on the demand or popularity of the content. In case of a
cache miss, content fetching policies can also be of two types as non-cooperative and
cooperative.

– Non-cooperative: In this case, if a cache miss happens, a replica fetches the
content directly from the content provider’s origin server [86]. The pros of this
scheme are its simplicity and no content catalog needs to be maintained anywhere.
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Con is that fetching large content from the origin server is costly, while a nearby
replica may have a copy of the same content.

– Cooperative: In this scheme, in case of a cache miss, a replica first tries to fetch
the content from any nearby replica server if possible [87]. If none of the nearby
replica servers has the required content, it is eventually fetched from the content
provider. Pros of this scheme are that a huge amount of bandwidth is saved as
the content is fetched locally. Con is that a content catalog has to be maintained
either locally or distributively (incurs update traffic overhead) to be aware of the
content locations among replicas. Alternatively, query traffic about the content
needs to be flooded and wait for a reply from any replica.

• Push based or Proactive: In this case, contents are pushed into replica servers strate-
gically and proactively before the end user request is redirected to replica servers.
Usually, one central entity, based on statistical data, predicts near-future content de-
mands for each area served by replicas and pushes contents to replicas accordingly
[88].

2.3.2.3 Consistency maintaining policies

As multiple copies of a single content are distributed among many replica servers, a change
in content in the origin server needs to be reflected in each of the copies maintained by
replica servers to provide a consistent content service to end users. The consistency can be
maintained in one of the following ways.

1. Periodic update: Replicas periodically query for the updates to the content originator
and fetch the content if the cache has become stale [89]. This policy can suffer from
unnecessary periodic traffic when the content is not changed.

2. Update propagation: It is triggered with a change in the content in the origin server. It
then pushes the content to every replica server of the CDN having that content.

3. Cache expiration: If a content’s freshness is expired after a predefined duration, replicas
stop providing the content to the end users and try to get a fresh copy either from origin
or peer replica servers [90].

2.3.3 Request routing

End users are initially unaware of the existence of any underlying CDN and attempt to
contact the prior known origin server for content. It is the request routing mechanism by
which the end user’s initial request is redirected to a suitable replica server from which the
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end user receives the requested content. Request routing techniques heavily depend on the
outsourcing techniques of the content provider (described in Section 2.3.2.1) and the content
placement policies of the CDN provider (described in Section 2.3.2.2). A few of the request
routing techniques is described below.

2.3.3.1 DNS based redirection

This method is used in the full site replication scheme (described in Section 2.3.2.1). When
the local Domain Name Service (DNS) server of the end-user queries the IP of the domain
name of the content provider, the DNS server of the content provider redirects the request to
the CDN provider’s DNS server [91]. Once the request reaches the CDN provider’s DNS
server, it can do one of the following two things.

• It can give a list of IPs to the end user’s local DNS server. Upon receiving the list, local
DNS sends a probe to each of the IPs and checks the response time, and selects the IP
with the least latency.

• Depending on the user’s local DNS IP address, the CDN provider’s DNS server maps
the request to an appropriate serving replica and returns its IP. This mapping is an
optimization decision based on either minimizing the end user’s response latency or
based on the cost function, like minimizing the data traffic. Constraints are basically
bandwidth limitations, server storage capacity, server computation capacity, etc. This
mapping can also be hierarchical. For example, in CCDN architecture, CDN primary
DNS server may redirect a request to a data center DNS of a specific cloud site, and
the data center DNS server may further redirect the request to an appropriate replica
server.

2.3.3.2 HTTP redirection

Here the content provider sends a redirection message in the HTTP header, and the client
initiates a fresh connection with the intended replica server.

2.3.3.3 URL rewriting

This method is used in a partial site replication scheme (described in subsection 2.3.2.1). The
embedded objects’s url is dynamically rewritten in the origin server to the appropriate replica
server.
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2.3.3.4 Anycasting

In this method, the same IP is assigned to a set of hosts of different locations. The gateway
routers of ISPs get multiple path advertisements from other ISPs’ gateways for the same IP.
The routing algorithm of the gateway simply thinks of them as multiple paths to reach that IP,
and depending on its own metrics, it automatically chooses and stores the shortest one [92].

2.3.4 CDNs for IoCVs

Though CDN techniques are quite mature for wired static networks, various design aspects of
CDN need to be redesigned prior to use in dynamic environments of IoCVs. A CDN provider
can choose to select static infrastructure nodes or vehicles as replica servers. Vehicles are
equipped with enough storage and processing power making them fit to be used as replicas.
As these replicas are part of IoCVs, they are often termed as edges. Replica/edge selections
for IoCVs hugely differ from replica/edge selections for wired scenarios. As the vehicular
topology is highly dynamic, replica placement algorithms need to consider vehicles’ direction,
speed, neighbor density, contact duration with infrastructure nodes, current load, etc. In
IoCVs, user demands change much more rapidly compared to the wired scenario. As the
local content demand changes very rapidly with the change of vehicular network topology,
strategic algorithms need to be designed for caching policies to meet the variable demand.
Due to the small dwelling time, a vehicle may not acquire entire content from a single
infrastructure node requiring collaborations among replica servers. Unlike wired CDNs,
IoCVs have a shared wireless medium for communications. Therefore, efficient scheduling
and cooperation among vehicles are needed to fetch content. IoCVs use heterogeneous
network access technologies which differ in costs, data rate, and availability, requiring
algorithms to be devised to optimize the network access. A few examples of replica/edge
vehicle selection are discussed here. The work of Hassan et al. [93] is on static edge
placement, which aims to minimize deployment cost. Zhuang et al. [94] discussed various
aspects of edge caching and edge computing in IoV using Software Defined Networking
(SDN) and NFV.

Replica selection methods in IoCVs can be broadly classified into centralized and dis-
tributed methods. In the centralized approach, a single centralized entity (e.g., RSU, access
point, or server) is responsible for deciding which infrastructure nodes and vehicles serve as
replicas. The centralized entity must have high memory, processing capabilities, and a high
power source. For example, [95] has solved K-hop dominating set to choose a minimum
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number of vehicle replicas for each content chunk. The work [96] selects vehicles and access
points as replicas to cache chunks of content with the objective of maximizing the data
transfer amount. The work [95] has solved K-hop dominating set to choose a minimum
number of vehicle replicas for each content chunk. The work [97] places contents into RSUs
based on popularity and demand to maximize content availability. Sara et al.[98] proposed
a centralized edge assignment algorithm with the objective of load balancing of edges for
generic Internet access. They formulated the problem as multi-objective optimization, where
one objective tries to maximize the number of connected vehicles while the other objective
tries to minimize the total traffic handled by individual edges. Ghayet et al.[99] proposed
a centralized fuzzy-based QoS balancing method to reduce LTE network access cost for
the purpose of providing generic Internet access. Received Signal Strength (RSS), current
cluster head load, candidate edges, and V2V link duration are selected as fuzzy criteria. In
distributed replica selections, replicas are selected distributively by RSUs/vehicles using
local information. For example, in the work [100], depending on its capacity and workload, a
replica independently decides whether to retain a content or to delegate to a peer node. In the
work [101], the replicas are distributively selected based on high coverage area as more peer
nodes can be served. In the work [102], vehicle velocity, number of replicas in the vicinity,
and communication range are taken into consideration for replica selection.

The replica/edge selections for video streaming applications need special attention as
continuous and latency-constraint delivery of content is required from replicas to every client
vehicle. The algorithm design heavily depends on the objective of the streaming service, like
minimizing service cost, maximizing user experience, etc. The algorithms also depend on
the type of streaming services. For example, pre-fetching and caching in replicas can be
done for on-demand streaming, whereas these options are not available for live streaming. A
comprehensive survey on edge selection for video streaming is done by Jiang et al. [103]. The
works have used either static infrastructure nodes or mobile vehicles as edges. A few of the
works are described here. The work [25] proposes caching strategy using static BSs as edges
and jointly optimizes the objectives of user-experienced delay and service cost minimization.
The work [29] uses both BSs and vehicles as edge cache for maximum possible cellular
traffic offloading. In [26], static RSUs are used as edges to maximize revenue for RSUs and
relay vehicles for content caching. The work [27] uses RSUs as edge caches to maximize
cellular traffic offloading while minimizing the number of video stalls.
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2.4 Summary

In this chapter, the technical aspects of the relevant research areas of this dissertation have
been discussed. The discussion started with an overview of IOCV, followed by IoCV
communication stacks as defined by various standards and various routing protocols of
IoCVs to distribute safety and non-safety application messages. As video content is prevalent
in most infotainment applications, this chapter has introduced the distinguished features of
video content, video transfer methodologies over networks, and the required adaptations
for video distribution over IoCVs. As most video content originators take CDN services,
this chapter has introduced CDN services in detail along with their design aspects. The
challenges and applicability of CDN services over IoCVs have been discussed along with a
few state of art solutions.
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Chapter 3

Centralized optimum edge vehicle
selection for live video streaming over
IoCV

Video services are prevalent among all infotainment services over IoCVs. To meet the
demands of high-quality and low-latency videos, content originators use the services of CDN
providers. The objectives of CDN providers include reducing the load of content originators,
reducing core Internet bandwidth requirements, and reducing service costs. CDN providers
deploy replica servers near IoCVs to serve the demands locally. Contents are cached into
replica servers based on popularity. However, for live video streaming, contents are not
available beforehand and the demands are made simultaneously by several vehicles. As
a result, a replica server may get overwhelmed to handle numerous simultaneous flows.
Moreover, Internet bandwidth is wasted carrying identical content. To avoid the above-
mentioned issues, CDN providers use edge nodes to reduce the number of simultaneous
flows to replica servers. Edges fetch the content from the replica server and distribute it
among vehicles. In the context of IoCV, either static infrastructure nodes or a few of the
vehicles can be used as edge nodes. For fast-moving vehicles, cellular BS as infrastructure
nodes can provide uninterrupted Internet connectivity because of their large coverage areas.
However, to use BSs as edge nodes, a CDN provider needs to involve in partnerships with
various carrier enterprises, which increases the operating costs for CDN providers. Moreover,
accessing cellular networks is not free for vehicles which in turn increases the per-vehicle
cost of availing the infotainment service. On the other hand, no partnership cost is involved
in selecting vehicles as edge nodes. The objective of a CDN provider is to select as few edge
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vehicles as possible to reduce Internet bandwidth usage and the number of simultaneous
cellular connections. However, a less number of edge vehicles increases the average hop-
counts of multi-hop V2V paths resulting in increased delivery delay and more packet loss
due to dynamic connectivity among vehicles and lossy DSRC medium. Accordingly, the
CDN providers need to select edge vehicles optimally such that the service cost is reduced
without compromising service quality.

Though there are some existing works on using static infrastructure nodes as edges,
limited works are found on edge vehicle selection, and very few among them are designed for
streaming services. Some of the existing works minimize the number of edges, while some
works focus on enhancing end users’ QoE. However, no work is found to have the objective
of delay-constrained cost-effective live streaming service over IoCV with vehicles being used
as edges. Motivated by the above facts, this work proposes a solution for CDN providers to
reduce service costs for live video streaming over IoCV with an optimum number of edge
vehicle selection.

The contributions of this work are given as follows.

• This work is a pioneer which has the objective of a minimum number of edge vehicle
selection with constrained delivery delay for live video streaming over IoCVs.

• Unlike existing works, this work considers the scenario where client vehicles (i.e,
running a streaming application) may be connected by multi-hop paths that have
ordinary vehicles (i.e, are not running any streaming application) as intermediate
nodes.

• The problem of minimum edge vehicle selection with constrained delivery delay is
formulated as the well-known MSC problem and is solved by the centralized greedy
approximation method. To the best of knowledge, this is the first time the edge vehicle
minimization problem is solved as an MSC problem.

The rest of this chapter is organized as follows. In Section 3.1, a brief literature survey
on edge selection is presented. In Section 3.2, a detailed description of the proposed solution
and its methodology is given. Section 3.3 gives the theoretical analysis of the proposed
solution. The performance analysis and simulation results comparison are made in Section
3.4. Section 3.5 summarizes the contributions of this chapter.
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3.1 Related Work

Edge selection in vehicular networks is an active research area with widely varied objectives.
For an IoCV, edges can be static infrastructure nodes or mobile vehicles. Edge vehicles
are also termed as gateway vehicles in literature as peer vehicles are connected to the
Internet through them. Few existing works on edge/gateway minimization and LTE cost
minimization are mentioned here. Abderrahim et al.[23] proposed a distributed method to
minimize the number of edges for generic Internet access. Aggregation of UE signaling
is the objective for which Ahmed et al.[104] formulated the problem as centralized multi-
objective binary programming to select minimal edge nodes. Xiaoyu et al. [24] proposed
a SDN assisted method to reduce LTE network cost to send in-car generated data to the
remote sink. Seyhan et al.[22] proposed a distributed algorithm for efficient safety message
dissemination application with a minimum number of edges. For route planning and driving
assistance applications in heterogeneous vehicular networks, Iftikhar et al.[20] proposed
a centralized game theoretic algorithm to minimize the number of edges. For live video
streaming applications, Elias et al.[21] proposed a centralized scheme that maximizes the
QoE for onboard users. Hamza Khan et al. [105] proposed an algorithm where network-wide
QoE maximization is solved using the Lyapunov drift plus penalty method. In both of the
above-mentioned works, network cost is not taken into consideration. Another example of
live media streaming application is the work of Nadine et al.[106], where the objective is to
minimize the number of edges by solving a binary programming problem. However, this
work is for handheld UE devices and is not targeted for vehicular networks.

In the existing literature, no work is found with the objective of minimizing the edge
vehicles with constrained delivery latency for live video streaming.

3.2 Proposed Solution

This section describes the proposed solution in detail. Section 3.2.1 describes the system
model. Protocol overview is described in Section 3.2.2. The edge selection, client-edge
association, and theoretical performance analysis are done in Section 3.2.3, Section 3.2.4,
and Section 3.3, respectively.
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Fig. 3.1 scenario of video streaming over IoV

3.2.1 System model

In the proposed system model, a CDN provider is responsible for providing infotainment
services over an IoCV within an AOI. The goal of the CDN provider is to minimize streaming
service costs while providing good quality service. CDN provider deploys a replica server
using a cloud service that is geographically near the AOI. The CDN replica server fetches
the content from the content originator. All vehicles are multi-RAT interface equipped where
the DSRC network is used for V2V communication, and the cellular network is used for
V2I communication. Few vehicles become clients of the CDN provider to avail of a live
video streaming service and run a streaming client application. These vehicles are termed as
c-nodes (colored in white in Figure 3.2.1) in this work. Other vehicles are ordinary vehicles
not interested in streaming content. The ordinary vehicles are termed as r-nodes (colored
in black in Figure 3.2.1) in this work. All vehicles are capable of providing basic routing
services. Clearly, c-nodes have all the capabilities of r-nodes, whereas the converse is not
true.

All nodes run a beaconing application that exchanges Basic Safety Messages (BSM) to
gather knowledge about the neighborhood. The BSM application runs on a dedicated safety
channel (for example, channel number 172) [1]. In a beacon message, a vehicle includes
its information which includes its ID, current position, direction, and velocity. This work
assumes that a receiver vehicle appends the experienced SNR value in a beacon message
once receiving it. Vehicles create a list of neighbor information (NBR_TABLE) from the
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received BSMs and send it to the Central Authority (CA) (refer Figure 3.1) periodically, using
cellular network [107]. The CA builds the global network topology graph G (bi-directional)
from all the received NBR_TABLE by assigning SNR values as edge weights. The CA uses
G for various tracking and data mining purposes of IoCV, and may export G to licensed
applications when requested. In this work’s system model, the CDN server application is
one such application. In this work, the words ‘vehicle’ and ‘node’ are used interchangeably.
Also, without any ambiguity, the phrase ‘CDN server’ implies ‘CDN replica server’.

3.2.2 Protocol overview

In the proposed solution, edge selection is done periodically to mitigate the dynamic con-
nectivity of vehicles. The interval between two edge selections is termed an “epoch" in this
work. The epoch duration tepoch is chosen suitably by the CDN server. At the beginning
of every epoch, the CDN server selects an optimum number of edge vehicles among the
c-nodes considering the delay constraints of the live streaming. Other c-nodes associate
themselves with one of the selected edge vehicles by establishing multi-hop paths. As a
result, the vehicular network topology is logically divided into number of disjoint groups or
clusters. Within a cluster, an edge node acts as the cluster head and the c-nodes associated
with that edge becomes members of that cluster. In a given network connectivity graph of
vehicles, the problem is to select the optimum number of edge vehicles such that all c-nodes
receive streaming data within a constrained delay.

In a multi-hop path from an edge to a c-node, if the relative velocity between any two
consecutive hop vehicles is high, that path is likely to be broken before an epoch ends, causing
disruption in the streaming service. When vehicles are moving freely on highways, only the
vehicles in the same lane (same direction) are expected to collaborate. In case of a congested
vehicular scenario, vehicles move slowly allowing V2V collaboration among different lanes
(opposite directions). The CDN server needs to decide the value of relative velocity threshold
ϑ such that no multi-hop path collaboration happens where two consecutive hop vehicles
have relative velocity more than ϑ . The upper bound of relative velocity threshold ϑ can
be determined either empirically or with the statistical information of vehicle velocities
within an AOI [108]. Smaller ϑ decreases the degree of V2V collaboration resulting in an
increased number of edge vehicles (implies increased streaming cost) with the benefit of
increased link stability. With the decided value of ϑ , the upper bound of epoch duration
tepoch is calculated such that relative movement between any two consecutive hop vehicles is
less than the DSRC communication radius R during an epoch. Based on the performance,
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Fig. 3.2 Timeline sequence of phases and packet transmissions for a simple topology
consisting of two c-nodes connected through a r-node. Without maintaining any

application state, a r-node can help two c-nodes to share content

the CDN server can decide different values of ϑ and tepoch dynamically. The video stream
is divided into segments of size β , which need to be distributed within one epoch. If each
video data packet carries a payload of size P, then the number of data packets N which needs
to be distributed within one epoch is given by N = β/P.

The CDN server application instance (running on the server), and each of the CDN client
application instances (running on individual c-nodes) go through multiple synchronized
phases in each epoch. When a client application starts, it gets synchronized with the server
application by querying for the remaining time to begin the next epoch, the duration of the
phases. The timeline sequence of the proposed solution is given in Figure 3.2. At the start
of an epoch, all clients and the server are in DATA_REQ phase, and stay in that phase for a
duration of tdr. In this phase, clients send a streaming request message to the CDN server, in
which it includes its node ID and the current cellular link SNR value (derived from RSS). This
message also works as a keep-alive message from clients by which the CDN server assumes
that a vehicle is interested in receiving data during the current epoch. With these request
messages, the CDN server creates a data structure that associates a vehicle’s ID with its IP
address (received from the message IP header) and its cellular link SNR value. During this
phase, along with gathering information about c-nodes, the server also fetches G from the CA
over the Internet. The CDN server sends a relative velocity threshold ϑ along with the request
message to the CA. Receiving the request from the CDN server, the CA creates a customized
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G where two neighbor vehicles with relative velocity more than ϑ are disconnected by the
CA by deleting the edge between them. After the DATA_REQ phase, clients enter into the
WAIT phase, and the server switches to the PROCESS phase. The duration of both WAIT
and PROCESS phases is tp. In PROCESS phase, with the help of customized G and the
information received from c-nodes, the CDN server selects an optimum number of c-nodes as
edge vehicles. The CDN server needs to finish all the required computations for edge vehicle
selection within a predefined tp duration. For this purpose, computation resources of the
cloud-based CDN server may be dynamically added/removed by cloud service depending on
the size of G. The detailed methodology for edge selection is given in Section 3.2.3. Once the
WAIT/PROCESS phase is over, all clients and the CDN server switch to DATA_INFO phase
for a small duration tdi when the server informs selected edge vehicles about their selection
as edges. The next phase for the server is DATA_S, and clients enter into EDGE_ADV phase.
The duration of DATA_S phase is tds and the duration of EDGE_ADV is tadv = tds/2. In
DATA_S phase, the server pushes one segment of video data to all selected edge vehicles
via the cellular interface. At the same time, being in EDGE_ADV phase, each edge node
advertises its presence to other peer vehicles. Once EDGE_ADV phase is over, clients enter
into EDGE_REP phase of duration trep = tds/2. In EDGE_REP phase, non-edge c-nodes
initiate reply messages towards edges. Intermediate r-nodes may help in forwarding both
the advertise and reply messages, as shown in Figure 3.2. By the end of EDGE_REP phase,
all c-nodes are associated with one of the selected edge vehicles. By the end of DATA_S
phase, the server switches to IDLE_S phase and remains idle till the beginning of the next
epoch. Meanwhile, DATA_V phase starts for all c-nodes and continues for tdv duration. In
this phase, edge vehicles distribute the received video segment to other c-nodes as described
in Section 3.2.5. Few r-nodes may help in distributing data packets. At the end of DATA_V
phase, all c-nodes go to IDLE_V phase. In IDLE_V phase c-nodes sort and assemble the
received data packets with sequence numbers before pushing the data to the media player
buffer. Duration of IDLE_V phase is tidle_v. Section 3.4.1 describes how to decide the phase
duration values.

The media player is active throughout all the time a vehicle runs the client application.
In tepoch duration, a c-node fetches one segment of video data, which is made available to
its media player. As a result, the startup latency of playback is tepoch for any c-node. The
fetched video segment is played for the entire next epoch duration tepoch, by which time the
c-node fetches the next segment of video data.
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3.2.3 Edge selection

The CDN server acquires G from the CA in the form of an adjacency list representation,
where an edge weight represents the SNR value of the wireless link between two nodes. Let
us assume, at the beginning of an epoch, vehicles present in the scenario are represented by
the set V . There are |V | vehicles, and they are indexed by their ID starting from 0 to |V |−1.
Let’s assume, within these |V | vehicles, only a few vehicles are c-nodes which form the set C
= {ci | ci ∈V, ci is a c-node}. Let us assume a function 𭟋 such that when a vehicle instance
is given as input, it returns the ID of that vehicle. Its inverse function 𭟋′ returns the vehicle
from a valid ID. The CDN server does some pre-processing on G, which are mentioned in
the following pre-processing steps:

Pre-processing steps:

1. The server converts G from adjacency list representation to adjacency matrix repre-
sentation, where the missing edges are assigned SNR value 0, and diagonal elements
(representing self-loop edge weight) are assigned by a very high SNR value defined as
INF .

2. For each edge e, the wireless link capacity ϒe is estimated by Shanon’s formula:
ϒe = B× log2(1+SNR) where B is the channel bandwidth.

3. Let the overhead of the header fields of all layers for each frame be H Bytes. H (88
Bytes) is composed of UDP header (8 Bytes), IPv6 header (40 Bytes), 802.11p MAC
header (36 Bytes), and frame check sequence (4 Bytes). As one segment of video data
is transmitted into N data packets, the total header overhead for the entire segment is
N×H. For each edge e, the delay We to transmit one segment of video data of size β

is calculated as:

We =

{
(β +(N×H))/ϒe, when ϒe ̸= 0
INF, when ϒe ≈ 0

(3.1)

For diagonal elements, We ≈ 0, which implies data can be transferred from a node to
itself in no time. All edge weights are replaced by their respective We.

4. On the resulting graph, Floyd-Warshall [30] algorithm is run to get all-pairs shortest
path graph. The output graph is represented as matrix format referred as delay matrix
D′, where the element d′i, j denotes the minimum multi-hop path delay from the vehicle
with ID i to the vehicle with ID j to transmit a video segment of size β . A cost matrix
D is created from D′ by initializing all elements di, j = d′i, j.

5. For all ci ∈C, the CDN server checks if the stored cellular SNR value for ci is less than
a predefined threshold value SNRt . If yes, the server considers ci as unfit to become
an edge. This is because if the node receives partial data from the server due to poor
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cellular connection, it has a cascading effect on all nodes in that cluster. So, the server
replaces all elements of the 𭟋(ci)

th row of D except d𭟋(ci),𭟋(ci) with INF . SNRt value
is chosen such that the data rate is sufficient to deliver one segment of video data within
the duration of DATA_S phase.

The problem of minimum edge selection and assignment with constrained delay can be
formulated as ILPP, as described next. A set of binary elements representing the edge set
△ of size |C| is defined such that △i= 1, if ci ∈C is selected as an edge. Otherwise, △i= 0.
An assignment matrix A of size |C|× |C| is constructed where the element ai, j = 1, if ci is
assigned as edge for c j. Otherwise, ai, j = 0. The objective of the ILPP is given below.

Minimize ∑
|C|
i=1 △i subject to the following constraints.

1. All c-nodes must be served, and should be served by only one edge.
∀ j,∑

|C|
i=1 ai, j = 1

2. Edges are always assigned to themselves for streaming.
∀i,ai,i =△i

3. Data delivery delay from an edge to any c-node must be within DATA_V phase duration
tdv, which is termed as threshold delay.
∀c j ∈C, ∑

|C|
i=1(d𭟋(ci),𭟋(c j)×ai, j)≤ tdv

4. All the decision variables are binary.
∀i, j ai, j ∈ {0,1} and ∀i △i∈ {0,1}

Constraints 1 and 2 are for edge assignment, whereas constraint 3 is for edge selec-
tion. ILPP is a known NP-hard problem. It can be seen that with |C| requesting vehicles,
the number of decision variables is O(|C|2). Heuristic algorithms have non-deterministic
convergence time making it unfit for delay constrained services. Moreover, the solution
may largely deviate from the optimal solution which defies the objective. On the other
hand, approximation algorithms have deterministic convergence time with an upper limit
of deviation from optimal solution. Accordingly, the ILPP is divided into two subproblems
of edge selection and edge assignment. The edge selection subproblem is solved centrally
as an MSC problem in the CDN server, and the edge assignment subproblem is handled
distributively as described in Section 3.2.4.

Minimum set-covering problem: An instance of minimum set covering or MSC problem
consists of a finite set X , and a given set of predefined subsets of X as: S = {Si|Si ∈ X} such
that the elements of S cover X , i.e., X = ∪i Si. The problem is to find the minimum size
subset of S, which covers X .
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Algorithm 1 Reduction to set covering problem
Input: set of c-nodes C, delay matrix D, threshold delay tdv, cellular SNR threshold SNRt
Output: set X , Set S

1: X ← C, S = {}
2: for all xi in X do
3: sxi = {}
4: D𭟋(xi) ← row from matrix D corresponding to vehicle xi
5: for all d𭟋(xi), j ∈ D𭟋(xi) s.t 𭟋′( j) ∈ X do
6: if d𭟋(xi), j < tdv then
7: Insert 𭟋′( j) in sxi

8: end if
9: end for

10: Insert sxi in S
11: end for

The edge selection subproblem is converted to an MSC problem by the method mentioned
in Algorithm 1. The algorithm runs in the CDN server which initializes X with C and creates
elements sxi (subsets of X) for S corresponding to each xi ∈ X by the following way. In the
𭟋(xi)

th row of D, the considered column indexes are the IDs of those vehicles in set X that
have delay less than tdv. The vehicles corresponding to those column indexes are inserted
in the subset sxi . An element of S, i.e., sxi denotes that if the vehicle xi is selected as edge,
all the c-nodes in the subset sxi can receive streaming video data from xi within duration
tdv. In other words, vehicle xi covers the vehicles in the subset sxi . The goal is to select a
minimum number of sxi such that all elements of X are covered. Initially, all elements of set
△ are assigned to 0. As the MSC problem is also a known NP-hard problem, a well-known
approximation algorithm named Greedy Set Cover(GSC) [30] is used to solve it. GSC has an
approximation ratio (ln|X |+1) where |X | (i.e., |C|) is the cardinality of the set to be covered.
The algorithm follows a simple greedy approach. In each iteration, it selects a subset that
covers the maximum remaining uncovered elements. The algorithm is modified in this work
if a tie occurs among a few candidate subsets. In this case, a candidate subset is selected,
which has a minimum cumulative delay for all newly covered elements. From the solution of
the MSC problem, all △i are found for which the corresponding subset sxi is included in the
MSC solution. The value of those △i elements is set to 1 to obtain the solution of the edge
selection subproblem.

3.2.4 Client-edge association phase

The edge assignment subproblem defined in Section 3.2.3 is solved distributively in the
client-edge association phase. Once the CDN server selects edge vehicles, it informs those
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edges about their selection during the DATA_INFO phase. The server also includes relative
velocity threshold ϑ , video segment size β , and threshold delay tdv in the message.

The algorithm is divided into two phases which are EDGE_ADV phase and EDGE_REP
phase. The EDGE_ADV phase continues for tadv where all edges initiate the ADV message
through the DSRC interface. An ADV contains the source vehicle ID Ivi , relative velocity
threshold ϑ , video segment size β , accumulated delay da (0 for edges), threshold delay
tdv, and current hop-count k to the source (0 for edges). Each node (c-node or r-node) that
receives a ADV message, consults its NBR_TABLE and does the following. If the node
finds the relative velocity between itself and the sending node greater than ϑ , it discards the
message. Otherwise, it finds the SNR value for this sender stored in NBR_TABLE, calculates
expected transmission rate and delay de for data size β (refer Section 3.2.3), and discards
the message if (de +da)> tdv. In case (de +da)≤ tdv, it stores locally the values of mid , Ivi ,
increased hop-count k′ as k+1, and the address of sender as immediate upstream node. It
changes the packet fields da and k to (de +da) and (k+1) respectively, and re-transmits the
ADV . Duplicate messages are ignored by checking the tuple < mid , Ivi >. If a non-duplicate
message is not discarded by the above-mentioned conditions, the receiving node checks if
the locally stored hop count k′ is greater than (k+1) value from the current message. If true,
it indicates that there exists a shorter path to that edge node. In that case, the node replaces
all the previously stored values with the new values of the current message and re-transmits
ADV . Otherwise, the message is ignored. This hop-count comparison is made to restrict
flooding of ADV in the network.

Following the EDGE_ADV phase, the EDGE_REP phase continues for the duration of
trep. In the reply phase, a non-edge c-node initiates a unicast message REP to its upstream
node through the DSRC interface. On receiving a REP message, a node (c-node or r-node)
makes an entry for the REP sender as a downstream node. If the receiving node is a r-node
and has received REP for the first time, it forwards REP to its upstream node. As c-nodes
initiate one REP message for themselves, they do not need to forward a received REP. On
receiving any subsequent REP messages, a node only creates an entry for the sender in its
downstream node list. It does not forward the message further to its upstream node. In
this way, request aggregation takes place, which significantly reduces the total bandwidth
requirement.
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3.2.5 V2V data phase

A video segment is divided into N packets and transmitted with sequence numbers from 1
to N. In the client-edge association phase, edge vehicles receive one segment of video data
from the CDN server through the cellular interface. All c-nodes (including edges) enter into
DATA_V phase. Edge vehicles that receive at least one REP message, start distribution of
the video data to their immediate downstream nodes through the DSRC interface. The first
packet sent is a metadata packet containing the segment index, the number of packets to
be sent, and the expected duration of the transmission. On receiving this metadata packet,
downstream nodes start a data-receive timer with the expected duration. Subsequent packets
are data packets, which contain packet index along with data. Once the data-receive timer
is expired, a receiving node waits for a short random time and initiates the distribution of
the received packets to its downstream nodes by the same above-mentioned method. Once
all the received data packets are delegated, a r-node becomes idle, whereas a c-node check
whether it has missed any packet index while receiving from its upstream node. In case a few
indexes are missing, it listens for any ongoing transmissions within the communication range
in the hope of recovering them. Once the V2V data phase ends, c-nodes enter into IDLE_V
phase. In this phase, the c-nodes assemble the received data packets by their indexes and
push the data to the media player buffer for playback.

3.3 Protocol Analysis

In this section, a thorough analysis of the proposed solution is done. Discussion on protocol
correctness is done in Section 3.3.1, Protocol complexity analysis is done in Section 3.3.2,
and the performance analysis of the proposed solution is done in Section 3.3.3.

3.3.1 Protocol correctness

The edge selection phase and client-edge association phase of the proposed solution together
solve the ILPP formulated in Section 3.2.3. The MSC solution ensures that each c-node is
covered by at least one edge. In the client-edge association phase, each c-node gets associated
with only one edge. Combining the above two facts, constraint 1 of ILPP is satisfied. In the
solution, an edge becomes its own data provider, which satisfies constraint 2. The solution
selects a path from a c-node to an edge with accumulated delivery latency less than tdv, and
the MSC solution ensures the existence of at least one such path. With the above facts and
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having constraint 1 already satisfied, constraint 3 is also satisfied. Pre-processing step 5
avoids the ill-effect of short-term fading experienced for cellular connection. While receiving
data from the CDN server, if a vehicle moves from one cellular base station to another, we
assume that an application transparent cellular handover mechanism takes place. Because of
the above two facts, the chance of packet loss experienced by an edge through the cellular
interface is negligible and can be ignored.

3.3.2 Protocol complexity

Steps 1, 2, 3, and 5 of server pre-processing (refer Section 3.2.3) on the topology graph G
have a time complexity of O(|V |2). Step 4 executes the Floyd-Warshall algorithm, which runs
in O(|V |3). Therefore, running time of server pre-processing is O(|V |2)+O(|V |3) or O(|V |3).
Both the outer loop and inner loop of the MSC reduction algorithm (Algorithm 1) go through
|C| iterations. All other steps of Algorithm 1 are of O(1), which makes the complexity of
MSC reduction algorithm O(|C|2). For the edge selection problem, the well-known GSC
approximation algorithm is used, which runs in O(|C|3) [30] time. Therefore, the overall
running complexity of the centralized edge selection algorithm in the CDN server is given by
O(|V |3)+O(|C|2)+O(|C|3). As |C|< |V |, the running complexity is simplified to O(|V |3).
In a real scenario, the neighbor set of any given vehicle is significantly small subset of
total vehicles present in topology. As a result, the vehicle network connectivity graph is
represented by a sparse matrix. Therefore, more efficient algorithms like Johnson’s algorithm
[109] can be used instead of Floyd-Warshall. Moreover, in the study [19], authors found that
vehicular networks are very much fragmented into smaller networks. The probability of a
large connected network is extremely low. Therefore, the edge selection algorithm can be
run in parallel for individual small connected networks to reduce the processing time.

3.3.3 Performance analysis

In the V2V data phase, a downstream node starts transmission only when its upstream node
has finished transmitting all data packets. As a result, in a one-dimensional highway scenario,
data packets propagate hop by hop in one direction as a batch, reducing the packet loss
probability. However, during transmission, if an upstream and downstream node moves
out of each other’s communication range, packet loss occurs. Also, while an upstream
node is transmitting, a node can experience packet collision by a neighbor cluster’s ongoing
transmission.
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First, the probability is calculated for the event E1 denoting a node experiences packet loss
due to mobility while receiving data from its upstream node. The one-hop DSRC transmission
duration tβ of a segment is tβ = β/ϒw = tepoch.δ/ϒw, where ϒw >> δ is current wireless
link rate. In the worst case, a node has the maximum relative velocity ϑ with respect to its
upstream node. So in duration tβ , the node moves away ϑ .tβ distance from its upstream
node. Let the range of DSRC communication be R, and the downstream node experiences
packet loss only if its distance with an upstream node is more than R−ϑ .tβ at the beginning
of receiving data. As a downstream node is equally likely to be present anywhere between 0
and R distance from its upstream node when it starts receiving data, the probability P(E1)

that it experiences packet loss due to moving out of communication range is

P(E1) = ϑ .tβ/R = (ϑ .tepoch.δ )/(R.ϒw) (3.2)

Now the probability is calculated for the event E2 denoting a downstream node experiences
packet collision from a neighbor cluster’s transmitting node, given that it is receiving from
its upstream node. Let there be l lanes in a highway topology. Let us assume the average
cluster hop length is k, which means a data packet traverses an average k hops from an edge
in both directions of a one-dimensional highway scenario. Among k hops towards a single
direction within a cluster, the solution allows only one vehicle to transmit at a time. This
is because each node transmits at most once, and transmits all the packets in a batch. The
phases of all vehicles are synchronous, resulting in all edge nodes entering in DATA_V phase
simultaneously and starting data packet sharing. As data segment size is fixed, the number of
hops traversed by a batch of data packets within each cluster is ideally the same in a given
duration. As a result, the transmission duration of (i−1)th hop upstream nodes of all clusters
overlap with each other. The conditions of packet collision in a given time instance on ith

hop downstream node of a cluster cl1 while its upstream node is transmitting are

1. cluster cl1 has at least one neighbor cluster cl2, and

2. (i−1)th hop upstream node of cl2 is within communication range of ith hop node of
cl1.

Now, the probability that a receiving node is ith hop node in a cluster is 1/k. The
probability that the node has (i− 1)th hop upstream node of a given neighbor cluster in
its communication range is also 1/k. As these two events are independent, the probability
of a given node experiencing packet collision from a neighbor cluster is 1/k2. Now, as
the highway contains l lanes, a vehicle can have a max l− 1 neighbor clusters. So, the
probability that a node does not experience packet loss is given by (1−1/k2)l−1. So, when a

TH-3187_186101002



3.4 Performance Evaluation 55

node’s upstream node is transmitting, the probability P(E2) that the node experiences packet
collision is given by the following equation.

P(E2) = 1− (1−1/k2)l−1 (3.3)

It is to be noted that E1 and E2 are mutually exclusive events. When event E1 occurs on a
c-node, it rules out the possibility of any collision event E2 on that node. If E2 occurs, it
implies that the c-node is receiving packets from its upstream node, and therefore, event E1

cannot occur. So we get the total probability P(E) that a given vehicle experiences packet
loss is the sum of two mutually exclusive events (P(E1)+P(E2)), and the equation is given
below:

P(E) = {(ϑ .tepoch.δ )/(R.ϒw)}+{1− (1−1/k2)l−1} (3.4)

R is assumed to be constant, and all DSRC links are experiencing the same ϒw. In that
case, the probability of packet loss increases with an increase in ϑ , tepoch, and δ . It should
be noted that P(E) depends on relative velocity ϑ , not on the actual velocity of vehicles. As
long as relative mobility is less among vehicles (which is usually true in highway lanes),
the proposed solution can tolerate high mobility. The average number of hops k in a cluster
has a weak positive correlation with the vehicle density λ of the topology. The reason is,
with higher λ , the network is well connected, and k can be increased until the data delivery
delay exceeds tdv. It can be observed that the term P(E2) of equation (3.4) reduces with
increasing k. Therefore, P(E) experiences a weakly negative correlation with λ . This may
seem counter-intuitive in a wireless scenario. However, it is to be noted that the number of
transmitting vehicles does not increase with λ . It is dependent only on k, and the vehicles
have a hop-by-hop synchronized sequential transmission schedule.

3.4 Performance Evaluation

This section is divided into the following parts. Section 3.4.1 describes the simulation
environment, Section 3.4.2 defines performance metrics, and Section 3.4.3 presents the
comparative simulation results.
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Table 3.1 Simulation static parameters

Parameter Description Value
P data packet payload size 1024 Bytes
ϒI Internet download speed 100 Mbps
ϒL LTE download speed 25 Mbps
ϒD DSRC channel data rate 6 Mbps
R communication range of DSRC 50 m
tdr duration of DATA_REQ phase 50 ms
tp duration of PROCESS phase 50 ms
tdi duration of DATA_INFO phase 5 ms
tidle_v duration of IDLE_V phase 5 ms

3.4.1 Simulation environment

The proposed solution is simulated in NS3 version 3.30.1[110] where a highway topology
is created which is 5 km long and has four lanes, namely l1, l2, l3, and l4. Out of the four
lanes, vehicles on l1 and l2 move from west to east, and vehicles on l3 and l4 move from east
to west. The velocities of the vehicles are not fixed and depend on topology density. The
simulation parameters are given in Table 3.1.

With DRSC communication radius R of 50 meters (100 meters diameter), in 200 ve-
hicles/km density, the estimated average neighbor count of a vehicle in one-dimensional
highway scenarios is given by 200/1000×100 = 20. Let the weighted graph G = {V,E,W},
where V is the set of vertices, E is the set of edges, and W : E → R is a function which
assigns a weight wi ∈ R to any edge ei ∈ E. The data structure used by adjacency list
representation of a weighted graph G is an array A[|V |]. A[vi] represents the vertex vi ∈ V
by its ID Ivi , along with the list of IDs of the neighbor vertices of vi as L(vi). Let vi have
neighbor vertex set NBi. Each element l ∈ L(vi) contains a tuple of two values: the ID
Ivn of vn where vn ∈ NBi, and the weight w of the connecting edge from vi to vn. When
sending this data structure as an offline file, instead of connecting each l ∈ L(vi) by the
next pointer values, they are put into comma-separated csv format. Therefore, the size of
one list element l becomes: sizeo f (l) = sizeo f (Ivn)+ sizeo f (w). Accordingly, the size of
L(vi) is sizeo f (L(vi)) = length(L(vi))× sizeo f (l). Therefore, the size of one array element
A[i] is sizeo f (A[i]) = sizeo f (Ivi)+ sizeo f (L(vi)). Accordingly, the size SG of adjacency list
representation of graph G is SG = |V |× sizeo f (A[i]). On substituting all the equations, the
following equation is derived.

SG = |V |× (sizeo f (Ivi)+(length(L(vi))× (sizeo f (Ivn)+ sizeo f (w)))) (3.5)
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Vehicle ID Ivi is represented by 16 bit short integer, and edge metric w is represented by
32 bit real number. In case |V |= 5000, sizeo f (Ivi) = sizeo f (Ivn) = 16, sizeo f (w) = 32, and
length(L(vi)) = 20(average neighbor size as discussed above) into equation (3.5), SG =

5000× (16+(20× (16+32))) bits ≈ 5Mb. If ϒI is 100 Mbps, the download time of G is
5/100 sec = 50 ms. Accordingly, the DATA_REQ phase duration tdr is set as 50 ms.

The CDN server needs to finish all the required computations within the PROCESS phase
of tp duration. Computational resources of the cloud-based CDN server may be dynamically
added/removed by cloud service if required depending on the size of G. As mentioned in
Section 3.3.2, vehicular networks are highly fragmented with a number of small networks.
Therefore, parallel processing for each smaller network can be done for faster convergence.
For simulation, the duration tp of PROCESS phase is set as 50 ms. In DATA_INFO phase,
the CDN server sends one small notification message to clients and phase duration tdi is
set as 5 ms. The IDLE_V phase duration tidle_v is set as 5 ms to allow vehicles to sort and
assemble the received data packets, and make them available to the media player.

The λ is varied from 50 vehicles/km to 175 vehicles/km. As given in [108], the differences
in average velocity among same-direction vehicles in a free-speed model usually do not
exceed 50 km/hr. Therefore, ϑ is varied from 8m/s (29 km/hr) to 15 m/s (54 km/hr) to
include all possible V2V collaborations. When ϑ is large (small), the topology graph G is
stable for a small (large) duration. Vehicle movements are slow in dense scenarios allowing
opposite-direction V2V collaborations. With 15 meters/s relative velocity, the maximum
duration for which two vehicles can remain within each other’s communication range is
given by ⌊50/15⌋= 3. Therefore, we varied tepoch from 1 sec to 3 secs.

The DATA_S duration tds is divided into two parts. In the first part, data reaches to LTE
packet gateway from the CDN server, and in the second part, data is transferred from the LTE
packet gateway to edge vehicles. So, the value of tds is obtained as (β/ϒI +β/ϒL). Finally,
the value of tdv (DATA_V phase duration) is obtained by:

tdv = tepoch− (tdr + tp + tdi + tds + tidle_v) (3.6)

The simulation setup is done in the following steps. Nodes are created for vehicles, the
central authority (CA) server, and the streaming server. Two NICs (net-devices of NS3) are
installed in each vehicle where one NIC is to access DSRC and the other one is to access LTE
network. An LTE instance is created with the "LteHelper" class. Along with many nodes,
the helper utility creates one packet gateway node. The vehicle nodes are attached to the enb
node with the "LteHelper::Attach()" utility function. The server is connected to the packet
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gateway node and the CA node by point-to-point links. The latency and data rate of the link
is configured to mimic the Internet data rate and latency as given in the simulation parameter.
IPv6 addresses belonging to one prefix are assigned to the LTE interfaces of all vehicles,
while IPv6 addresses belonging to another prefix are assigned to the DSRC interfaces. A
client application class and server application class is created by deriving the NS3’s default
"Application" class. The client app is installed in a few of the vehicle nodes to make them
c-nodes. The server app is installed on the server. A CA server app is installed in the CA.
Installation is done using "Node::AddApplication()" utility function. Both the client and
server app maintain the vehicle states and use a number of timers to trigger phase changes
and message creations. Message handlers are developed accordingly.

3.4.2 Performance metrics

To measure the performance of the proposed scheme, the following performance metrics are
defined.

• LTE cost effectiveness (lce): In an epoch, it is the ratio of vehicles that can access data
without requiring a LTE connection with respect to the total vehicle count. The average
ratio is taken over all epochs. As only selected edge nodes require LTE connections,
the number of required LTE connections in a given epoch is the same as the selected
edge count in that epoch. If the total epoch count is ξt , selected edge count for the
epoch i is |S|i, and the total vehicle count is |V |, the metric lce is calculated as given
below:

lce =
∑

ξt
i=1(

|V |−|S|i
|V | )×100

ξt
(3.7)

• Packet delivery ratio (pdr): For a vehicle, this is the ratio of the received data packet
count in an epoch with respect to the expected data packet count in that epoch. The
average of all vehicles in all epochs is taken to get the value of pdr. If total packet
count is N, total vehicle count is |V |, received packet count by vehicle vi is Nvi , the
pdr of an epoch (pdre) is calculated as given as below.

pdre =
∑
|V |
i=1(

Nvi
N )×100
|V |

(3.8)

When epoch count is ξ , the metric pdr is defined as: pdr = ∑ pdre
ξ

• Number of video interruptions (nvi): This is the ratio of the number of epochs when
a client vehicle is unable to fetch video data with respect to total epoch count. When a
vehicle fails to fetch data in an epoch, the media player of that vehicle is interrupted
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Fig. 3.3 LTE cost effectiveness vs Supported relative velocity

for the next tepoch duration due to buffer underflow. The average of all vehicles is taken
to get the value of nvi. If the number of c-nodes is |C|, the number of epoch loss faced
by ith c-node is ξi, and the total epoch count is ξt , the metric nvi is calculated as:

nvi =
∑
|C|
i=1{(ξi/ξt)×100}

|C|
(3.9)

• Peak signal to noise ratio (PSNR): This is one of the standard techniques for video
quality assessment that captures users’ satisfaction. The method of calculating PSNR
is well-known and can be found in [111]. In the proposed solution, if a frame is lost,
it is replaced by the correctly received previous frame. However, this process creates
some distortion which is captured by the standard PSNR metric. The average is taken
for each frame of each vehicle in all epochs.

In the proposed solution, jitter is consumed by the playback buffer and, therefore, not
included as a performance metric. If a packet delay is less than tdv, it is stored in the buffer
and sorted to its right place before being consumed by the media player. With a packet delay
greater than tdv, the packet is considered lost. So, the packet delay metric is also not included.
The startup latency is tepoch as mentioned in Section 3.2.2, and is not included in performance
metrics.
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Fig. 3.4 Packet delivery ratio vs Supported relative velocity

Fig. 3.5 Edge selection ratio (esr) vs c-node ratio
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Fig. 3.6 Packet delivery ratio (pdr) vs c-node ratio

3.4.3 Simulation results

Simulation results based on the above-defined metrics are presented here. The performance
of the proposed protocol depends on the stability of the vehicle connectivity which in turn
depends on the relative movements among vehicles. Epoch duration and relative velocity
threshold are the two factors that decide relative movements among vehicles. Therefore,
experiments are done to realize the protocol performance sensitivity with respect to varying
epoch duration and relative velocity thresholds. The sensitivity is measured for the metrics
lce and pdr, while keeping λ fixed at 100 vehicles/km. The ratio of c-node to r-node is kept
as 1:3.

Figure 3.4 and Figure 3.3 show the pdr and lce metric performances of epoch duration
of 1, 2, and 3 secs with varying ϑ . Epoch duration tepoch of 1, 2, and 3 s are abbreviated by
e1, e2, and e3 in the legends. Figure 3.3 shows the common trend of increasing lce with
increasing ϑ . This is expected because, with ϑ increased, less number of edges are deleted
by the CA from the topology graph as described in Section 3.2.2. This makes the resultant
customized graph denser, increasing the edge selection efficiency and lce. It is observed that
lce metric performance improves with increasing epoch duration. When tepoch increases, tdv

also gets increased resulting in an increased average hop count of clusters. This happens
because, with the increased time budget tdv, a video segment can traverse more hop distance
from an edge. Larger cluster sizes reduce the number of clusters in a network resulting lesser
number of edges which in turn improves lce. Figure 3.4 shows the effect on pdr of different

TH-3187_186101002



62 Centralized optimum edge vehicle selection for live video streaming over IoCV

Fig. 3.7 LTE cost effectiveness vs Vehicle density

tepoch values with varying ϑ . In general, pdr decreases with increasing ϑ . This is because,
the probability of packet loss increases with an increase in ϑ as can be seen in equation
(3.2). It is observed that the performance of tepoch = 3 secs is the worst. The reason is, the
probability of packet loss increases with tepoch, as shown in equation (3.2). The performance
of tepoch = 1 sec is less than the performance of tepoch = 2 secs. This is because, tepoch = 1
suffers from insufficient data phase duration.

Based on the above experiments, it is observed that 2 secs epoch duration gives the best
performance. It is found that pdr performs best when ϑ is 10 m/s, whereas lce is best when
ϑ is 12 m/s. The solution suggests keeping ϑ as 12 m/s to achieve a good balance between
lce and pdr.

The performance of the proposed scheme also depends on the ratio of c-nodes to r-nodes
in the topology. Experiments are performed varying the c-node ratio from 10 % to 100 %
keeping λ = 100, ϑ = 10m/s, and tepoch = 2sec. To measure the edge selection efficiency,
we define a new metric “Edge selection ratio" (esr), which is the ratio (percentage) of c-nodes
that are selected as edges by the CDN server. The average value of esr is taken for all
simulation runs. Clearly, the CDN server wants to keep esr as low as possible. Fig 3.5 shows
the performance of esr with varying c-node ratio. It is observed that, in general, esr gets
decreased when the c-node ratio in topology increases. As the ratio of c-nodes w.r.t r-nodes
goes down, multi-hop path delays among c-nodes increase. In that case, the CDN server
tends to select more c-nodes as edges to satisfy the delay constraint resulting in increased
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Fig. 3.8 Packet delivery ratio vs Vehicle density

gsr. In an extreme case, when all the c-nodes are sufficiently far from each other, the CDN
server may select all the c-nodes as edges. Therefore, esr metric may be misleading while
assessing protocol performance in a topology with a low c-node ratio. It is observed that esr
is not influenced by epoch duration as it depends only on the topology. The performance of
pdr metrics is also measured with varying c-node ratios. From Figure 3.6, it is observed that
pdr tends to decrease with an increase in the c-node ratio in the topology. As a lesser number
of edges are selected when the c-node ratio increases, V2V collaboration also increases,
resulting in more DSRC transmissions. Data packets tend to collide due to the lossy nature
of DSRC and high velocities among vehicles which reduce pdr. On the other hand, as the
c-node ratio decreases, most of the c-nodes are selected as edges by the CDN server. As
edges receive data packets through dedicated cellular channels, pdr gets improved. The
performance also decreases as epoch duration increases. The reason is, any client-edge
multi-hop path tends to break as epoch duration is increased.

Next, the performance of the proposed solution is compared with two existing solutions.
Comparisons are made with one centralized edge selection of single-hop collaboration [21]
and one distributed edge selection of multi-hop collaboration [22], namely, VMaSC_LTE.
As the work [21] does not have a name, this work assigns the name SVC_QOE to refer to the
work [21] for convenience. Though VMaSC_LTE was originally designed to disseminate
safety messages, it is modified to distribute video data to compare the edge selection and
V2V data delivery performances. The centralized edge selection algorithm of SVC_QOE
runs in epochs. Initially, all vehicles use LTE networks and is sorted in acceding order with
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Fig. 3.9 number of video interruptions vs Vehicle density

Fig. 3.10 Peak signal to noise ratio vs Vehicle density
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LTE data rate. Starting from the first vehicle (lowest LTE data rate), if a vehicle has a DSRC
link with a neighbor with more data rate than its LTE data rate, it makes that neighbor vehicle
its upstream node. If a vehicle has one or more dependent vehicles, it can make another
vehicle as its parent node only if all its dependent node is also in direct communication
of that target node. In the distributed edge selection algorithm of VMaSC_LTE, vehicles
exchange periodic messages to maintain multi-hop neighborhood information. A vehicle
with the lowest average relative velocity within its multi-hop neighbors is eligible to become
a cluster head and use the LTE network. Otherwise, it tries to connect to an existing cluster
head if available, in a single-hop or multi-hop manner. Otherwise, if no neighbor is available,
it becomes a cluster head. To reduce the number of clusters hops in the system, whenever
two cluster heads become neighbors, two clusters are merged. If a vehicle’s connectivity
with its parent vehicle of the cluster is lost, it immediately searches for a new cluster head or
cluster member to connect with.

Figure 3.7, Figure 3.8, Figure 3.9, and Figure 3.10 shows the comparative performance of
the proposed solution with SVC_QOE and VMaSC_LTE on the defined metrics with varying
λ . For all these experiments, tepoch is kept as 2 secs and ϑ as 12 m/s as concluded from the
previous experiments. The ratio of c-node and r-node is kept as 1:3.

Figure 3.7 shows lce values against varying λ . As can be seen, the proposed protocol
has the trend of increasing LTE cost-effectiveness with the increasing λ . This can be easily
understood because in higher λ , a segment of video from an edge can reach more vehicles.
SVC_QOE performs poorly in this metric, which is justified because its objective is not to
provide cost-effective streaming. In a sparse scenario, the average distance between two
vehicles increases which decreases the SNR value resulting lesser channel data rate. As a
result, SVC_QOE always prefers using a cellular channel with a good data rate over DSRC,
resulting in almost no V2V collaboration. The degree of V2V collaboration increases a
little bit as topology becomes denser with vehicles having neighbors of good SNR. Though
VMaSC_LTE performs far better than SVC_QOE, it is less efficient than the proposed
protocol as VMaSC_LTE has hop-limited V2V collaboration.

Figure 3.8 shows the pdr values with varying λ . It can be seen that the proposed protocol
has an overall trend of increasing pdr with increasing λ . In sparse scenarios, the average
distance between two vehicles increases, which results in more connection disruptions. With
an increase in vehicle density, network connectivity increases, which in turn decreases the
number of clusters and increases the average number of hops in clusters. It is shown in
3.3 that the probability of inter-cluster collision decreases with an increase in the average
hop-count of clusters (refer equation (3.3)), which increases pdr. SVC_QOE performs best
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as most of the vehicles receive data packets directly through cellular channels. When the
topology is moderately dense, and vehicle cooperation exists, pdr of SVC_QOE reduces to
some extent. VMaSC_LTE performs poorly as the control messages are aperiodic (depends
on asynchronous state switching) and are transmitted at any time, which may collide with
ongoing transmissions of large data packets. As a result, VMaSC_LTE shows a steady
decrease in pdr with increasing λ , as control packet transmission also increases with λ . The
proposed protocol and SVC_QOE are able to avoid this problem as the control packets are
periodic and do not overlap with data packets.

Figure 3.9 and Figure 3.10 shows the nvi and PSNR metrics respectively, with varying λ .
As can be seen, these two metrics are direct consequences of the metric pdr. SVC_QOE re-
ceives most of the packets correctly, which results in low nvi and increased PSNR. SVC_QOE
is the clear winner in these two matrices, while the proposed protocol performs significantly
better than VMaSC_LTE. The performance of VMaSC_LTE in metrics nvi and PSNR steadily
decreases with increasing λ .

Based on the above experiments, it is found that though SVC_QOE is able to achieve its
goal of providing the best streaming experience to users, it fails to meet the primary goal of
service cost reduction, i.e., to minimize the number of simultaneous cellular connections. On
the other hand, though the edge selection of VMaSC_LTE is efficient, it is very inefficient for
data packet distribution. The proposed protocol is able to reduce the number of simultaneous
cellular connections significantly while providing a compatible streaming service.

3.5 Summary

This work proposes a cost-effective edge vehicle selection solution for live video streaming
over IoCV. It reduces the streaming service cost of the CDN provider by selecting a minimum
number of edges while ensuring constrained delivery latency to all client vehicles. The
minimum edge selection problem is solved centrally by the CDN server using the greedy
approximation technique for the minimum set-covering problem. For performance evaluation,
the metrics are defined to assess both the cost-effectiveness of the streaming service and user
satisfaction. Comparative result analysis demonstrates the proposed solution as the most
cost-effective edge selection protocol. However, the centralized solution may impose the cost
of high-performance computation setup on the CDN providers. A distributed edge selection
solution may avoid this cost which is described in the next chapter.
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Chapter 4

Cost-effective distributed edge vehicle
selection with V2V multicasting

The previous chapter proposes a centralized solution for optimum edge vehicle selection for
CDN providers to provide live video streaming services over IoCV. However, centralized
solutions for edge selections have some disadvantages. Firstly, the CDN server needs
to build the global vehicle connectivity graph for the centralized edge vehicle selection.
Therefore, all vehicles need to send their local neighborhood information to the CDN server
through the Internet, which may make the CDN server overwhelmed to handle numerous
simultaneous connection requests. Moreover, to finish the huge computation task of optimum
edge selection within the delay constraint of live streaming, the CDN provider needs to make
massive investments in procuring high-computing facilities or availing of paid cloud services.
Alternatively, if vehicles themselves select edge vehicles distributively, CDN providers are
relieved from expensive server setups. However, the distributed algorithm must keep the
number of edge vehicles as minimum as possible to increase the cost-effectiveness of the
live video streaming service. The distributed solution should possess the time-bounded
convergence property to become applicable for the live streaming service. In the existing
literature, no distributed solution for edge vehicle selection is found which has the objective
of edge vehicle minimization for live streaming with constrained delivery latency. The above
facts are the motivations for this work which proposes a solution for cost-effective distributed
edge vehicle selection for live video streaming over IoCVs.

Distributed edge vehicle selection requires V2V collaborations where all vehicles need to
exchange a number of control messages. However, only a few vehicles of an IoCV are clients
of a CDN provider and run a CDN client application. Other vehicles are ordinary vehicles that
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are only capable of network layer collaborations. V2V collaborations in the network layer
can be achieved through unicast, broadcast, or multicast techniques. For distributing identical
content like live video streaming to a subset of vehicles, unicast techniques result in high
redundancy whereas broadcast techniques result in network congestion. Multicast techniques
are most suitable for distributing identical content to a subset of vehicles. Multicast techniques
are well-established for wired networks, and few of the techniques have been adapted for
ad-hoc networks. However, these adaptations are not adequate for the highly dynamic
environments of IoCVs. They are also inappropriate for delay-constrained applications.
The selected edge vehicles act as multicast sources to distribute contents among peer client
vehicles. In the case of live streaming applications, all the multicast sources simultaneously
distribute identical content. Therefore, it is sufficient for a client vehicle to be associated
with only one of the multicast sources. However, existing multicast protocols do not have
any provision for multicast source selection. The above facts are the motivations for a V2V
multicast solution for live video streaming over IoCVs. Below are the contributions of this
work.

• This work formulates the problem of delivery delay constrained minimum edge vehicle
selection for live video streaming over IoCV as the distributed MSC problem. To
the best of knowledge, this is the first time the edge vehicle minimization problem is
solved as distributed MSC problem.

• A multicast protocol, namely DSS-CAST, is proposed for V2V collaboration that is
specifically designed for delay-constrained live streaming applications over IoCV. This
is the first time a multicast protocol has a source selection provision.

The rest of this chapter is organized as follows. Discussions on existing multicast protocols
and V2V collaborations for video streaming over IoCV have been done in Section 2.1.2.2
and Section 2.2.3 of Chapter 2, respectively. A discussion on cost-effective edge vehicle
selection is done in Section 3.1 of Chapter 3. Therefore, the related work section is not
presented in this chapter. In Section 4.1, a detailed description of the proposed solution and
its methodology is given. The performance analysis and simulation results comparison are
made in Section 4.2. Section 4.3 summarizes the contributions of this chapter.

4.1 Proposed Solution

This section describes the proposed solution in detail and is organized as follows. The system
model with assumptions are given in Section 4.1.1. A brief overview of the proposed solution
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Fig. 4.1 An example scenario of video distribution in VANET by edges of 3-hop
domination

is given is Section 4.1.2. The problem formulation is done is Section 4.1.3. The detailed
methodologies are described in Section 4.1.4 and Section 4.1.5. Feasibility analysis of the
proposed methodologies is done in Section 4.1.6.

4.1.1 System model

In the proposed system, an IoCV scenario is considered where all vehicles have two radio
interfaces. The LTE interface is used for V2I communication, and the DSRC interface is used
for V2V communication. Fig. 4.1 illustrates a scenario of streaming video distribution over
IoCV. A CDN service provider is responsible to provide live video streaming services within
an AOI. The CDN provider deploys a CDN replica server in the vicinity of AOI. The goal of
the CDN provider is to minimize its service cost by selecting a minimum number of edges
(minimum number of simultaneous LTE connections and minimized Internet bandwidth
usage) while ensuring uninterrupted streaming service to its clients. The vehicles which run
client application instances on them to avail streaming service are termed as c-nodes (white
vehicles in Fig. 4.1). A few of the c-nodes become edges which are termed e-nodes. All
other vehicles are network layer vehicles, and they are termed as r-nodes (black vehicles
in Fig. 4.1) in this work. All vehicles (c/e/r-nodes) are capable of providing basic routing
services.
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4.1.2 Protocol overview

The vehicle connectivity in an IoCV is highly dynamic due to high velocities of vehicles,
due to which V2V collaboration may fail. However, the connectivity among vehicles that
have relative velocities less than a chosen threshold Rϑ , remains stable for a sufficiently
short duration termed as “epoch" in this work. The CDN replica server divides the streaming
duration into a number of epochs. Each epoch is divided into two phases: CNTRL (control)
phase of duration tcntrl and DATA (data) phase of duration tdata such that the epoch duration
tepoch = tcntrl + tdata, where tcntrl << tdata. In the CNTRL phase of each epoch, a fresh
e-node selection is made, and client-edge associations are built depending on current vehicle
connectivity. To maximize the cost-effectiveness, the proposed solution formulates the edge
selection problem as an MSC problem that is solved distributively. The video stream is
divided into packets of size P. Let’s assume the minimum achievable data rate of DSRC
within AOI is observed as ϒw by the CDN server (reported by vehicles). If the average video
data rate is δ , the required number of data packets N, which is distributed in one epoch, is
calculated as N = (tepoch×δ )/P. Each c-node is required to receive total data of size β given
by N×P = tepoch×δ within the tdata duration (DATA phase of an epoch). The time tβ to
transmit β amount data through the DSRC interface of any vehicle is β/ϒw. Let’s assume
the average download rate of LTE in that AOI is observed as ϒL. So the time Tβ to procure β

amount data through the LTE interface is β/ϒL. As all the c-nodes should receive β amount
of data within the DATA phase of tdata duration, the maximum hop K, the β amount of data
can travel is given as K = ⌊(tdata)/tβ ⌋. On substituting the value of tβ , the following equation
is given.

K = ⌊tdata×ϒw

β
⌋= ⌊tdata×ϒw

tepoch×δ
⌋= ⌊

(tepoch− tcntrl)

tepoch
× ϒw

δ
⌋ (4.1)

All the control and data packets exchanged among c-nodes use the DSS-CAST multicast
protocol described in Section 4.1.4.1. Data distribution through a multi-hop path from an
e-node to any c-node may involve r-nodes as intermediate nodes. In the proposed solution,
all c-nodes go through synchronized phases. When a vehicle becomes a c-node, it sends a
sync request message S-SYNREQ to the CDN server. The CDN server replies with a sync
reply message S-SYNREP which includes the all phase duration, the time remaining to begin
the next epoch, max hop K, and supported relative velocity threshold Rϑ . Fig. 4.2 shows the
timeline of phases and packet transmission sequence. When a vehicle becomes a c-node, its
media player also gets started. The media player experiences an initial startup delay of tepoch
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Fig. 4.2 Timeline sequence of phases and packet transmissions for a simple topology
consisting of two c-nodes connected through a r-node. Without maintaining any

application state, a r-node can help two c-nodes to share content

in the worst case. Once the content is fetched, it is played for the next tepoch duration while
the client continues to fetch subsequent contents.

4.1.3 Problem Formulation

The set of vehicles V consists of two subsets. One subset is of c-nodes C, and the other
subset is of r-nodes R such that C∪R =V , and C∩R = /0. Let wireless links among vehicles
form the set L. The vehicle topology graph is represented as graph G, with V as vertices
and L as edges. A subset E ⊆V represents the set of selected edges or e-nodes. As r-nodes
are not running client applications, they cannot become an e-node. So, if E is selected as
the solution of Minimum K-hop Dominating Set (MKDS) over V , E may be infeasible if
E contains one more or r-nodes. Accordingly, we have the constraint of E ⊆C for E to be
a feasible solution. Also, E requires to minimally K-hop dominate only on C instead of V
as V includes r-nodes that are not interested in receiving streaming service. Otherwise, |E|
may become unnecessarily large to dominate R, making the solution inefficient. R cannot be
simply deleted from G and select E as MKDS solution on the resulting graph, as c-nodes
may be connected among themselves through r-nodes. Deleting R from G may remove some
of the paths of K-hop connectivity among c-nodes resulting in a larger |E| as an inefficient
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MKDS solution. Therefore, the problem is formulated as the MSC problem for an efficient
solution which is described next.

The well-known MSC problem is defined in Section 3.2.3. The X is initialized with C.
The elements sci for S is created from each ci ∈ C which implies |S|= |C|. The elements
of sci are the c-nodes which are within K-hop distance from ci. As each ci covers at least
one element (itself), X = ∪i sci . The goal is to find the minimum number of sci (c-nodes)
which covers the set X (all c-nodes). MSC problem is a known NP-hard problem, and
a well-known approximation algorithm, namely GSC [30], exists with an approximation
ratio of ln|X |+1. However, GSC is designed as a centralized algorithm which has several
drawbacks as discussed earlier. Distributed Database Coverage Heuristic (DDCH) [112]
algorithm is a distributed version of GSC where the authors have proved that the distributed
version achieves the same approximation ratio as the centralized GSC. However, DDCH
cannot be directly applied in the proposed system model due to the following reasons:

• DDCH requires all nodes of the network to run the DDCH application synchronously.
However, because of the presence of r-nodes in the network, V2V collaboration cannot
happen in the application layer.

• Unlike DDCH, the K-hop path between any e-node to c-node needs to be Rϑ con-
strained for the path to remain stable for an epoch duration. This adaptation is required
to handle the highly dynamic topology of IoCVs.

• As mentioned in [113], for some network topology, the number of iterations in DDCH
can be of polynomials to the number of nodes to be covered. In case of a large |C|, the
control phase duration may increase to the extent of making data distribution infeasible
within an epoch duration.

Therefore, an adaptation of DDCH is proposed in this work and is used in the CNTRL phase,
as described next.

4.1.4 CNTRL Phase

An epoch starts with the CNTRL phase which is responsible for peer discovery, distributed
edge selection, and multi-hop client-edge association. In the CNTRL phase, all the messages
are exchanged using DSS-CAST multicast protocol which is described as follows.
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Fig. 4.3 DSS-CAST control headers

4.1.4.1 DSS-CAST

DSS-CAST is proposed as a general-purpose streaming multicast protocol for dynamic
ad-hoc networks like VANETs, which can be used by any streaming application. DSS-CAST
is an asynchronous reactive protocol unaware of any application-specific phase/state. Edge
selection algorithms run in streaming applications which is transparent to the DSS-CAST,
and can support and forward only five types of multicast packets which are peer discovery
(M-PD), source advertisement (M-SA), source selection (M-SS), metadata (M-DM), and
data sharing (M-DS). DSS-CAST accepts relative velocity threshold Rϑ , and hop limit K as
parameters from a streaming application to build hop-constrained multicast trees. The hop
limit of K is required to restrict the delivery delay within the streaming delay threshold. The
Rϑ is used to avoid frequent link disruptions among vehicles. DSS-CAST maintains two
data structures, namely the PEER table and the DATA-STAT table, which are generic for any
streaming application. PEER table is created from M-PD packets and is consulted to forward
M-SA packets. DATA-STAT table is created and used for M-DS type packets. Fig. 4.3 shows
the packet formats of DSS-CAST. The nodes wait for a short random time (few µs ) before
forwarding/re-transmitting any DSS-CAST message to make the transmissions asynchronous
within their neighbors. DSS-CAST header length is uniquely determined by the header type.
The details of these packets and data structures are described along with the CNTRL phase.

4.1.4.2 States of c-nodes

A c-node can be in any one of the four states, namely UCVRD (uncovered), CNDT (candi-
date), IDLE (idle), and EDGE (edge). A c-node is in UCVRD state when it is not covered
by any e-node within its K-hop neighborhood. In case a c-node is covered, but it has one or
more c-node peers of UCVRD state within its K-hop neighborhood, it goes to CNDT state
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as it may become an e-node in future to cover those UCVRD c-nodes. When a c-node is
covered, and it has no UCVRD c-node peers within its K-hop neighborhood, it goes to the
IDLE state. A c-node goes to the EDGE state when it becomes an e-node. As r-nodes are
not running client applications, they are unaware of any c-node states. At the start of the
CNTRL phase, a new multicast session is started, and all c-nodes reset their state to UCVRD.
CNTRL phase is divided into three subphases, namely PDIS (peer discovery), ESEL (edge
selection), and ASCN (association), which are described next.

4.1.4.3 PDIS subphase

In the PDIS subphase, vehicles discover their peers within their K-hop neighborhood. The
duration of the PDIS subphase is tpdis. In PDIS, each vehicle originates a M-PD multicast
packet with the header including multicast session id mid , packet originator’s vehicle id vori,
last sender vehicle id vsender, its velocity ϑ , relative velocity threshold Rϑ , and remaining
hop count k (refer Fig. 4.3). Initially, the value of k is set as K-1, and it is decremented
by 1 in each hop. On receiving M-PD, a vehicle calculates relative velocity rϑ

vsender with
vsender. If rϑ

vsender > Rϑ , the vehicle discards the packet. Otherwise, the vehicle creates a new
tuple < mid,vori,vsender,k > in its PEER table. The tuple indicates that vori can be reached in
(K− k) hops using vsender as the next-hop vehicle. If the value of received k is 0, the M-PD
is not forwarded by the receiving vehicle. Otherwise, it creates and re-transits a new M-PD
message where it replaces vsender, ϑ with its own values, and decrements k by 1. If a vehicle
receives M-PD where vori is already present in the PEER table, it compares the currently
received k with the k stored for the tuple of vori in PEER table. If current k is smaller than
stored k, the received M-PD is discarded. If current k is greater than stored k, it implies that
a shorter path exists to reach vori. In that case, the receiving vehicle replaces the tuple of vori

in the PEER table with the new information and re-transmits the M-PD. By the end of the
PDIS sub-phase, each vehicle becomes aware of the presence of other vehicles within its
K-hop neighborhood, and a next-hop vehicle for the shortest path to reach each of those peer
vehicles. During an entire epoch, PEER table entries remain valid. PEER table is cleared at
the beginning of the next epoch when a new multicast session is initiated.

4.1.4.4 ESEL subphase

The next subphase is ESEL, in which a subset of c-nodes is distributively selected as e-
nodes. ESEL subphase runs in iterations, with a total duration of is tesel . Initially, all
c-nodes are in UCVRD state at the beginning of the ESEL subphase. The number of ESEL
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Algorithm 2 ADDCH iteration (runs in each c-node)
Input: PEER table, state = UCVRD/CNDT, vid , I, H
Output: Output State: IDLE / EDGE

1: if PEER table is empty then
2: state← EDGE
3: return
4: end if
5: define iteration count COUNT = 0 //iteration begins
6: while COUNT < (I−H) do
7: //STADV step begins
8: if state == UCVRD or state == CNDT then
9: advertise state to K-hop peer c-nodes
10: while in STADV step do
11: if receive STADV message then
12: create an entry in STATE table
13: end if
14: end while
15: else
16: while in STADV step do
17: //No op.
18: end while
19: end if
20: //SPADV step begins
21: if state == UCVRD or state == CNDT then
22: calculate SPN based on STATE table
23: //A c-node covers itself
24: SPN = SPN +1
25: if its LTE SNR > γ then
26: advertise SPN to 2K-hop peer c-nodes by SPADV message
27: end if
28: while in SPADV step do
29: if receive SPADV message then
30: create an entry in SPAN table
31: end if
32: end while
33: else
34: while in STADV step do
35: //No op.
36: end while
37: end if
38: //EADV step begins
39: if state == UCVRD or state == CNDT then
40: if its < SPN, vid > is highest than entries of SPAN table then
41: if its LTE SNR > γ then
42: state← EDGE
43: advertise state to K-hop peer c-nodes by EADV message
44: end if
45: end if
46: end if
47: while in EADV step do
48: if receive EADV message then
49: create an entry in EDGE table // Done if in EDGE, IDLE state also. To be used in redundancy elimination step.
50: if state == UCVRD or state == CNDT then
51: if has UCVRD peer c-node in STATE table then
52: state← CNDT
53: else
54: state← IDLE
55: end if
56: end if
57: end if
58: end while
59: ++COUNT
60: end while
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iterations is bounded by I so that the ESEL subphase terminates within tesel . Within I ESEL
iterations, the first I−H iterations are ADDCH iterations, which is an adaptation of DDCH.
If the algorithm fails to converge within I−H iterations, the remaining H iterations run the
proposed Greedy Heuristic Edge Selection (GHES) algorithm to ensure the convergence
within I iterations. An ADDCH/GHES iteration consists of three steps, namely STADV
(state advertisement), SPADV (span advertisement), and EADV (edge advertisement), which
are described subsequently. The algorithm for ADDCH and GHES are given in Algorithm 2
and Algorithm 3 respectively.

The first iteration step is the STADV (line 7 to 19 of Algorithm 2), in which c-nodes
advertise their current state to their K-hop c-node peers. STADV continues for tstadv duration.
In this step, c-nodes of UCVRD or CNDT state originate a M-SA multicast packet, and
the header includes multicast session id mid , packet originator node id vori, and remaining
hop count k initially set as K-1 (refer Fig. 4.3). The payload of M-SA contains application
message type STADV and the originator node’s state vstate. On receiving M-SA, a node
(c-node/r-node) checks if it has an entry for the received vori in its PEER table. If no entry
is found, the packet is discarded as the path from vori violates Rϑ constraint. Otherwise, it
decrements the value of k by 1, and re-transmits M-SA. Duplicate M-SA packets are detected
by checking the tuple < mid,vori >, and are discarded. When a c-node receives M-SA, it
extracts the application message type. If the type is STADV, it stores the state vstate for vori

in the STATE table maintained by it. By the end of the STADV step, each c-node knows the
states of peer c-nodes within its K-hop neighborhood. For the first iteration, M-SA packets
can be piggybacked in M-PD, which reduces the number of packets, and saves tstadv time.
For example, in the scenario shown in Fig. 6.3, both of the c-nodes advertise state UCVRD
in STADV phase.

Once the STADV step is over, the next iteration step SPADV starts (line 20 to 37 of
Algorithm 2). The span (SPN) of a c-node is defined as the number of peer c-nodes, including
itself, which are in UCVRD state (i.e., peers which are not covered yet) within its K-hop
neighborhood. In SPADV, each c-node (with good LTE SNR) of UCVRD/CNDT state
calculates SPN from its STATE table, and advertises SPN within its 2K-hop c-node peers. If
the measured SNR of the LTE link of a c-node is below a certain threshold γ , it considers
itself unfit to be an e-node, and therefore does not advertise its SPN. Otherwise, each c-node
originates a M-SA multicast packet which includes the header fields as mentioned in the
STADV step, except k is set to 2K-1. In the payload, it sets the application message type as
SPADV, and includes its calculated SPN. Re-transmission of a M-SA packet by intermediate
nodes (c/r-nodes) is the same as described in STADV. When the M-SA packet reaches a
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c-node, and the payload application message type is found to be SPADV, it creates an entry
for vori in its SPAN table maintained by it. SPADV step continues for tspadv duration. By the
end of the SPADV step, all the c-nodes are aware of the spans of their peer c-nodes within
the 2K-hop neighborhood. If the span of a c-node neighbor is unknown at the end of SPADV,
it is assumed to be 0. For example, in the scenario shown in Fig. 6.3, both of the c-nodes
advertise SPN as 1 in the SPADV phase.

The next iteration step is EADV (line 38 to 58 of Algorithm 2). From the SPAN table,
each c-node in UCVRD or CNDT state determines whether the ordered pair of its own span
SPN and vid (< SPN,vid >) is lexicographically highest in its SPAN table. If true, and it’s
LTE SNR > γ , it becomes an e-node and switches its state to the EDGE. For example, in the
scenario shown in Fig. 6.3, c-node with ID 2 becomes the winner and becomes an e-node.
Each e-node multicasts a M-SA packet with application message type as EADV. The message
format is shown in Fig. 4.3. Re-transmission method of the M-SA packet is the same as
described for the STADV step. On receiving a M-SA packet for the first time, if a c-node
has UCVRD peer c-node(s) in its STATE table, it changes its state to CNDT. Otherwise,
it switches to the IDLE state. The EADV step duration is teadv. If within teadv a UCVRD
c-node does not receive any EADV message, it remains in the UCVRD state. On receiving
each EADV message, a c-node (including e-nodes) adds a tuple < vori,(K− k) > for the
advertised e-node in its EDGE table to keep track of all the e-nodes within its K-hop distance.

At the end of the EADV step, one iteration completes. ADDCH runs for I−H iterations.
If few c-nodes are still in UCVRD or CNDT state after I−H iterations of ADDCH, to ensure
convergence of ESEL within tgsel , they switch to GHES for the next H iterations (described
below). Other c-nodes (of state IDLE/EDGE) do not participate in GHES and remain idle.

GHES iterations run for the remaining H iterations only in the c-nodes that are still in
UNCVRD or CNDT state. STADV and SPADV steps of GHES are the same as described for
ADDCH. Only the EADV step of GHES differs from ADDCH, which is described next. In
the EADV step of every GHES iteration, instead of a single winner (e-node), a set of winners
are selected distributively to guarantee convergence within H iterations of GHES. Let the
current GHES iteration count is h. Let’s assume for a c-node ci, the current tuple count in its
SPAN table is Th. The c-node calculates its current rank rci

h in its lexicographically sorted

SPAN table. The c-node finds its current advertisement slot as sci
h = ⌊rci

h ×
H
Th
⌋= ⌊H× rci

h
Th
⌋.

If sci
h ≤ h, the c-node becomes an e-node and advertises its EDGE state by EADV message.

EADV advertisement mechanism using M-SA multicast packet is the same as described for
ADDCH. The algorithm for the EADV step of GHES iteration is given in Algorithm 3, and
an analysis is given in the following Lemma.
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Algorithm 3 GHES iteration (runs in each c-node)
Input: PEER table, state = UCVRD/CNDT, vid , H
Output: Output State: IDLE / EDGE

1: define iteration count h = 0
2: while h < H do
3: //STADV step performed same as DDCH adaptation
4: //SPADV step performed same as DDCH adaptation
5: //EADV step begins
6: if state == UCVRD or state == CNDT then
7: insert own span into SPAN table
8: sort SPAN table lexicographically by < SPN,vid >
9: get tuple count Th of sorted SPAN table, and find own rank rvid

h in it

10: find its slot svid
h as ⌊H× rci

h
Th
⌋.

11: if svid
h ≤ h then

12: state← EDGE
13: advertise state to K-hop peer c-nodes by EADV message
14: end if
15: end if
16: while in EADV step do
17: if receive EADV message then
18: create an entry in EDGE table
19: if state == UCVRD or state == CNDT then
20: if has UCVRD peer c-node in STATE table then
21: state← CNDT
22: else
23: state← IDLE
24: end if
25: end if
26: end if
27: end while
28: ++ h
29: end while
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Lemma 1: No c-node remains uncovered at the end of I iterations of ESEL subphase
Proof : An ESEL iteration (ADDCH/GHES) has the following properties:

1. At the begining of the ESEL subphase of an epoch, all c-nodes are uncovered. (refer
Section 4.1.4.4)

2. In the worst case, at least one e-node is selected in each ESEL iteration. This is
because, there must be one or mode c-nodes with highest SPN count in the global
topology graph, and in case of a tie, the node with highest ID wins the race. In case of
all c-nodes are disjoint, line 2 of Algorithm 2 is executed.

3. An e-node covers at least one c-node (refer line 23,24 of Algorithm 2 ).

4. Once a c-node is selected as an e-node, it retains its EDGE state throughout that epoch.
When a c-node becomes e-node, it does not participate in the further ESEL iterations.
As shown in Algorithm 2, only the c-nodes with UCVRD or CNDT states participates
in the iterations. As a result, the state of an e-node never changes in that epoch.

5. The property 4 implies that once a c-node is covered by an e-node, it never goes to the
UCVRD state in subsequent ESEL iterations. This is because, the e-node which covers
that c-node retains its EDGE state.

6. Property 2, 3, 4, and 5 implies that the number of UCVRD c-nodes gets reduced in
every iteration.

7. Property 2, 3, 4, 5 and 6 implies that the number of tuples in the SPAN table for any
c-node can never get increased in future iterations of that epoch.

A c-node goes to the IDLE state only when it is covered and finds no uncovered c-node in
its K-hop neighborhood. Consequently, if a c-node does not go to EDGE/IDLE state within
I−H ADDCH iterations, it continues to participate in GHES iterations until it becomes an
e-node, or it finds itself covered along with all its peers. As rci

h ≤ Th is always true, the value
of sci

h is bounded by H. As the value of h strictly increases from 1 to H, there must be a value
of h, say h′, where sci

h ≤ h′ which satisfies the condition of c-node ci to be an e-node. This
implies that if a c-node does not go to the IDLE state, it goes to the EDGE state by the end
of the ESEL subphase. Thus, no c-node can remain in the UCVRD state on the completion
of the ESEL subphase. □

4.1.4.5 ASCN subphase

In this subphase, a c-node selects its nearest (in terms of hop-count) e-node as its streaming
provider. A tie is broken by an e-node id. It consults the PEER table to get the next hop
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(a) Multicast source advertisement

(b) Multicast source selection

Fig. 4.4 DSS-CAST forest of multicast trees

for the chosen e-node. A c-node sends a unicast packet M-SS to that next hop to join the
multicast tree. M-SS header contains multicast session id mid , and selected e-node id venode.
If a r-node receives M-SS, it consults its PEER table to find the next-hop node for venode

and forwards further towards the e-node. If a path from a c-node ci to its nearest e-node ei

contains another c-node c j as an intermediate node, by the shortest path property, ei is also
the nearest e-node of c j. Consequently, request aggregation takes place in c-nodes, where
each c-node forwards M-SS only once. On receiving a M-SS packet, each intermediate node
(c-node/r-node) sets the DATA-PHASE flag true, which indicates its participation in the
multicast tree for data distribution and becomes an upstream node for the M-SS sender. The
duration of the ASCN subphase is tascn. When an e-node receives any M-SS packet, it sets
the DATA-SHARE flag to true. Otherwise, it refrains from data sharing. As each e-node has
its own multicast tree and a c-node joins only one multicast tree rooted by one e-node, at
the end of the ASCN subphase, the entire vehicular network graph is clustered by a forest of
multicast trees. The situation is shown in Figure 4.4.

4.1.5 DATA Phase

In the DATA phase, β amount of video data is distributed among all the c-nodes within tdata.
The DATA phase gets started in all c-nodes synchronously. At the beginning of this phase,
e-nodes request the CDN replica server for data, by sending a S-DREQ packet. The server
replies to e-nodes with a metadata packet S-META followed by data packets S-DATA. S-
META contains the size of data β and the number of packets N. Receiving S-META, e-nodes
transmit a multicast meta-data packet M-DM to its downstream nodes, which includes β ,
N, and transmission duration tβ . Any node (r-nodes/c-nodes) which has DATA-PHASE flag
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true participates in the DATA phase, while other nodes remain idle. Receiving a M-DM,
a node sets a data-receive timer DATA-TIMER with the duration tβ , and creates a hash
table DATA-STAT containing tuples < index, RCVD >. The key index ranges from 1 to N,
and the boolean flag RCVD is used to keep track of received data packets. As soon as an
e-node receives a S-DATA data packet from the replica server through its LTE interface, it
sends out that packet through its DSRC interface as a M-DS multicast data packet which
includes index along with data. Downstream nodes start accumulating M-DS packets and set
RCVD flags true for the corresponding tuples in the DATA-STAT table. When DATA-TIMER
expires in the receiving nodes, they send M-DM to their downstream nodes and multicast the
received M-DS packets to them. In each hop, data packets propagate among c-nodes by the
Accumulate and Delegate (AND) method described above. This AND method incorporates a
transmission schedule among nodes which avoids packet loss due to collisions. As the DATA
phase duration tdata is set as K× tβ , by the end of the DATA phase, all c-nodes are expected
to receive N number of video data packets.

Once a r-node delegates all the received data packets to its downstream nodes, it becomes
idle. Unlike r-nodes, when a c-node finishes delegating the received data packets to its
downstream nodes, it looks into its DATA-STAT table to check whether it has received all
the expected N data packets. Due to the shared wireless DSRC medium, a few packets may
get lost. In that case, a c-node tries to overhear packets of missing indexes from any ongoing
transmissions in its 1-hop neighborhood. At the end of the DATA phase, a c-node sorts all
the received data packets with packet index, and pushes the video content to the media player
buffer for playback.

4.1.6 Feasibility Analysis

To estimate the duration of the CNTRL phase, the number of ADDCH (I−H) and GHES
(H) iterations needs to be decided. Jia et al. [113] in their work showed that the number of
iterations in DDCH protocol can be Ω(|V |) where |V| is the number of nodes to be covered
in a connected graph. However, various studies [18, 17, 19] on the connectivity of VANET
topology show that within a major city, a vehicular network is mostly fragmented into a
number of disjoint clusters. 90% of these clusters are very small, consisting of very few
vehicles, typically less than 15 [17, 19]. With low probability, one or two large/giant clusters
can be found non-persistently. Naboulsi et al. [19] found that the probability of a giant cluster
size exceeding 2000 vehicles is very low when the vehicle communication radius is 100 m.
Being a distributed algorithm, DDCH/ESEL runs independently within each cluster. If 10%

TH-3187_186101002



82 Cost-effective distributed edge vehicle selection with V2V multicasting

of all vehicles get interested in a particular streaming service at any given time, the number
of interested vehicles within a cluster may become 200 at most. ESEL solves MKDS with K
values ranging from 1 to 7. The value of K further reduces the number of ESEL iterations
by the factor of K. For example, with the K value 5, the number of ESEL iterations needed
for the extremely rare form of graphs like the caterpillar graph, or Kn/3 graph (as shown in
[113]) takes approximately 5 or 14 iterations. Though Jia et al. [113] showed the analysis of
these graphs from a theoretic perspective, in a real VANET scenario, the probability of these
graphs is extremely rare and can be ignored. Accordingly, we decide to run 10 ADDCH
iterations and 5 GHES iterations which gives the values of I and H as 15 and 5, respectively.

Next, the duration tcntrl of the CNTRL phase is estimated, and showed that the duration
is feasible for a live video streaming service. 802.11p header size is 36 Bytes, and FCS
is 4 Bytes. IPv6 header is 40 Bytes. UDP header is of 8 Bytes. All add up to 88 Bytes
or 704 bits. Various DSS-CAST header field lengths (refer Fig. 4.3) are as follows. It has
a DSS-CAST type field of 8 bits, mid , vori, and vsender of 16 bits each, 8 bits of Rϑ , 16
bits of velocity (8 bits each for X and Y dimension), and 8 bits of k. The CNTRL phase
message type size is 8 bits, and data (SPN/state) is 16 bits. So, the size of M-PD is given as
8+(3×16)+8+16+8 = 88 bits. Size of M-SA is given as 8+(2×16)+8+8+16 = 72
bits. Similarly, the size of a M-SS packet is 8+(2× 16) = 40 bits. The layer 2 frame
size of each packet is obtained by adding 704 bits to the packet size. Accordingly, the
layer 2 frame size containing M-PD, M-SA, and M-SS is given by 792,776, and 744 bits,
respectively. This work considers the average DSRC data rate ϒw ranges from 6 Mbps
to 20 Mbps [114]. If ϒw takes the minimum value of 6 Mbps, the transmission time of
one M-PD frame takes 792/(6×106)sec = 132µsec. The transmission time of one M-SA
frame takes 776/(6×106)sec≈ 130µsec. The transmission time of one M-SS frame takes
744/(6×106)sec = 124µsec. Before each transmission, a DSS-CAST waits for a random
amount of time ranging from 1 to 10 µsec to make the transmission time within its neighbors
asynchronous. Considering the above waiting time and the layer 2 DCF medium access
time, it is assumed that the average effective transmission duration of all frames with DSS-
CAST control packets (M-PD, M-SA, or M-SS) is 250µsec. The maximum value of k is
recommended within 7 as larger values of k make multi-hop path maintenance and data
sharing infeasible for dynamic Ad-hoc networks. The propagation time of radio waves is
ignored as vehicles are within a distance of a few meters from each other. Queuing delay is
ignored as it is assumed that there is no congestion in the network. The processing time is
also ignored as vehicles are equipped with high computation power and storage. Considering
the above discussion, the duration of each subphase of the CNTRL phase can be calculated.
M-PD packets travel a maximum of 7 hops which gives tpdis = (250 ∗ 7)µsec = 1.7msec.
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STADV and GADV type M-SA packet travel maximum 7 hops, which gives tstadv and tgadv

as (250∗7)µsec = 1.7msec. SPADV type M-SA packet travels a maximum of 14 hops which
makes tspadv = (250 ∗ 14)µsec = 3.4msec. So, one ESEL iteration takes 2× 1.7+ 3.4 =

6.8msec, and 15 iteration takes 15×6.8msec= 102ms time. M-SS packet of ASCN subphase
travels up to maximum 7 hops, which gives tascn = (250∗7)µsec = 1.7msec. Consequently,
tcntrl becomes 1.7+ 102+ 1.7 = 105.4msec, and the CNTRL phase duration is set as 110
msec. This estimation is with the minimum DSRC data rate of 6 Mbps [114]. If better data
rates (maximum 27 Mbps [114]) are available, tcntrl is further reduced. Increased DSRC
channel data rate also increases the value of K (refer equation (4.1) ), which makes the
solution more cost-effective.

For estimating the duration of the DATA phase, the total epoch duration is decided first.
If the relative velocity threshold is allowed up to 15 m/sec (54 km/hr), then in 3 secs, the
maximum relative movement between any two vehicles can be 45 meters which is almost
half of the transmission range of 100 meters. Therefore, max epoch duration tepoch is decided
as 3 secs. Consequently, we get the duration tdata as tepoch− tcntrl .

4.2 Performance Evaluation

This section is organized as follows. The performance metrics are defined in Section 4.2.1,
the simulation environment is described in Section 4.2.2, and the comparative analysis of
simulation results is presented in Section 4.2.3.

4.2.1 Performance metrics

The proposed solution is for CDN providers to offer live video streaming as an infotainment
application over IoCV. Therefore, the CDN provider needs to assess the performance of the
service with respect to QoS as well as client-perceived QoE. As mentioned in [115], the
parameters to assess the QoE of a video service over a network can be broadly classified into
subjective and objective types. The subjective parameters like Mean Opinion Score (MOS)
are measured by human perception and are usually difficult to quantify. On the other hand,
objective parameters like PSNR, number of video stalling are easy to quantify and can be
controlled in run-time. Among the objective type QoE parameters, PSNR is widely used as a
video quality parameter, whereas startup delay, buffering ratio, etc., are used as streaming
quality parameters [116]. On the other hand, QoS parameters include average packet delay,
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jitter, packet loss, etc. Among the above parameters, startup delay, average packet delay, and
jitter are not included in the performance metrics of the proposed solution for the following
reasons. As discussed in Section 4.1.2, the startup delay of the proposed solution is fixed
at tepoch. Jitter is taken care of by the playback buffer. In case a packet delay is more than
tdata, that packet is considered lost. Along with assessing QoS and QoE, the CDN provider
also needs to evaluate the cost-effectiveness of the proposed solution. Accordingly, the
performance metrics lce, pdr, nvi, and PSNR that are defined in Section 3.4.1 of Chapter 3
are reused here for performance evaluation.

The proposed solution is not tied to any specific QoE model. The above-defined metrics
can be used as input parameters for existing QoE assessment models. For example, Yin
et al. [117] have proposed a QoE model which includes average video quality, average
quality variation, rebuffering, and startup delay as input parameters to assess QoE. The video
quality assessment function is defined as any non-decreasing function which maps bit rate
to client-perceived quality. PSNR is a good candidate function that possesses this property.
The defined metric nvi directly resembles rebuffering. Another QoE model is proposed by
Yen-Fu et al. [118] where mean opinion score (MOS) is calculated using PSNR and frame
rate as input parameters. Kim et al. [119] has proposed the assessment of QoE based on
QoS parameters like packet loss, delay, jitter, etc. The CDN provider can choose any of the
existing QoE models and use the defined metrics as input parameters for the chosen model.

4.2.2 Simulation environment and parameters

Simulation is performed on NS3 version 3.30.1[110] with an urban grid topology of 4 square
km AOI. All the roads have two lanes where vehicles move in opposite directions. The
scenario is created with Simulation of Urban Mobility (SUMO) [120], vehicle traces are
generated and imported in NS3. Vehicle injection rate is varied to create various vehicle
densities λ from 50 vehicles per square km to 175 vehicles per square km. The velocities
of vehicles are varied with λ of topology. With high λ , vehicles are nearer to each other
and move slowly. In case λ is low, vehicles are apart from each other and move fast.
Vehicle traffic flow velocities of different roads and lanes are varied to simulate various V2V
collaborations with relative velocity thresholds Rϑ from 29 km per hr (8 m/s) to 54 km per
hr (15 m/s). This is because, in the Indian road conditions, the average velocity difference
among same-direction vehicles is within 50 km/hr [121]. With low Rϑ , the client-edge
association remains stable for a longer duration and vice versa. To observe this effect, we
varied the duration of epoch tepoch from 1 sec to 3 sec. LTE download speed ϒL is set as 25
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Fig. 4.5 LTE cost effectiveness vs Relative velocity threshold

Mbps. DSRC transmission range is set as 100 meters. A 10 MHz DSRC channel is used
with minimum available data rate ϒw as 6 Mbps [114]. In Section 4.1.6, the value of tcntrl

is derived. Using the equation (4.1), the value of max hop limit K can be calculated. The
ratio of c-node and r-node is kept at 1:3 in all experiments. Performance analysis based on
simulation results on the above-defined metrics is presented next.

4.2.3 Simulation results

First, the sensitivity of the performance metrics is analyzed with respect to relative velocity
and epoch duration. For these experiments, vehicle density λ is fixed at 100 vehicles per
square km. Epoch duration te of 1, 2 and 3 s are abbreviated by e1, e2, and e3 in the legends
of Fig. 4.5 and Fig. 4.6. Fig. 4.5 shows the trend of increasing lce with an increase in Rϑ .
When Rϑ is small, only the vehicles of the same direction with low relative velocity can
collaborate. In contrast, when Rϑ is large, any vehicles of any direction and relative velocity
can collaborate. As a result, for high Rϑ , all the c-nodes can be covered using fewer edges,
which improves the lce metric. The duration of an epoch does not play any role for lce
metric, as it only depends on the current vehicle connectivity at the beginning of the CNTRL
phase. Fig. 4.6 shows that the performance of pdr metric decreases with an increase in Rϑ

for all epoch duration. As vehicles with any directions and relative velocities can collaborate
in high Rϑ , the multi-hop path between an e-node to a c-node may break during the epoch
resulting in data packet loss. When epoch duration increases, multi-hop paths become even
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Fig. 4.6 Packet delivery ratio vs Relative velocity threshold

more unstable towards the end of an epoch. This can be observed from the plot that e3 has
the worst performance among the three, whereas e1 performs best. It is concluded from the
above experiments that the relative velocity threshold could be set as 10 m/s as it is able to
achieve a good balance between the LTE cost minimization and client experience aspects for
the epoch duration of 1 sec.

Next, the performance of the proposed solution is compared with existing protocols. The
performance is compared with one centralized edge selection scheme proposed by Elias et
al.[21], one distributed edge selection scheme VMaSC_LTE proposed by Seyhan et al. [22],
and with the solution proposed in the previous chapter is abbreviated as ‘Contribution 1’
[Chapter 3]. Elias et al. have not provided any abbreviation for their work, so the name
SVC_QOE is used to refer to the work. Though VMaSC_LTE is proposed for safety message
dissemination, it is modified to be used VMaSC_LTE for video streaming. A brief description
of SVC_QOE and VMaSC_LTE is given in the previous chapter (Section 3.4.3, page 63).
The comparative analysis with these protocols are shown in Fig. 4.7, Fig. 4.8, Fig. 4.9, and
Fig. 4.10. In all the experiments, the relative velocity threshold Rϑ is fixed as 10 m/s, and
the epoch duration as 1 sec.

Fig. 4.7 illustrates the performance of all protocols for lce metric with varying vehi-
cle density λ . It is observed that SVC_QOE has poor lce values compared to the other
two protocols. In most cases, vehicles in SVC_QOE select the LTE interface for video
downloading to maximize QoE. From sparse to moderate vehicle density, VMaSC_LTE and
the proposed protocol show better LTE effectiveness with increasing λ . The lce increases
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Fig. 4.7 LTE cost effectiveness vs Vehicle density

Fig. 4.8 Packet delivery ratio vs Vehicle density
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because network connectivity increases with λ , which results in better V2V collaborations.
However, for high-density scenarios, the lce tends to decrease because the number of control
packets gets increased for distributed protocols. As a result, control packets collide among
themselves, making inefficient edge selections. Though the proposed solution outperforms
SVC_QOE and VMaSC_LTE, it lags behind the solution of Contribution 1 as the latter
selects an optimum number of edges by solving the MSC problem centrally with global
topology knowledge.

Fig. 4.8 shows the competitive results of all protocols for the pdr metric. It can be
seen that pdr metric value of SVC_QOE and VMaSC_LTE deteriorates with increasing λ .
This is expected because the number of simultaneous transmissions increases with vehicle
density, causing collisions among data packets. The same trend is followed by the proposed
solution from sparse to moderate vehicle density. However, in a high-density scenario, pdr
metric performance tends to stabilize as it selects more edges in high-density scenarios due
to the loss of a few control packets. If a vehicle (edge) procures data from LTE interface
using a dedicated LTE channel, almost all data packets are received correctly. As a result,
with more edges in the scenario, the overall pdr metric of the system improves. SVC_QOE
outperforms other protocols in all situations as the vehicles tend to select LTE over DSRC for
QoE maximization. VMaSC_LTE fails in the pdr metric and performs worst in all situations.
This is because VMaSC_LTE control packets collide with data packets due to the cluster
merge process. The pdr performance of the proposed protocol is slightly better than that of
the solution posed in Contribution 1. This is due to the fact that the solution of Contribution
1 selects a lesser number of edges resulting in more V2V collaborations through the lossy
DSRC medium.

Fig. 4.9 and Fig. 4.10 shows the performances of all protocols with respect to metrics nvi
and PSNR, respectively. It can be observed that these two metrics are directly related to the
performance of pdr metric. For nvi metric, the percentage threshold is set as 50% for the
experiments. As observed from Fig. 4.9 for all protocols, when the pdr metric deteriorates,
nvi metric value gets increased, resulting in poor client experiences. Similarly, from Fig. 4.10
we observe that all protocols show poor client experiences where they have poor pdr metric
performance. As expected, SVC_QOE outperforms others in both metrics, and VMaSC_LTE
performs worst in all cases.

The above experiments show that though SVC_QOE provides the best client experience
for video streaming, it is not suitable for cost-effective video streaming. On the other hand,
though the decentralized edge selection technique of VMaSC_LTE can reduce the number
of simultaneous LTE connections, it fails as a video streaming service. Despite having
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Fig. 4.9 No. of video interruptions vs Vehicle density

Fig. 4.10 Peak signal to noise ratio vs Vehicle density
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a distributed edge selection technique, the proposed solution performs much better than
VMaSC_LTE in QoE while lagging behind SVC_QOE by an acceptable margin. Though the
solution of Contribution 1 does the most efficient edge selection, its performances on pdr,
nvi, and PSNR metrics lag behind the proposed solution of this chapter. Being a distributed
solution, the proposed solution relieves the CDN provider from having a high computing
setup and handling numerous simultaneous flow requests. The proposed solution clearly
outperforms the other protocols from the cost-effectiveness perspective.

4.3 Summary

In this work, a cost-effective solution is proposed for CDN providers to offer video streaming
as an infotainment service over IoCVs. The solution has a distributed edge minimization
scheme that is able to reduce the number of simultaneous LTE connections while ensuring
time-constrained delivery of streaming video. The edge minimization task is formulated
as the MSC problem and is solved using an adaption of the distributed version of the GSC
algorithm for MSC. Unlike existing protocols, the solution assumes the presence of network
layer vehicles that are unaware of any streaming application. Accordingly, a multicast
protocol, namely DSS-CAST, is proposed, which specializes in streaming applications for
dynamic ad-hoc networks like VANETs. Performance metrics are defined to evaluate the
cost-effectiveness as well as client satisfaction for video streaming. The simulation results
show that though the proposed solution marginally lags behind the solution of Contribution
1, it is the most cost-effective solution for CDN providers as it relieves the CDN providers
from expensive server setups. Compared to other protocols, the proposed solution provides
competitive service quality for live video streaming. Though the solution is able to minimize
the number of simultaneous cellular network connections, the solution needs to be extended
for scenarios where multiple V2I network options are available. The next chapter is devoted
to this task.
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Chapter 5

Distributed V2I network selection to
maximize cellular traffic offloading

The previous chapter proposes a V2V collaboration solution for distributed edge vehicle
selection for the scenario where the cellular network is the only V2I option for the vehicles.
However, in an IoCV, vehicles may connect to the Internet through infrastructure nodes of
heterogeneous network access technologies like RSUs of DSRC, BSs of cellular networks
[122], and access points of Wifi networks [10]. The vehicles of IoCV are equipped with multi-
RAT interfaces [11]. Infrastructure nodes of different network access technologies have their
own pros and cons. Connecting to DSRC and Wifi network is free, whereas using C-V2X or
cellular network incurs cost. In urban scenarios, cellular network operators usually deploy
Wifi access points in congested areas to offload the cellular traffic and increase capacity
[123]. However, intermittent deployment of Wifi access points with a small communication
radius causes Internet connectivity disruptions and frequent handover problems for high-
velocity vehicles. On the other hand, though the cellular coverage is wide, a few areas may
remain out of cellular network coverage as blind spots. In the above-mentioned scenarios,
vehicles can collaborate among themselves through the DSRC network to extend the effective
coverage areas of Wifi access points or to cover cellular blind spots. In rural areas, Wifi
access points are mostly unavailable, making V2V collaborations the only option for cellular
traffic offloading. V2V collaborations are not possible where vehicle densities are very less,
and cellular networks are the fallback option in those scenarios. So, the coexistence of all
three different network options is very much essential for an IoCV to realize uninterrupted
Internet connectivity. Subject to availability, a vehicle should be able to choose among the
three network options. Though most of the existing works have provided network selection
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solutions for two network options like {cellular, Wifi} [99], {cellular, DSRC}, and {Wifi,
DSRC} [26, 27], network selection methods for three options of {cellular, Wifi, DSRC} has
not been explored. Accordingly, this work proposes a novel solution for network selection
for the scenarios where all three network options may coexist. However, the dynamic
vehicular topology and intermittent availability of networks make the network selection task
challenging for delay-sensitive applications, which is described next.

Based on application requirements, one network access technology may be preferred over
others based on its pros and cons. Few delay-tolerant applications [124] may allow a vehicle
moving out of Wifi access point coverage to wait for the next encounter with a Wifi access
point. In contrast, delay-sensitive applications [125] require persistent Internet connectivity.
Safety application messages are small [12], whereas infotainment applications usually need
to distribute a large volume of data. Out of the infotainment services, the volume of video
traffics is the highest. So, optimizing the volume of video traffic in video-based infotainment
services is a requirement. However, streaming quality and timely content delivery must
be ensured for live streaming services for client satisfaction. To fetch the content from the
server, a vehicle should prefer to select a Wifi network over a cellular network to connect
to the Internet. For V2V collaboration, a vehicle needs to select the DSRC network. Due
to the highly dynamic vehicle topology, the selection of network options is subject to the
availability of networks. As a result, network option selection needs to be dynamic and
requires topology-specific computations. As live video streaming is delay-constrained,
computations for network access technology selection need fast convergence.

Motivated by the above facts, this work proposes a distributed solution for V2I commu-
nication network selection for live video streaming over IoCV to maximize cellular traffic
offloading. Without any ambiguity, this work interchangeably uses the phrase “network
selection" to denote “network access technology selection". The key contributions of this
work are enlisted below:

• This work is the pioneer in proposing a distributed solution for network selection to
offload cellular traffic for live video streaming services over IoCVs.

• This is the first time the network selection problem for vehicles accommodates three
different network options together, which are cellular, Wifi, and DSRC.

• The task of network selection to maximize cellular traffic offloading is shown to be a
NP-Hard problem by formulating the task as a centralized integer linear programming
problem (ILPP).

• A lightweight distributed solution using a greedy method is proposed for cellular traffic
offloading.

TH-3187_186101002



5.1 Related Work 93

• Evaluation of the proposed scheme is done based on the aspects of cellular traffic
offloading, service efficiency, and user satisfaction. Simulation results show that the
proposed solution has the best service effectiveness for live video streaming over
IoCVs.

The rest of the chapter is organized as follows. The existing related works are discussed
in Section 5.1. The description of the proposed protocol is given in Section 5.4. The
performance of the proposed solution is evaluated in Section 5.6, and the simulation results
are presented. The work is summarized in Section 5.7.

5.1 Related Work

Network selection has been a topic of interest for the IoCV research community for the past
few years. Heterogeneous network selections are also dealt with in vertical handover solutions.
However, vertical handovers are controlled from the lower layers based on the metrics like
signal strength, mobility, etc. For example, the work [126] has proposed an efficient vertical
handover scheme between the cellular network and WLAN by using the metrics faded
signal to noise ratio, residual channel capacity, and connection lifetime. Different network
systems are under different administrative domains of different assigned IP addresses making
seamless vertical handover a challenging task. The work [127] proposed a hybrid solution for
seamless IP communication with the coexistence of Proxy Mobile IPv6(PMIPv6) and Host
Identity Protocol(HIP). The work [128] also proposed a seamless vertical handover solution
using Mobile IPv6 (MIPv6) and PMIPv6. The work [129] provides a centralized vertical
handover algorithm that jointly optimizes the data rate and network costs for vehicles. The
collaboration between DSRC infrastructure nodes and cellular base stations is investigated in
work [130]. A double auction game is formulated to decide optimum load-sharing strategies
to maximize traffic. However, this work considers the traffic offloading in the opposite
direction from overloaded DSRC infrastructure nodes to the cellular network.

Higher-layer network selection algorithms deal with selecting a suitable network access
technology from a set of available options for each traffic flow, depending on application
requirements or service objectives. The work [99] gives a network selection solution between
LTE and Wifi with the objective of QoE maximization per user traffic flow. However,
the work has proposed enhancements on LTE Access Network Discovery and Selection
Function (ANDSF) standard to incorporate application-specific information and mobility
prediction. The work [131] proposed a SDN based network selection algorithm for jointly
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minimizing network access cost and delay for broadcast or dissemination services over
vehicular networks. However, the solution is not suitable for streaming media as it deals
with heterogeneous data items with caching provisions. The work [125] has proposed SDN
based network selection scheme for delivery delay-constrained temporal data downloads
for maximizing service ratio. An offloading strategy of delay-tolerant non-safety vehicular
traffic is proposed by [124]. Here the assumption is that a vehicle may be under the coverage
of multiple DSRC-based infrastructure nodes, and an SDN controller suggests the best
infrastructure nodes for vehicles. The work [27] proposed a network selection algorithm
for on-demand video traffic offloading. A storage time aggregated graph is used for video
stalling minimization. However, the scheme uses pre-fetching techniques of video chunks,
which cannot be used for live video streaming. Though the Contribution 1 [Chapter 3] of this
thesis has proposed a network selection solution for live video streaming, it has considered
only cellular and DSRC networks without considering the presence of Wifi networks.

All of the aforementioned works have proposed centralized solutions. A few of the
existing distributed solutions for network selection is discussed next. The work [132]
proposed a distributed network selection solution where individual vehicles solve the optimal
stopping problem to decide network switching between cellular and WLAN to maximize
their utility which is the weighted combination of cost and delay. However, the solution is
not suitable for streaming services. The work [133] gave a distributed network selection
solution that includes the possibilities of V2V collaborations as a coalition game among
vehicles. The download costs and time of different types of networks are jointly considered
to form the game and to decide strategies. However, the assumption is that the data items are
heterogeneous in nature and can be cached. As a result, the solution is not applicable to live
video streaming. The Contribution 2 [Chapter 4] of this thesis has proposed a distributive
solution for live video streaming. However, the solution is based on cellular and DSRC
networks without considering Wifi networks.

It is observed that the network selection problem with the coexistence of three networks
of cellular, Wifi, and DSRC has not been explored in the literature.

5.2 System model

This work considers IoCVs, where vehicles are equipped with multi-RAT interfaces (i.e.,
cellular, Wifi, and DSRC). Cellular network operators deploy Wifi access points in some
strategic locations where user densities are expected to be high, like near shopping malls,
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Fig. 5.1 A scenario of an IoCV with max 3-hop V2V collaborations

at important traffic junctions, etc., as shown in Fig. 5.1. Unlike cellular base stations, the
coverage of Wifi access points is small and intermittent. However, as urban vehicle mobility
patterns usually follow the Intelligent Driver Model with Intersection Management (IDM-IM)
model, an individual vehicle’s average dwelling time inside a Wifi access point is enough
to consider Wifi as a stable network switching option. As explained in [18], the IDM-IM
mobility pattern fragments a network topology into a number of clusters. In the clusters
formed in highly congested areas or at traffic signal points, intra-cluster vehicles have high
connectivity and link stability among themselves. The aforementioned properties make V2V
collaborations an attractive option for traffic offloading.

In the considered scenario, a CDN provider is responsible for providing live video
streaming services within an AOI. A few of the vehicles within AOI wish to avail of the
live streaming content and become clients of the CDN provider, while all other vehicles are
assumed as ordinary vehicles. The CDN client vehicles run the CDN client application. In
Fig. 5.1, the client vehicles and ordinary vehicles are depicted in yellow and white color,
respectively. It is assumed that the cellular network provider ties up with the CDN provider
to encourage its clients to offload from the cellular network to Wifi networks. In return,
the cellular network provider agrees to pay incentives to the CDN provider. To maximize
the incentives, the CDN provider tries to increase cellular traffic offloading by extending
effective Wifi coverage through DSRC V2V collaborations wherever possible. The task of
the CDN provider is to design a network selection algorithm for its CDN client application
such that individual client vehicles try their best to avoid using the cellular network without
compromising the streaming experience. However, if vehicles far apart from each other
avail the service where no Wifi is available, they have to fall back to the cellular network.
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In rural areas, some places even fall outside of cellular coverage, creating some blind spots.
In that case, if connected vehicles are available in the vicinity, the CDN provider may use
V2V collaborations to extend the coverage for the client vehicles in the blind spots. This
work assumes that all vehicles (client/ordinary) are well-behaved and they participate in V2V
collaboration.

The live video stream is divided into segments, and each segment is divided into a number
of packets. Video playback duration is divided into fixed playback intervals of Π. During a
playback interval, the CDN server produces one segment of the video, which is distributed to
all client vehicles and is played in the following playback interval while a freshly generated
video segment is being distributed. As a result, the startup latency is fixed as Π, and the
video playback is expected not to get halted in ideal conditions. The distribution latency is
strictly constrained by Π as the corresponding segment is considered stale for distribution
after one playback interval. Unlike the case of on-demand videos, the segments cannot be
pre-fetched or cached by edges beforehand.

5.3 Problem formulation

Let the set of client vehicles is denoted as C = {c0,c1,c2, ...,c|C|−1}. A vehicle has three
network access technology selection options which are cellular, DSRC, and Wifi. A client
vehicle can select only one of the networks at a given time to avail of streaming data. This
work defines four network selection states ∇i for a vehicle ci which are Wifi selected (WS),
DSRC selected (DSck , where ck denotes the streaming source), cellular selected (CS), and
not selected (NS). A vehicle has pre-defined utilities for being in a state, and the summation
of all vehicle utilities represents the utility of the CDN provider. Let the utilities of being
in state WS, DSck , CS and NS are Uws, Uds, Ucs, and Uns. When a vehicle is in the NS state,
it cannot receive any streaming content. As the NS state is undesirable for a vehicle, the
utility value Uns is the lowest among all. Accessing a Wifi network incurs no cost, and client
vehicles can join a multicast group to receive the one-way data traffic from a Wifi access point
simultaneously. Therefore, the Wifi network is the most preferred one, and being in WS state
has the highest utility value Uws. In case a vehicle chooses to avail streaming data through
the DSRC network with multi-hop V2V collaborations, a few data packets may get lost due
to the unreliable shared medium of the DSRC network. Accordingly, utility value Uds is
lesser than Uws. On the other hand, though cellular network coverage is widespread and uses
dedicated channels for communication, it makes the CDN provider lose incentives from the
cellular network provider. As the objective of the CDN provider is to avoid cellular traffic as
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Fig. 5.2 A small scenario of max 2-hop V2V collaborations

much as possible, the utility value Ucs is lesser than the utility value Uds. Accordingly, any
choice of utility values must adhere to the following relation.

Uws >Uds >Ucs >Uns (5.1)

Based on the above relation, an increased utility of a CDN provider not only denotes the
increased volume of offloaded traffic but also indicates better service quality experienced by
vehicles. Therefore, a CDN provider tries to achieve better service effectiveness by increasing
its utility. If a client vehicle chooses DSRC, it also needs to select a suitable peer client
vehicle within its K-hop neighborhood as its streaming source. This work denotes a client
vehicle as a streaming source if it avails streaming content directly from Wifi or cellular
network and distributes the content to other client vehicles within its K-hop neighborhood
using DSRC. Clearly, the selection of a streaming source implies the selection of DSRC
access technology. An ordinary vehicle cannot become a streaming source as it is not
running a CDN client application. The max hop count K is determined such that the data
delivery delay of a Kth hop path does not exceed the delay constraints of live video streaming.
Intermediate vehicles of a multi-hop path may be client vehicles or ordinary vehicles which
participate in V2V collaborations. In case a client vehicle is in the coverage of more than
one base station or more than one Wifi access point, a horizontal handover mechanism in the
lower layer chooses the best one, which is out of this work’s scope.

A utility vector U of length |C|+ 3 is defined such that the first |C| elements u j for
0≤ j ≤ (|C|−1) represent the utility of being in DS state with client vehicles c j ∈C as the
streaming source. The next three elements u|C|, u|C|+1, and u|C|+2 represent the utilities of
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Table 5.1 Utility vector U for Fig. 5.2 scenario

DS WS CS NS
c0 c1 c2 c3 c4
Uds Uds Uds Uds Uds Uws Ucs Uns

being in WS, CS, and NS, respectively. Clearly, ∀{ j|0≤ j ≤ (|C|−1)} u j =Uds, u|C| =Uws,
u|C|+1 = Ucs, and u|C|+2 = Uns. The utility vector is given in TABLE 5.1. The choice of
network is subject to temporal availability due to the dynamic connectivity of IoCVs. An
example scenario is given in Fig. 5.2, where Wifi is available in a partial region, whereas the
entire region is under cellular network coverage. In the example, c0 can choose any state,
whereas c2 has options to be in either CS or NS state as it is not in the coverage of Wifi
and has not any vehicle within its communication range. In a given time instance T , let
F be the state selection availability matrix (binary) of size |C|× (|C|+ 3). Each row F[i]
of F represents the available network selection state options for the client vehicle ci ∈C at
time T . The first |C| elements of F[i], i.e fi, j with 0≤ j ≤ (|C|−1) represents the DS state
selection availability of ci with c j ∈C as streaming source. A vehicle ci can select a vehicle
c j as its streaming source only if c j is within the K-hop neighborhood of ci. The next three
elements fi,|C|, fi,|C|+1, and fi,|C|+2 represent the selection availability of WS, CS, and NS
states respectively. An element fi, j ∈ F is set to 1 if the jth selection option is available for ci

by the aforementioned conditions, or is set to 0 otherwise. The F table for the scenario of
Fig. 5.2 is given in TABLE 5.2.

Table 5.2 Selection availability matrix F for Fig. 5.2 scenario

DS WS CS NS
c0 c1 c2 c3 c4

c0 0 1 0 0 0 1 1 1
c1 1 0 0 0 0 0 1 1
c2 0 0 0 0 0 0 1 1
c3 0 0 0 0 1 0 1 1
c4 0 0 0 1 0 0 1 1

At any given time instance, vehicles may have multiple selection options available. So,
the task is to choose network access technology for all vehicles such that the total utility
of the CDN provider is maximized. A binary decision matrix D of size |C|× (|C|+ 3) is
defined to represent the network selection decisions of all client vehicles. The row and
column representation of D is the same as F. However, an element di, j ∈D is set to 1 only if
the jth option is selected for ci. The problem of network access technology selection can be
formulated as an ILPP as given below.
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Maximize
|C|−1

∑
i=0

|C|+2

∑
j=0

(u j×di, j), di, j ∈D,u j ∈ U (5.2)

Subject to the constraints:

1. ∀i, ∑
|C|+2
j=0 fi, j×di, j ≤ 1, fi, j ∈ F

2. ∀i, ∀{ j|0≤ j ≤ (|C|−1)}, di, j +∑
|C|−1
k=0 d j,k ≤ 1

3. ∀i, di,i = 0

4. ∀i, j di, j ∈ {0,1}

The objective function defined in equation (5.2) is to maximize the total utility of the
CDN provider by adding up individual vehicle utilities of network selection. Constrain 1
ensures that a vehicle selects at most one network option at a time, and the selection must be
subject to availability. Constrain 2 prevents the streaming dependency loop among vehicles
when DSRC is used. If a client vehicle ci selects c j as the streaming source, c j should not
select another client vehicle as its streaming source, and must select either Wifi or cellular
network to avail streaming data. Constrain 3 prevents a client vehicle from choosing itself as
its own streaming source. Constraint 4 ensures that all decision variables are binary. The
decision matrix D for the scenario of Fig. 5.2 is given in TABLE 5.3.

Table 5.3 Decision matrix D for Fig. 5.2 scenario

DS WS CS NS
c0 c1 c2 c3 c4

c0 0 0 0 0 0 1 0 0
c1 1 0 0 0 0 0 0 0
c2 0 0 0 0 0 0 1 0
c3 0 0 0 0 0 0 1 0
c4 0 0 0 1 0 0 0 0

The formulated problem is a special case of ILPP, where all decision variables are binary.
The number of decision variables of the formulated problem is |C|× (|C|+3) = |C|2 +3|C|.
As ILPP is known to be NP-hard, the large number of decision variables rules out the
possibility of an exact solution. Additionally, due to dynamic vehicular connectivity, the
availability matrix F keeps changing over time. Consequently, the decision matrix D also
needs to be frequently re-calculated based on current F. Even with a greedy or heuristic
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approach, any centralized solution may incur significant computational overhead due to the
requirement of time-bound computation for delay-sensitive applications. Therefore, this
work proposes a lightweight distributed solution described in the next section.

Fig. 5.3 Protocol timeline

5.4 Proposed protocol

This work proposes a distributed algorithm for the heterogeneous network selection problem
to greedily maximize the service utility for CDN providers. Due to the dynamic topology,
a selected network option for a client vehicle may become stale/unavailable over time,
disrupting the streaming service. For example, if two vehicles are moving with 100 km/hr
velocity in opposite directions (relative velocity 200 km/hr), the relative movement between
them in 1 s is approximately 55 meters. Considering the DSRC communication radius and
Wifi radius as 100 m, this movement may disrupt connectivity. On the contrary, if two
vehicles move in the same direction with 100 Kms/hr and 120 km/hr, respectively (relative
velocity 20 km/hr), the relative movement in 1 s is only 5.5 meters, and the connectivity of
the two vehicles can be considered static within 1 sec. Accordingly, the proposed solution
allows V2V collaboration between two vehicles only if their relative velocity is below a
chosen threshold ϑ , and selects the playback interval duration Π small enough such that the
network connectivity remains static within Π.

The playback interval Π is further divided in control (CNTRL) phase of Πc duration
and data (DATA) phase of Πd duration such that Π = Πc +Πd , where Πc << Πd . In the
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Fig. 5.4 Protocol Flowchart

CNTRL phase, vehicles distributively select network interfaces, and in the DATA phase, a
vehicle receives video data through the selected network. Once a vehicle joins the client
group to avail of a streaming service, it receives the timing information of the CNTRL and
DATA phase from the CDN server. CDN server keeps track of the number of client vehicles
availing of the service. The network selection task in the CNTRL phase can be either a
fresh network selection (NWSEL) or network selection maintenance (NSMNTN), which are
described subsequently in Section 5.4.1 and Section 5.4.2 respectively. NWSEL makes an
optimum network selection that maximizes the utility of the CDN provider. However, the
optimum result comes at the cost of significant control message overhead. In a highly dense
vehicular topology, this control message overhead may congest the shared DSRC medium. If
Π and ϑ are chosen sufficiently small, the network topology change is not significant after
one playback interval. In that case, making a fresh optimum network selection is redundant.
To reduce the control message overhead, NSMNTN is run in the CNTRL phases of the few
subsequent playback intervals to take care of the minor connectivity changes. NSMNTN is
an algorithm with significantly less control overhead compared to NWSEL. The NSMNTN
greedily tries to select a network only if the current selection has become stale/unavailable or
a better network option is available. However, after a few playback intervals, as the network
connectivity changes significantly, the NSMNTN makes inefficient network selection, which
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can be mitigated in the following way. At the end of each CNTRL phase, the vehicles in the
CS state inform the CDN server about their state. The CDN server keeps track of the number
of CS vehicles in NWSEL and subsequent NSMNTN runs. In case the number of CS vehicles
in a NSMNTN run increases more than a certain ratio τ compared to the number of CS
vehicles given by the last NWSEL run, the CDN server instructs all the client vehicles to run
NWSEL to compute a fresh optimal network selection. The interval between two successive
NWSEL tasks is termed an EPOCH in this work. Fig. 5.3 depicts the timeline of the proposed
solution. The EPOCH duration te is r×Π where r is selected dynamically depending on the
performance of NSMNTN. The flowchart of the proposed solution is illustrated in Fig. 5.4.

In the DATA phase, the vehicles with WS or CS state receive one segment of live
video streaming data from the Internet using Wifi or cellular network respectively. Vehicles
with DSck state receive data from the ck through multi-hop V2V collaboration. However,
the vehicles which are not interested in a streaming service do not run client applications
in them and act as ordinary router nodes. Consequently, the client vehicles may have
ordinary router vehicles as intermediate hops in the multi-hop path connectivities among
themselves. Accordingly, V2V collaborations must happen in the network layer through
multicast techniques. This work ignores the presence of selfish and malicious nodes and
assumes that all vehicles cooperate in routing and forwarding packets. In the existing
MANET multicast protocols, all member nodes get associated with all the multicast source
nodes. However, for live video streaming, the content is identical for all multicast sources,
making it sufficient for a member node to get associated with any one of the multicast source
nodes. Consequently, a multicast node needs to select a suitable source node. In existing
multicast protocols, there is no provision for source selection. Moreover, they are not suitable
for delay-constrained delivery in highly dynamic networks. This work uses the DSS-CAST
multicast protocol proposed in the thesis Contribution 2 [ Chapter 4]. Vehicles form groups
by getting associated with the respective source vehicle ck as multicast root.

5.4.1 Network selection (NWSEL)

For the network selection task, a modified version of the protocol proposed in Contribution
2 of this thesis is used. In the CNTRL phase, client vehicles distributively select suitable
network options, and in the DATA phase, a video segment is fetched through the selected
network. Let the observed DSRC data rate is ϒD, and the video data rate δ . As shown in
Section 4.1.2, to distribute all the required data packets within the time constraint of the
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Algorithm 4 NWSEL algorithm (runs in individual client vehicle)

Input: max hop count K
Output: network selection state ∇i of the vehicle

1: ∇i← NS
2: bool CNDT← FALSE
3: if F(WS) == TRUE then
4: ∇i←WS
5: end if
6: Multicast ∇i to client vehicles within K-hop neighborhood
7: if receive message from a neighbor ck with ∇k ==WS then
8: ∇i← DSck
9: end if

10: if receive message from a neighbor cm with ∇m == NS then
11: CNDT← TRUE
12: end if
13: while ∇i == NS || (∇i == DSck && CNDT == TRUE) do
14: Multicast ∇i to client vehicles within K-hop neighborhood
15: if no message from K-hop neighborhood with ∇k == NS then
16: CNDT← FALSE
17: end if
18: φi← 0
19: Calculate φi as the K-hop neighbor count with ∇ == NS
20: ++φi // as it can be streaming source of itself
21: Multicast φi to client vehicles within 2K-hop neighborhood
22: if φi is the highest among all the φ from 2K-hop neighbors then
23: ∇i← CS
24: end if
25: Multicast ∇i to client vehicles within K-hop neighborhood
26: if receive message from neighbor ck with ∇k ==CS then
27: ∇i← DSck
28: end if
29: end while

duration of the DATA phase, client vehicles can do maximum K hops V2V collaboration
where K is bounded by the following equation.

K = ⌊(Π−Πc)

Π
× ϒD

δ
⌋ (5.3)

Vehicle connectivities are dynamic due to the high velocities of vehicles. However, if the
relative velocity between two vehicles is small, the link between two vehicles remains stable
for some duration. A suitable relative velocity threshold ϑ is chosen accordingly such that
only the vehicles with relative velocity among them lower than the threshold ϑ are allowed
for multi-hop V2V collaborations among themselves.
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The NWSEL task is performed by each vehicle distributively as given in Algorithm 4.
A client vehicle ci checks if it is within Wifi coverage currently. If yes, it sets its network
selection state ∇i to WS, and otherwise to NS. All client vehicles send their network selection
state ∇i to their respective K-hop neighbors. If a client vehicle ci receives a message with
∇k = WS from ck, it sets its own ∇i to DSck as it can avail streaming data from ck through
DSRC. It also sets a flag named CNDT as TRUE if it receives messages from one or more
client vehicles with ∇ = NS. CNDT flag denotes that a client vehicle is a candidate to select
CS state to provide streaming data to K-hop neighborhood client vehicles of NS state. The
next few steps are run in iterations. Client vehicles with ∇ = NS or ∇ = DSck with CNDT as
TRUE exchange ∇ within K-hop neighborhood. A client vehicle calculates its fitness score
φi, which is denoted by the number of client vehicles within its K-hop neighborhood with ∇ =
NS. If a client vehicle finds no neighbor within K-hop with ∇ = NS, it sets CNDT as FALSE.
Client vehicles share their calculated φ to their respective 2K-hop neighborhood. Receiving
all the φ from 2K-hop neighborhood, a client vehicle ci sets ∇i to CS if its own φi is highest
among the received all φ , and declares ∇i to its K-hop neighborhood. Receiving a message
with ∇k = CS from ck, a client vehicle ci sets its state ∇i = DSck . With the aforementioned
steps, one NWSEL iteration ends, and only the remaining client vehicles with ∇ = NS, or ∇

= DSck with flag CNDT = TRUE, participates in the next iteration. Iterations end when no
client vehicle is in state ∇ = NS. At the end of the NWSEL algorithm, client vehicles with
CS state report their state to the CDN server.

5.4.2 Network selection maintenance (NSMNTN)

Among the four states of a vehicle, the NS state is the only unstable state, as vehicles can
not receive streaming data in that state, and therefore try to come out of this state. The
other three states, DSck , WS, and CS, are stable states. The set of all client vehicle states
∇S = {∇0,∇1, ...,∇|C−1|} denotes the state of the entire system. Accordingly, the system has
4|C| states, out of which 3|C| states are stable and 4|C|−3|C| states are unstable. The utility
of the system state U(∇S) is defined as ∑

|C|−1
i=0 U(∇i). The system becomes unstable when

one or more vehicles go to the NS state. System instability may occur due to the mobility of
vehicles. The initial state of the system ∇S

ini for the current run of the NSMNTN algorithm
depends on the outcome of the last run of the NSMNTN algorithm, and one or more events
occurred during the data phase of the last playback interval. All possible events are enlisted
below.

• Event1: Vehicles moving outside of a Wifi zone.
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(a)

(b)

Fig. 5.5 Vehicle state transitions and system instability because of Event1 experienced by
C2

• Event2: Vehicles moving inside of a Wifi zone.

• Event3: Breakage of one or more V2V multi-hop path connectivity due to vehicle
mobility.

• Event4: Meeting of two or more streaming source vehicles within K-hop distance.

The NSMNTM algorithm (refer Algorithm 5) is run in individual client vehicles in
rounds, where the first 3 rounds are mandatory. The algorithm terminates in a client vehicle
when the vehicle is not in NS state after 3rd round. Each round comprises one computation
round (lines 3-38) and one communication round (line 39). In the computation round, a client
vehicle selects a network option based on current availability. In the communication round, a
client vehicle makes its K-hop neighborhood aware of its current network section decision.
Once the states of the K-hop neighborhood are known, if a vehicle finds a network option
with more utility compared to its currently selected network, it switches to that network.
However, the changed network selection state of a vehicle may affect other client vehicles’
network selection decisions. All possible state transitions for each of the aforementioned
events are described below.

• Transitions for Event1: If a client vehicle ci experiences Event1, it goes to NS state
(lines 12,13) in the 1st round. As a result, all the client vehicles that selected ci as their

TH-3187_186101002



106 Distributed V2I network selection to maximize cellular traffic offloading

(a)

(b)

(c)

Fig. 5.6 Vehicle state transitions and system instability because of Event2 experienced by
C0
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(a)

(b)

Fig. 5.7 Vehicle state transitions and system instability because of Event3 experienced by
C4

streaming source also go to NS state (lines 18,19) in the 2nd round. The situation is
shown in Fig. 5.5.

• Transitions for Event2: If a client vehicle ci experiences Event2, it switches to WS
state (lines 10,11) to maximize its utility in the 1st round. If the initial state of the ci is
NS or CS, no other client vehicles are affected. Let us assume the client vehicle’s initial
state is DSck , and its streaming source is ck with state CS. As ci switches to WS, ck
switches state from CS to DSci (lines 15,16) selecting ci as streaming source to increase
its utility in the 2nd round. However, the state transition of ck affects all the client
vehicles with DSck state, which earlier selected ck as their streaming source, forcing
them to move to NS state (lines 18,19) in the 3rd round. The scenario is demonstrated
in Fig. 5.6.

• Transitions for Event3: If a client vehicle ci experiences Event3, it switches to NS
state (lines 18,19) in the 1st round. Fig. 5.7 is an example of the situation.

• Transitions for Event4: If two streaming source vehicles ci and ck with CS state come
within their K-hop neighborhood, one of them, lets say ci switches state from CS to
DSck (lines 15,16) selecting ck as its streaming source in the 1st round. As a result, all
vehicles which earlier selected ci as the streaming source are forced to move to NS
state (lines 18,19) in the 2nd round. An example scenario is shown in Fig. 5.8.
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Algorithm 5 NSMNTN (runs in client vehicle ci ∈C )

Input: current state ∇i, K-hop client vehicle neighbor list ci
nbr ∈ C, neighbor state list ∇i

nbr ⊆
{∇0,∇1, ...∇|C|−1}, neighbor priority list Pi

nbr ⊆ {P0,P1, ...P|C|−1}, network availability function F(),
Output: selected network state ∇i

1: itr← 0
2: while itr ≤ 3 || ∇i == NS do
3: ++ itr
4: Pi← 0
5: for all ∇i ∈ ∇i

nbr do
6: if ∇i == NS then
7: ++ Pi
8: end if
9: end for

10: if ∇i ̸= WS && F(WS) == TRUE then
11: ∇i←WS
12: else if ∇i == WS && F(WS) == FALSE then
13: ∇i← NS
14: else if ∇i == CS then
15: if ∃ ck ∈ ci

nbr,∇k ∈ ∇i
nbr : (∇k == WS || (∇k == CS && Pi < Pk)) then

16: ∇i← DSck
17: end if
18: else if ∇i == DSc j && F(DSc j ) == FALSE then
19: ∇i← NS
20: else if itr ≥ 3 && ∇i == NS then
21: if ∃ ck ∈ ci

nbr,∇k ∈ ∇i
nbr : (∇k == WS || ∇k == CS) then

22: ∇i← DSck
23: else
24: bool h← TRUE
25: for all P j ∈ Pi

nbr do
26: if Pi < P j then
27: h← FALSE
28: break;
29: else if (Pi == P j) && i < j then
30: h← FALSE
31: break;
32: end if
33: end for
34: if h == TRUE then
35: ∇i← CS
36: end if
37: end if
38: end if
39: Multicast ∇i and Pi to client vehicles within K-hop neighborhood
40: end while
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(a)

(b)

Fig. 5.8 Vehicle state transitions and system instability because of Event4 experienced by
C2

As the small duration of a playback interval results in small displacements of vehicles
during a playback interval, we assume that the events are consistent. For example, once
a vehicle moves inside (outside) of a Wifi zone at the beginning of a playback interval, it
remains inside (outside) of that Wifi zone during that interval. Similarly, if a multi-hop
path is found working (broken) at the beginning of a playback interval, it continues to work
(remains broken) for the rest of that playback interval. It is also assumed that a vehicle has
at least one of the three network options available at any given time. Based on the above
assumptions, the following two lemmas can be proved.

Lemma 1: Starting from any one of the possible 4|C| initial states, the NSMNTM algo-
rithm puts the system to one of the 3|C| stable states within finite ε number of rounds where
3 < ε ≤ |C|.
Proof: From the shown state transitions of Event1, Event2, Event3, and Event4, it is clear
that a client vehicle can move to NS state in 1st , 2nd , or 3rd round of the NSMNTM algorithm.
After the 3rd round, no client vehicle goes to NS state. As the events are consistent for one
playback interval, the conditions of lines 10 and 12 never become true after 1st round. The
condition of line 15 never becomes true after 2nd round, and the condition of line 18 never
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becomes true after 3rd round. Consequently, after the 3rd round, only lines 21-38 of the
computation round are executed till the client vehicle moves out of the NS state. From 4th

round onwards, at least one client vehicle moves from NS state to either CS state in line 35
or DSck state in line 22. Once a vehicle moves to a stable state, it never moves to the unstable
NS state in the algorithm as the events are consistent. Consequently, within |C| rounds, all
client vehicles are bound to move to a stable state, putting the entire system into a stable state.
Therefore, the required number of iterations ε is finite, and 3 < ε ≤ |C|. However, in dense
vehicle scenarios, once a vehicle ck moves to CS state in a round, all of its K-hop neighbors
move to DSck in the next round. As a result, the upper bound of ε is much lower in practical
scenarios. Moreover, vehicular topology is mostly fragmented in disjoint clusters, with 90%
clusters having a very less number of vehicles [19], which brings down the upper limit of ε

significantly. □

Lemma 2: If the system is in one of the 3|C| stable states, it remains in the stable state if no
external event occurs.
Proof: The system goes to an unstable state only if one or more client vehicles move to
unstable states. It is shown that a client vehicle can go to an unstable state only by external
events Event1, Event2, Event3, or Event4. In the absence of any of these external events,
the conditions of lines 10, 12, 15, and 18 do not satisfy and prevent a client vehicle from
switching to an unstable state. As a result, the system continues to be in a stable state. □

5.5 Protocol analysis

The offloading performance, computation complexity, and control packet overhead of the
proposed solution are analyzed in this section.

5.5.1 Offloading performance

The proposed solution runs either NWSEL or NSMNTM algorithm in the CNTRL phase
of each playback interval. The offloading performance of NWSEL is optimum (with an
approximation ratio), and the analysis can be found in [134]. On the other hand, the
NSMNTM algorithm greedily maximizes system utility, implying greedily maximized
cellular traffic offloading. In each computation round, based on network availability, a client
vehicle always greedily selects a stable network state ∇i with the highest utility. After round
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three, once a ∇′i of utility U(∇i
′) is selected by ci, it never selects a ∇i

′′ with utility U(∇i
′′) in

the future rounds such that U(∇i
′)< U(∇i

′′). As the system utility U(∇S) = ∑
|C|−1
i=0 U(∇i),

NSMNTM algorithm greedily maximizes system utility U(∇S).

5.5.2 Computation complexity

Being a distributed algorithm, the proposed solution is run in individual client vehicles.
The number of computational steps of NWSEL and NSMNTN algorithms depends on the
neighbor counts of individual client vehicles. Accordingly, the computational complexity
of the proposed solution running in client vehicle ck is O(Nbr(ck)) where Nbr(ck) ∈ C
is the neighbor set of ck. On the contrary, a centralized approximation solution has the
computational complexity of O(|C|3) as shown in Section 3.3.2 of Chapter 3.

5.5.3 Control overhead

NSMNTN algorithm is lightweight regarding control packet overhead compared to the
NWSEL. There are three communication rounds in each NWSEL iteration (lines 13 to 29
of Algorithm 4). In the first and third communications rounds, messages are forwarded
up to K hops, while in the second round, messages are forwarded up to 2K hops. On
the other hand, each NSMNTN iteration has only one communication round where the
messages are forwarded up to K hops. Let vehicle density is λ per km2. Let the radius of
DSRC communication is Φdsrc meters which gives the K hop and 2K hop communication
areas AK and A2K as 3.141× (K×Φdsrc

1000 )2 km2 and 3.141× (2K×Φdsrc
1000 )2 km2 respectively.

Accordingly, we get the number of vehicles present within Ak and A2K as (λ ×AK) and
(λ ×A2K) respectively. If the ratio of client vehicles and ordinary vehicles is x : y, then the
average number of K-hop neighbor client vehicles NK of a client vehicle can be calculated
as (λ ×AK× x

x+y). Similarly, the average number of 2K-hop neighbor client vehicles N2K

is calculated as (λ ×A2K× x
x+y). Clearly, N2K = 4×NK . For simplicity, all message sizes

of NWSEL and NSMNTN are assumed to be the same as ϕ bits. In a NWSEL iteration,
a client vehicle generates 3 messages. Two of them are forwarded by NK client vehicles,
and the remaining one is forwarded by N2K client vehicles. As a result, the total number of
bits Bnwsel transmitted for the control messages generated by one client vehicle is given by
((2×NK×ϕ)+(N2K×ϕ)). Substituting value of N2K with NK gives Bnwsel = 6×NK×ϕ .
On the other hand, in a NSMNTN iteration, a client vehicle generates one control message,
which is forwarded by NK client vehicles. Accordingly, the total number of bits Bnsmntn
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transmitted for the control messages generated by one client vehicle is given by NK ×ϕ .
Clearly, Bnwsel = 6×Bnsmntn. In other words, one NWSEL iteration imposes six times more
control packet overhead compared to one NSMNTN iteration. However, it is mentionable
that in practical scenarios, the number of participating vehicles is reduced after each iteration
as few vehicles move out from the unstable NS state to any of the stable states. As a result, a
lesser number of messages are forwarded, reducing the control traffic volume significantly.
Let us assume for both NWSEL and NSMNTN, the average number of iterations is the
same as I. As shown in Fig. 5.4, the first playback interval of an EPOCH runs the NWSEL
algorithm. If an EPOCH contains γ playback intervals, the efficiency E of the proposed
solution can be formulated as below.

E=
γ×Bnwsel× I

(Bnwsel +(γ−1)×Bnsmntn)× I
(5.4)

Substituting value of Bnwsel with Bnsmntn in the above equation we get

E=
6γ

5+ γ
(5.5)

In the worst case, E becomes 1.71 when γ is 2, and in the best case, E→ 6 for large
values of γ .

5.6 Performance Evaluation

This section is organized into three parts. The simulation environment parameters are
described in Section 5.6.1. Section 5.6.2 defines the performance metrics. Section 5.6.3
discusses the simulation results based on the defined metrics.

5.6.1 Simulation environment and parameters

The performance of the proposed solution is evaluated on a two-dimensional urban scenario
with IDM-IM [18] vehicle mobility pattern. A road topology (refer Fig. 5.9) of 2 × 3 = 6
Km2 of Bucks County, Pennsylvania, 19056, United States is received using OpenStreetMap
tool [135]. The vehicle mobility traces on the given road topology are generated using the
SUMO tool [120]. Simulation tool NS3 (version 3.36.1) [110] is used to implement the
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Fig. 5.9 Urban irregular road topology of Bucks County, Pennsylvania, 19056, United
States (40.1521, -74.9297, 40.1821,-74.8655)

protocol. The SUMO-generated vehicle mobility traces are imported in the NS3. Wifi access
points are added in major traffic junctions with a total coverage area of less than 10% off
the total area of the scenario. TABLE 5.4 enlists the simulation parameters used in the
experiments. As given in [121], in the Indian road conditions, the average velocity difference
among same-direction vehicles in a free-speed model is within 50 km/hr. Accordingly, ϑ

is varied from 8m/s (29 km/hr) to 15 m/s (54 km/hr) so that all possible same-lane V2V
collaborations can be included. With ϑ 15 m/sec, in 3 secs, the relative movement between
two vehicles is 45 meters which is almost half of the DSRC transmission range of 100 meters.
Therefore, the upper value of Π is set to 3 secs for the experiments. If Π is set too small
(less than 1 sec), the control phase overhead becomes considerable compared to the data
phase, and the video segment size needs to be very small. Considering the above facts,
simulation experiments are performed with epoch duration tepoch of 1, 2, and 3 secs. For
experimentation, the value of K is set as 5. Depending on the various CNTRL message sizes,
DSRC data rate, and K, the CNTRL phase duration is calculated as shown in Section 4.1.6 of
Chapter 4. H.264 videos are organized into a number of NALUs (refer Section 2.2.2) which
can be transmitted independently. In this experimentation, the trace and the offset trace of
the video "Silence of the Lambs" are used [4]. The trace file gives the sequences of NALUs,
their corresponding sizes, and the corresponding PSNR values for the video sequence. In
case the nth frame is not received correctly at the receiver and is replaced by the last (n− i)th

correctly received frame, the offset trace gives the PSNRn
i value. The ratio of client nodes

and ordinary nodes is kept at 1:3 in all experiments.
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Table 5.4 Simulation parameters

Parameter Description Value
AOI Area of interest 6 km2

λ Vehicle density 50-150 vehicles/km2

ϑ Relative velocity threshold 8 m/s-15 m/s
Φdsrc DSRC communication radius 100 m
Φwi f i Wifi communication radius 100 m
ϒlte LTE download speed 25 Mbps
ϒdsrc DSRC data rate 24 Mbps
ϒwi f i Wifi data rate 24 Mbps
Π Playback duration 1s -3 s
K Max DSRC hop collaboration 5
Ts Simulation Duration 50 s

5.6.2 Performance metrics

The proposed solution is assessed based on traffic offloading performance, protocol efficiency,
user satisfaction, and overall service effectiveness. User satisfaction for video services over IP
networks can be assessed by subjective or objective parameters [115]. Subjective parameters
like MOS are based on individual human perceptions, whereas objective parameters like
PSNR, startup latency, and buffering ratio [116] can be easily quantified and controlled.
As mentioned in Section 5.2, the startup latency is fixed as Π. Packet delay and jitters are
consumed by the playback buffer. Packets delayed more than the DATA phase is considered
lost and is included in plr metric. Accordingly, the following performance metrics are
defined to evaluate the proposed solution.

• Offloaded cellular traffic ratio (octr): The metric octr represents the ratio of offloaded
cellular traffic with respect to the total traffic demand. As the volume of demanded
traffic is the same for all client vehicles, octr is calculated as the ratio of client vehicles
that are not receiving data through the cellular network with respect to the total number
of client vehicles. Let C represent the set of client vehicles, and Co represent the set of
client vehicles that are receiving offloaded traffic through either Wifi or DSRC. Then
the octr metric for one playback interval is given by the following equation.

octr =
|Co|
|C|
×100 (5.6)

The average value of octr is taken for all playback duration.

• Control packet overhead (cpo): This metric is used to measure the solution’s effi-
ciency in reducing control packet overhead. The metric cpo denotes the cost, as well
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as the ratio of control traffic volume (ΓC) with respect to data traffic volume (ΓD)
during one playback interval Π. For distributed protocols, control traffic includes all
the control messages transmitted for network selection, streaming source selection,
and multicast tree formation. For centralized protocols, control traffic includes the
beacon messages, and the accumulated neighbor information sent by all vehicles to
the central server. If the control packets are transmitted in the DSRC medium, no cost
is associated, whereas control packets sent to the server using cellular networks incur
a cost. To compensate the cost, the volume ratio is multiplied with a penalty weight
Wcpo > 1 to get the control packet overhead cpo.

cpo =

{
(ΓC)
(ΓD)

, if DSRC network is used

Min( (ΓC)
(ΓD)
×Wcpo,1), if cellular network is used

(5.7)

Wcpo can be the incentive lost by the CDN provider for not being able to offload the
control traffic from the cellular network.

• Packet loss ratio (plr): The metric evaluates the efficiency of network selection and
V2V collaboration. The metric plr is measured as the ratio of received data packets
with respect to the total number of expected data packets in a playback interval. If
the total data packet count is N for a playback interval, the set of client vehicles is C,
client vehicle ci receives Nci data packets, then the plr of nth playback interval (plrn)
is calculated as given below.

plrn =
∑
|C|
i=1(

Nci
N )×100
|C|

(5.8)

The plr is calculated as the average value for all playback intervals.

• Buffer underflow ratio (bur): This metric helps assess users’ satisfaction. If a
client vehicle selects a stale/unavailable network option or the multi-hop path delay
exceeds the delay threshold, it fails to receive sufficient packets during that playback
interval to playback the video in the following playback interval. As a result, the
vehicle experiences the buffer underflow condition. The metric bur is calculated as
the percentage of time a client vehicle faces the buffer underflow condition in the
entire streaming duration. The average of bur is taken for all vehicles. If the client
vehicle count is |C|, the number of playback intervals for which buffer underflow event
experienced by ith client vehicle is ξi, and the total number of playback intervals is ξ ,
the metric bur is defined as follows.

bur =
∑
|C|
i=1{(ξi/ξ )×100}

|C|
(5.9)

• Peak signal to noise ratio (PSNR): The well-known metric PSNR [111] is used to
quantify users’ satisfaction. Due to the lossy nature of the wireless DSRC network,
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few packets are lost during the multi-hop distribution of the video data. In case a video
frame is lost, the proposed solution uses the commonly used error consoling technique
to replace the lost frame with the last correctly received frame. PSNR metric is used to
capture the distortion caused by this error conceal technique. An average is taken for
all client vehicles for all playback intervals.

• Streaming service effectiveness (sse): This metric is defined to assess the overall
service effectiveness in terms of traffic offloading (TO), protocol efficiency (PE), and
user satisfaction (US). The metric sse is defined as the weighted sum of each of the
assessment components. Though the weights are equally distributed by default, a CDN
provider can vary the weights based on its emphasis on the components. The metric
sse is calculated as follows.

sse = (0.33×TO) + (0.33×PE) + (0.33×US) (5.10)

Where,

TO =
octr
100

(5.11)

PE = (0.5× (1− cpo)) + (0.5× (1− plr
100

) (5.12)

To quantify US, the QoE model provided in equation (5) of the work [117] is used.
PSNR
100 is used as the video quality function. The metric bur

100 is used as re-buffer time
with the weight set as 1 because bur can be assumed as the time ratio with 0 PSNR
value. The proposed solution does not provide adaptive-rate service, so the weight for
the bit-rate variation is kept as 0. The startup latency is fixed as Π, so the weight is set
as 0. The resulting equation for US becomes as follows.

US =
psnr
100
− bur

100
(5.13)

As the values of the components TO, PE, and US range from 0 to 1, and the summation
of all component weights equals to 1, the value of sse also ranges from 0 to 1.

5.6.3 Simulation results

This section is organized into two parts. In the first part, the sensitivity of the defined metrics
is analyzed with respect to time and relative velocity threshold. In the second part, the
competitive performance of the proposed solution is presented.
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Fig. 5.10 Sensitivity of octr metric w.r.t ϑ

Fig. 5.11 Sensitivity of cpo metric w.r.t ϑ
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Fig. 5.12 Sensitivity of plr metric w.r.t ϑ

The network topology of an IoCV is dynamic due to relative movements among vehicles.
The relative movements among vehicles depend on relative velocities and time. Accordingly,
the sensitivity of performance metrics is measured with respect to different values of relative
velocity threshold ϑ and the playback interval duration Π. In these experiments, vehicle
density λ is kept fixed at 100 vehicles per km2. The legends Π1, Π2 and Π3 of Fig. 5.10 -
Fig. 5.14 denote the performances of playback interval of 1, 2, and 3 s respectively.

Fig. 5.10 shows that the metric octr does not depend on the playback interval Π as
NWSEL and NSMNTN algorithms only depend on the current vehicular topology at the
beginning of a playback interval. However, octr gets improved with the higher values of
relative velocity threshold ϑ because higher ϑ allows more vehicles to collaborate together,
resulting in a reduced number of vehicles with CS state.

The relation of the metric cpo with varying Π and ϑ is shown in Fig. 5.11. A message
generated by a client vehicle in NWSEL or NSMNTN algorithm is forwarded by neighbor
client vehicles within K or 2K hops. As ϑ increases, more client vehicles are present within
K or 2K hops resulting in more message forwarding and increased cpo. The NWSEL or
NSMNTN algorithm is run in the CNTRL phase at the beginning of a playback interval. As
a result, an increment in Π increases the interval between two successive CNTRL phases,
which reduces the per-second control packet overhead.

TH-3187_186101002



5.6 Performance Evaluation 119

Fig. 5.13 Sensitivity of bur metric w.r.t ϑ

Fig. 5.14 Sensitivity of PSNR metric w.r.t ϑ
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Fig. 5.12 illustrates the high sensitivity of plr metric with respect to both the playback
duration Π and relative velocity threshold ϑ . As Π and ϑ increase, the relative displacements
(upper bounded by Π×ϑ ) among vehicles within the DATA phase of a playback interval
also get increased, resulting in significant topology changes. As a result, a source vehicle
may move out from a Wifi zone, or a multi-hop path between a source vehicle and a client
vehicle may get broken. In the above cases, few client vehicles may not receive the data
packets in the DATA phase, decreasing the performance of plr metric.

Fig. 5.13 and Fig. 5.14 show the sensitivity of metrics bur and PSNR with respect to Π

and ϑ . It is observed that these two metrics are directly related to the performance of the plr
metric. As Π and ϑ increase, more packets get lost due to the change in network topology.
With large playback duration, a source vehicle with WS state may move out of a Wifi zone
within the DATA phase, causing disruption of data packets of all its dependent client vehicles.
Moreover, a multi-hop path may get broken due to high relative velocities among vehicles
resulting in data disruption for client vehicles with DSck state. As a result, performances of
both bur and PSNR get decreased with Π and PSNR.

It is observed that there is a trade-off between CDN’s business profitability (octr) versus
service efficiency (plr, cpo) and user satisfaction (bur, PSNR) objectives while choosing
a suitable Π and ϑ . Higher ϑ increases the performance of octr, whereas it decreases the
performances of plr, cpo, bur, and PSNR. On the other hand, though octr is not sensitive
with respect to Π, the performance of cpo conflicts with the performances of plr, bur, and
PSNR. The proposed solution keeps Π as 2 s and ϑ as 12 m/s to achieve a good balance
among the conflicting metrics performances.

In the second part of the performance evaluation, CLCH performance is compared with
existing solutions for heterogeneous network selection. CLCH cannot be compared with
solutions designed for on-demand videos as they use pre-fetching and caching options.
Accordingly, CLCH is compared with Contribution 1, Contribution 2, and with the work
[136], which is abbreviated as QVHC in this work for convenience. QVHC attempts to
maximize the usage of DSRC network for video streaming. Initially, all vehicles attempt
to use DSRC network. If a vehicle experiences the DSRC packet loss rate above a certain
threshold for a pre-determined time, it makes a vertical handover to LTE network. Once it
switches to the LTE network, it waits for a predefined amount of time before it assess the
DSRC network. In the assessment, if it is found that the DSRC packet loss rate has come
down below the threshold value, the vehicle immediately makes vertical handover to switch
back to the DSRC interface.
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Fig. 5.15 Performance of octr metric w.r.t λ

Fig. 5.16 Performance of cpo metric w.r.t λ
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Fig. 5.17 Performance of plr metric w.r.t λ

Contribution 1, Contribution 2, and QVHC provide higher layer solutions for heteroge-
neous network selection for video streaming with to offloading cellular traffic without using
pre-fetching or caching options. To compare the performance of CLCH with both centralized
and distributed solutions, Contribution 1 is chosen as the representative centralized solution,
whereas Contribution 2 and QVHC are chosen to represent distributed solutions. Required
changes are made in Contribution 1, Contribution 2, and QVHC to include the Wifi network
option. EPOCH is implemented in QVHC, and a multicast tree is formed to select source
vehicles at the beginning of each EPOCH. The competitive performances are measured with
respect to varying vehicle density λ . For all experiments, the value of Π and ϑ are kept as 2
s and 12 m/s, respectively.

Fig. 5.15 illustrates the effects of varying λ on octr metric where all the protocols
show a trend of improved octr with increased λ . As λ increases, more vehicles get covered
within Wifi range and K-hop coverage of source vehicles resulting in improved octr. Being a
centralized protocol, the thesis Contribution 1 outperforms others by optimum (approximated)
source vehicle selection with the knowledge of global vehicular topology. Though the thesis
Contribution 2 algorithm is a distributed version of Contribution 1, few control packets get
lost due to the lossy nature of the DSRC network, resulting in a deviation from optimality.
The proposed solution runs the NWSEL algorithm in the first playback interval of each
EPOCH which is a modified version of the thesis Contribution 2. However, in the subsequent
playback intervals of an EPOCH, the NSMNTN algorithm is run which is greedy in nature
resulting in sub-optimal source vehicle selections.
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Fig. 5.18 Performance of bur metric w.r.t λ

The performances of protocols on cpo metric with varying λ are shown in Fig. 5.16. As
explained in Section 5.5.3, the proposed solution uses the lightweight NSMNTN algorithm
as much as possible, which reduces control packet overhead compared to Contribution 2.
The calculations of message sizes are shown in Contribution 2. In Contribution 1, control
packets are transmitted in two phases during the CNTRL phase. In the first phase, one small
control packet is transmitted for a beacon message by a client vehicle in the DSRC network.
As beacon messages are exchanged only within one hop, no message forwarding takes place.
In the second phase, due to the centralized nature of the thesis Contribution 1, a client vehicle
accumulates all the received beacon messages, creates a neighbor list, and sends it as a large
control packet to a central server using the cellular network. As several vehicles connect
to the server simultaneously using a limited number of cellular channels, channel blocking
and dropping probability increases. Moreover, the central server may get overburdened to
handle numerous simultaneous flows from client vehicles. To include the costs of the second
phase control packet transmissions into the overhead metric, as discussed in the definition of
cpo, a penalty factor Wcpo = 5 is multiplied by the control traffic volume. As a result, the
thesis Contribution 1 imposed control packet overhead becomes significant compared to the
proposed solution. It is observed that cpo increases with vehicle density for all protocols as
the increased number of vehicles results in more control packet generation and forwarding.

The competitive performances of plr metric with varying λ are shown in Fig. 5.17. The
general trend is observed as decreasing performance of plr with increasing λ . The chances
of packet loss for source vehicles with CS state are very less as the vehicles communicate
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Fig. 5.19 Performance of PSNR metric w.r.t λ

Fig. 5.20 Performance of sse metric w.r.t λ
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using the dedicated cellular channels allocated to them. The chances of packet loss for
source vehicles of WS state using a Wifi network are also very less compared to the client
vehicles of DSck state using multi-hop DSRC communication. As vehicle density increases,
the chances of packet collision also increase due to the shared wireless medium of the DSRC
network. Though Contribution 1 performs well for highway scenarios (refer Chapter 3), its
performance is the worst in the considered irregular urban scenario. The proposed solution
selects more source vehicles with CS state, which reduces the average number of dependent
client vehicles (of DSck state) for each source vehicle. Consequently, the number of data
packet transmissions through the DSRC network is reduced, resulting in reduced packet loss
and improved plr performance.

Fig. 5.18 and Fig. 5.19 depict the competitive performances of the protocols on bur and
PSNR metrics. The performances of these two metrics are related to the performance of the
plr metric. As λ increases, plr performance decreases resulting in decreased performance of
bur and PSNR metrics. The proposed solution performs best among the three protocols as
it selects more source vehicles that reduce data packet communication through the DSRC
network.

The above experiment results demonstrate the pros and cons of the compared protocols.
Being a centralized protocol, Contribution 1 offers the best traffic offloading performance.
However, centralized algorithms are not scalable and impose a significant computational
burden on servers. Moreover, compared to other protocols, Contribution 1 lags in the service
efficiency and user satisfaction parameters. The thesis Contribution 2 is the distributed version
of the thesis Contribution 1, making it preferable compared to Contribution 1. However, the
control packet overhead imposed by Contribution 2 on the DSRC network is significantly
high. Therefore, to assess the overall streaming performances of the compared protocols, the
metric sse is used. The competitive performances of steaming service effectiveness sse are
shown in Fig. 5.20. It is observed that the service effectiveness degrades for all protocols as
vehicle density increases. The proposed solution outperforms others in sse implying that it is
able to achieve the best balance between service profitability and service efficiency, as well
as user satisfaction, making it the most attractive choice for CDN providers.

5.7 Summary

This work has proposed a novel distributed protocol for network access technology selection
for live video streaming services over IoCVs. The network selection problem is formulated
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as an ILPP, and accordingly, a distributed protocol has been proposed. The proposed solution
is designed to greedily maximize the cellular traffic offloading using Wifi access points and
DSRC V2V collaborations while ensuring the service constraints for live video streaming.
The proposed solution has significantly reduced the control packet overhead compared
to existing protocols. Unlike existing works, the proposed solution can provide network
selection solutions for scenarios where Wifi, DSRC, and cellular network access technologies
coexist. Simulation results show that the proposed solution protocol most effectively balances
the goal of traffic offloading, service efficiency, and user satisfaction. The proposed solution
is attractive for CDN providers to increase the profitability of live video streaming services
over IoCVs. However, to generate additional revenue, CDN providers may wish to offer
multi-tier video streaming service, which is discussed in the next chapter.
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Chapter 6

Distributed edge vehicle selection for
multi-tier live video streaming

The previous three chapters are dedicated to make live video streaming services cost-effective
over IoCVs for CDN providers. Along with reducing service costs, a CDN provider may
wish to generate additional revenues by offering multi-tier video streaming services to its
clients. A CDN provider offers its clients a set of subscription tiers where the CDN provider
agrees to provide a pre-defined maximum achievable bitrate for each tier, where higher-
tier clients pay more and are entitled to receive higher bitrate (quality) videos. However,
enhanced-quality video requires a few additional packets to be delivered to the higher-tier
vehicles. As a result, for delay-constrained live video streaming service, all the vehicles
receive and forward additional packets that are to be consumed by only a few of the client
vehicles belonging to higher tiers. The burden of on-time delivery of additional packets can
have adverse effects on the cost-effectiveness and the quality of the service. For example, let
there be only two tiers of service: tier1 and tier2. All vehicles need tier1 packets, whereas
only the tier2 vehicles need tier2 packets. Let the end-to-end multi-hop path (from an edge to
farthest hop vehicle) delay to deliver all tier1 packets be constrained by td . If a tier2 vehicle
is the farthest vehicle from an edge, all intermediate tier1 vehicles need to take the burden
of receiving and propagating additional tier2 packets to the farthest vehicle, though they
don’t require those packets. Moreover, the transmission time in each hop gets increased to
transmit additional packets for tier2. As a result, the end-to-end delivery delay may exceed
the delay constraint td . However, if the tier2 vehicle is nearer to the edge, these problems
can be avoided. Therefore, in addition to keep the number of edges minimum, we also need
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to keep higher-tier vehicles closer to the edges. With an increase in the number of tiers, the
problem becomes non-trivial, as shown in Section 6.2.2.

In the existing literature, though there are solutions for adaptive bitrate video streaming
services over IoCVs, no work is found for multi-tier streaming services. Multi-tier services
are different from adaptive bitrate services. In an adaptable bitrate service, all clients are
identical from the service provider’s perspective, and the bitrates are decided based on current
channel conditions and network congestion. In contrast, in the case of multi-tier services,
clients are not identical, and the bitrates are decided as per the agreements based on clients’
subscription tiers. Motivated by the above facts, this work proposes a cost-effective multi-tier
service for CDN providers to increase their profitability. The contribution highlights are
enlisted below.

• This work is the first of its kind to propose a cost-effective and additional revenue-
generating solution for CDN providers to offer a live video streaming service over
IoCVs where the service is constrained by multi-tier bitrate agreements.

• The edge vehicle selection problem with multi-tier bitrate constraints is formulated as
the MSC problem to select an optimum number of edge nodes. The problem is solved
as an adaptation of the existing distributed approximation algorithm of MSC.

The rest of the work is organized as follows. The existing works are discussed in Section
6.1. The proposed solution is described in Section 6.2. The performance of the proposed
solution is evaluated in Section 6.3, and the simulation results are presented. The work is
summarized in Section 6.4.

6.1 Related Work

The work [34] proposes a scheme for adaptive bitrate to maximize the total QoE of the
system. Guo et al. [35] proposed an adaptive bitrate scheme to maximize the time-averaged
network reward. Both of the works assumed homogeneous video quality requirements from
client vehicles, whereas, in the context of this work, client vehicles of different tiers have
heterogeneous video quality (bitrate) requirements. All the works mentioned above are for
on-demand videos and involve static infrastructure nodes as edges. However, as mentioned in
Section 1.5.3, using static edges is less cost-effective for CDN providers. Also, the solutions
for on-demand videos are not applicable to live streaming videos as the latter cannot be
cached due to the unavailability of the content beforehand.
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There are only a few works available on live video streaming over IoCV in the existing
literature. The work [28] heuristically solves the resource allocation problem for each
multicast relay vehicle for live video streaming. Few works have termed edge vehicles as
gateway vehicles. The work [21] has the objective of maximizing of quality of experience
(QoE) for real-time videos. No work is found for live video distribution using edge vehicles
which minimizes service cost while ensuring delivery delay and multi-tier bitrate constraints.

6.2 Proposed work

This section is divided into three parts. Section 6.2.1 describes the system model and
assumptions. The problem formulation for edge selection is given in Section 6.2.2. The
detailed methodology is described in Section 6.2.3.

6.2.1 System model

This work considers a heterogeneous vehicular network with multi-RAT-equipped vehicles
where the DSRC interface is used for V2V communication, and the cellular interface is
used for V2I communication. Though the presence of Wifi network is not considered in
this system model for simplicity, this work can easily be extended to accommodate Wifi
network as described in the previous chapter. A CDN provider wishes to provide a multi-tier
video streaming service to vehicles within an AOI and deploys a CDN server near AOI. An
example scenario is shown in Fig. 6.1. The distributed video is assumed to be of H.264 type,
where a base layer is needed to play a video with a minimum bitrate, and some enhancement
layers are needed to be added on top of the base layer for higher quality (bitrate) videos
(refer Section 2.2.1.2). Clients of a CDN provider belong to different subscription tiers where
higher tier clients pay more and are entitled to receive enhancement layers for better video
quality. Similar to Contribution 2 [Chapter 4], the proposed protocol divides the entire video
streaming duration into many epochs of duration te. An epoch is further divided into a control
phase (CNTRL) of duration tc and a data phase (DATA) of duration td such that tc + td = te.
In each epoch’s CNTRL phase, vehicles distributively select a few of them as edges. All other
client vehicles associate themselves with any one of the selected edges within its K-hop. The
edges are selected such that all of its associated client vehicles receive all the required video
data packets within the DATA phase satisfying individual clients’ subscription tier bitrate
agreements. The problem formulation and solution for edge vehicle selection are described
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Fig. 6.1 An example scenario with two service tiers with max four hop collaborations

in subsequent sections. In the DATA phase, each selected edge vehicle fetches video content
from the CDN replica server through the cellular interface and distributes the content to
its associated client vehicles through multi-hop V2V collaborations. Fresh edge selection
is made at the beginning of every epoch to mitigate the dynamic network connectivity of
VANET.

6.2.2 Problem formulation

Similar to the solution proposed in Contribution 2 [Chapter 4], this solution also restricts
multi-hop DSRC collaboration to a maximum of K hops. However, unlike Contribution 2,
this solution divides the DATA phase duration td into K distinct time slots (T1 to TK ) of td/K
duration each. Packets transmitted by an edge in T1 slot are received by a kth hop (1≤ k≤ K)
distant vehicle in time slot Tk. Let’s assume the minimum achievable DSRC data rate within
the AOI is ϒdsrc. The streaming video content is divided into segments where one segment
is distributed during one epoch. The layers of a segment are packetized before distribution.
Lets assume a CDN provider has M service tiers consisting the set Φ = {φ1,φ2, ....,φM} to
offer where the subscription cost for φi is greater than subscription cost for φ j whenever i > j.
Let’s assume there are total L layers available for a video where l1 represents the base layer
and lL denotes the highest enhancement layer. The highest quality video can be achieved by
adding all the layers from l1 to lL on top of one after another. For each service tier φi, the
CDN provider needs to decide on a suitable enhancement layer lφi where a φi tier vehicle
receives video layers from l1 up to maximum lφi with a maximum achievable video bitrate of
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Fig. 6.2 Enhancement layer insertion schedule for CEMV

ϒφi . Service tier bitrates are chosen such that the following two equations hold.

ϒφ1 ≤
ϒdsrc

K
· td

te
(6.1)

ϒφi+1 ≤ 2 ·ϒφi ∀φi,φi+1 ∈Φ. (6.2)

The equation (6.1) ensures that all the φ1 layer packets are transmitted within time slot
T1 of td/K duration. The equation (6.2) ensures that all the additional packets for an upper
tier can be transmitted within a single time slot. The situation is illustrated in Fig. 6.2.
To avoid packet collisions in a shared wireless medium, after transmitting tier φi packets,
an edge node must wait for at least 2 time slots before it can further pipeline φi+1 tier’s
enhancement layer packets. Therefore, an edge node transmits φ1 packets in T1, φ2 packets
in T4, and accordingly, φi packets in T1+3·(i−1). Consequently, the maximum possible service
tier number M is bounded by the following equation.

M = ⌊argmax
i

((1+3 · (i−1))≤ K)⌋ (6.3)

The packets for φi+1 transmitted in T1+3·(i−1) can propagate maximum K−3 · (i−1) hops
within the DATA phase duration td . Clearly, all φi type client vehicles need to be located
within K−3 · (i−1) hops from any one of the edge vehicles to receive all lφi layer packets
within td . Fig. 6.1 shows an example for K = 4 with M calculated as 2 (from equation (6.3))
where green vehicles represent φ2 clients and yellow vehicles represent φ1 clients. The CDN
provider wants to keep the number of edge vehicles as low as possible to maximize the
cost-effectiveness of the service. The task mentioned above can be formulated as the MSC
problem, as explained below.
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Fig. 6.3 Protocol timeline, message sequences, and state transitions for a sample three node
topology consisting of two φ1 clients and one φ2 client

The well-known MSC problem is defined in Section 3.2.3. V is assumed to be the set
of client vehicles within AOI in the considered scenario. Each interested vehicle vn ∈V is
considered as a potential edge, and a subset of V denoted as svn is created for each vn. The
subset svn includes all the φi type vehicles which are within K− 3 · (i− 1) hops from vn,
∀φi ∈Φ. The vehicle vn is also included in svn as it is considered as 0 hop from itself. All such
svn (n ranges from 0 to |V |-1) forms the set S. As each svn contains at least one element vn,
collectively, all elements of S definitely cover V . The task is to choose the minimum number
of elements from S such that the chosen elements (subsets of V ) cover V . Clearly, the task is
an instance of the MSC problem, which is a known NP-hard problem. The approximation
algorithm GSC for MSC runs in polynomial time [30] with the approximation ratio of GSC is
ln|V |+1. However, GSC is a centralized algorithm that needs knowledge of global topology.
DDCH[112] is a distributed version of GSC with the same approximation ratio. Contribution
2 has proposed the algorithm ADDCH (Algorithm 2), which is an adaptation of DDCH.
However, ADDCH does not support video streaming with multi-tier bitrate agreements.
Accordingly, a modified version of ADDCH is proposed in this work which is described
next.
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6.2.3 Proposed Solution

All client vehicles run the distributed solution, which is a modified version of the ADDCH
algorithm proposed in Contribution 2. Client vehicles can be in any of the four states of
UCVRD (uncovered), EDGE (edge), CNDT (candidate), or IDLE (idle). The protocol
timeline, message sequences, and state transitions of a simple three-node topology for one
epoch are given in Fig. 6.3. In the diagram, the message originator (not forwarder) vehicle id
is shown within parenthesis along with the message name. The CNTRL and DATA phases
are described below.

6.2.3.1 CNTRL phase

CNTRL phase is responsible for distributed edge vehicle selection and assignment. Within
an epoch, the CNTRL phase is further divided into subphases of edge selection (ESEL) and
relay selection (RSEL).
• ESEL: The ESEL subphase runs in iterations, and comprises three steps which are S-
ADV (state advertisement), C-ADV (coverage count advertisement), and E-ADV (edge
advertisement). At the beginning of the ESEL subphase, all vehicles are uncovered and reset
to the UCVRD state. In the S-ADV step, vehicles advertise their states and service tier φm to
their K-hop neighborhood. In the C-ADV step, each vehicle calculates and advertises its total
coverage count ρt to its 2K-hop neighbors. The ρt for a vehicle is calculated as ∑

M
m=1 ρ[m]

where ρ[m] denotes the number of vehicles of type φm in its K-hop neighbors with UNCVRD
state, and the corresponding hop distance is less than K− 3 · (m− 1). Depending on the
vehicle’s own tier type, appropriate ρm is incremented by 1 before calculating ρ . In the
E-ADV step, a vehicle considers itself as an edge only if its own ρ is highest among its
K-hop neighbors and switches its state to EDGE. A tie is broken with the highest vehicle
id. The new edge advertises its new state to its K-hop neighbors. After an ESEL iteration,
only the vehicles with UNCVRD or CNDT states participate in the next ESEL iteration. The
ESEL phase terminates when all vehicles move to either the IDLE or EDGE state, and there
is no vehicle to participate in the next ESEL iteration. The steps are shown in Algorithm 6.

• RSEL: In this subphase, a vehicle of IDLE state looks for the edge with the lowest hop
count. The vehicle selects the next hop node to the selected edge node as its relay node and
sends a message to it. On receiving the message, the relay node sets a flag, namely RELAY,
to TRUE. The selected edge vehicles and relay vehicles are valid for only one epoch (the
duration for which topology is considered static), after which a fresh selection takes place in
the next epoch.
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Algorithm 6 Edge selection (runs in individual client vehicle)

Input: number of service tier M, max hop count K
Output: state of a vehicle IDLE/EDGE

1: state← UCVRD
{//start of a new epoch}

2: while state == UCVRD || state == CNDT do
3: //S-ADV phase begins
4: advertise state and service tier φ to its K-hop neighborhood.
5: //C-ADV phase begins
6: initialize coverage list ρ[M] by ρ[m]← 0 ∀m ∈ {1≤ m≤M}
7: initialize ρ[φ ]← 1 {//as it covers itself }
8: total coverage count ρt ← 0
9: for all received φm from neighbor vehicles do

10: if hop count ≤ K−3 · (m−1) && state of that neighbor == UCVRD then
11: ρ[φm] = ρ[φm]+1
12: end if
13: end for
14: ρt = ∑

M
m=1 ρ[m]

15: advertise ρt to its 2K-hop neighborhood.
16: //E-ADV phase begins
17: if its own ρt is highest among received ρt from neighbors then
18: state← EDGE
19: advertise itself as EDGE to its K-hop neighborhood.
20: else if received EDGE advertisement(s) then
21: if it has neighbor vehicle(s) with UCVRD state then
22: state← CNDT
23: else
24: state← IDLE
25: end if
26: end if
27: end while

6.2.3.2 DATA phase

At the start of the DATA phase, the selected edge vehicles request the CDN server for data
packets. The DATA phase duration td is divided into K time slots T1 to TK each of duration
td/K. During T1, the CDN server sends the required video packets up to lφ1 layer. As soon
as an edge vehicle starts receiving data packets through its cellular interface, it immediately
transmits them through its DSRC interface. During T2, the vehicles within 1-hop from the
edge vehicle, with the RELAY flag true, re-transmit the content. The content propagates
hop-by-hop in each subsequent time slot. Higher tier enhancement layer packets for φi+1

are received and pipelined by edge vehicles in T1+3·(i−1) slots subsequently. At the end of
the DATA phase, vehicles rearrange out-of-order packets according to their index and push
the received packets to their media player buffer. The fetched video in epoch ei is played for
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Table 6.1 Simulation parameters

Parameter Description Value
AOI Area of interest 4 km2

λ Vehicle density 50-200 vehicles/km2

Rϑ Relative velocity threshold 8 m/s-15 m/s
Πdsrc DSRC communication radius 100 m
ϒlte LTE download speed 25 Mbps
ϒdsrc DSRC channel data rate 24 Mbps
te Epoch duration 1s -3 s
K Max DSRC hop collaboration 5
M Max number of service tier 2

the entire next epoch ei+1 while the client vehicles acquire new data packets to be played in
epoch ei+2.

6.3 Performance evaluation

This section is divided into three parts. Section 6.3.1 describes the simulation environment
and various simulation parameters. The performance metrics are defined in Section 6.3.2.
The simulation results based on defined metrics are discussed in Section 6.3.3.

6.3.1 Simulation environment and parameters

The performance evaluation is done using simulation in NS3 (version 3.30.1) [110]. An
urban grid scenario is considered where roads have two lanes in opposite directions. Vehicle
traces are generated using the SUMO tool [120]. The simulation parameters are enlisted in
the TABLE 6.1. As discussed in Section 2.2.2, a H.264 video is organized into a series of
NALUs that can be transmitted independently. In this experimentation, the trace of the video
"Elephants Dream" [4] is used. NALUs belonging to layer < 0,3,6 > or less are delivered
to all vehicles (φ1/φ2), and NALUs belonging to layer < 0,4,6 > is delivered to φ2 vehicles
only.

6.3.2 Performance metrics

To evaluate the performance, the following metrics has been defined.
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Fig. 6.4 sce vs Rϑ

• Service cost-effectiveness (sce) It is the ratio of offloaded video data compared to the
total data demanded by all client vehicles. It is measured as the ratio of client vehicles
receiving video from edge vehicles compared to the total number of client vehicles.
Let the set V is total client vehicles, and set E is the set of selected edge vehicles where
E ⊆V . Then, sce = (|V |− |E|)/|V |

• Packet loss ratio (plr) It is the percentage of the lost data packets compared to the
number of total expected data packets for a vehicle. The number of expected data
packets is different for each tier. The average is taken for all vehicles (of all tiers) in
all epochs.

• Service satisfaction ratio (ssr) The metric is defined to capture the percentage of
client vehicles satisfied with their received bitrate depending on their subscription tires.
The satisfied and unsatisfied states are represented by 1 and 0. An average is taken
for all vehicles in all epochs. In an epoch, if a φi tier client receives packets of all the
layers from l1 to lφi , the client is satisfied and otherwise not satisfied. The average
satisfaction value is taken for all vehicles in all epochs.

Though the delay, jitter, and start-up latency are a few commonly used metrics for
streaming quality assessment, they are not considered in this work for the reasons mentioned
below. Delay and jitter are consumed by the playback buffer. A packet delay of more than td
is considered a loss event which is captured by plr metric. The start-up latency has a fixed
value of te as vehicles spend the first epoch to acquire data to start playback from the second
epoch. Simulation results based on the defined metrics are presented in the next section.
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Fig. 6.5 plr vs Rϑ

Fig. 6.6 ssr vs Rϑ

TH-3187_186101002



138 Distributed edge vehicle selection for multi-tier live video streaming

6.3.3 Simulation results

The sensitivity of sce, plr, and ssr metrics with respect to te and Rϑ are shown in Fig. 6.4,
Fig. 6.5, and Fig. 6.6 respectively. Epoch duration te of 1, 2, and 3 s are abbreviated by e1,
e2, and e3 in the legends of these figures. The experiments are performed with Rϑ varied
from 8 to 15 m/s while keeping λ fixed at 150 vehicles per square km, and the ratio of φ2 to
φ1 vehicles as 1:6.

Fig. 6.4 shows the performance of sce w.r.t te and Rϑ . As Rϑ increases, more vehicles
(possibly of opposite directions) can collaborate, resulting in larger groups reducing the
number of edge vehicles in the network. It is observed from Fig. 6.4 that epoch duration
does not affect sce. This is because edge selection depends only on vehicle connectivity at
the beginning of an epoch.

The sensitivity of plr metric against te and Rϑ is shown in Fig. 6.5. The probability
of link breakage of a multi-hop path increases with Rϑ . Moreover, when epoch duration
increases, relative displacement among vehicles within an epoch also increases, further
increasing multi-hop path breakage probability. This can be observed in Fig. 6.5 where e1
performs best whereas e3 performs worst.

Fig. 6.6 shows the performance of ssr with varying te and Rϑ . During the DATA phase,
an edge distributes lower-layer packets before pipelining higher-layer packets in the network.
As multi-hop paths become unstable at the end of an epoch, higher layers are more probable
for loss. This can be observed from Fig. 6.6 where ssr gets decreased with increasing Rϑ

and te.

From the above experiments, it is observed that te as 1 s with Rϑ as 12 m/s is able to
achieve a well balanced performance between cost-effectiveness (lce), streaming performance
(plr), and client satisfaction (ssr).

The competitive performance of the proposed solution is compared against H-BPRA [28],
Contribution 1 (refer Chapter 3), and Contribution 2 of this thesis as they are proposed for
live video streaming over IoCVs. However, H-BPRA uses static RSUs as edge nodes, making
it incomparable for sce metric. Contribution 1 and Contribution 2 do not consider multi-bit
rate video, which makes them incomparable for ssr metric. H-BPRA is run with only one
modulation scheme and two video layers. H-BPRA uses multicast techniques for layered
video transmissions and runs in two phases. In the first phase, it ensures the delivery of the
base layer packets to all the client vehicles. in the second phase, based on the remaining
time and vehicle demands, it schedules the delivery of the higher layer video packets. The
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Fig. 6.7 sce vs λ

Fig. 6.8 plr vs λ
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Fig. 6.9 Competitive performance on client satisfaction

legends Tier(1:x) of Fig. 6.7, Fig. 6.8, and Fig. 6.9 represent the ratio of φ2:φ1 as 1:x. These
experiments are performed with Rϑ = 12 m/s and te = 1 s.

Fig. 6.7 shows the sce performance with varying λ . With an increase in λ , more vehicles
are covered in each hop resulting in increased sce. Results show that with a low φ2 ratio, the
proposed solution improves towards Contribution 2 as in the extreme case of no φ2 vehicle,
it falls back to Contribution 2. Being a centralized algorithm, Contribution 1 makes optimal
edge selection and thus outperforms others. In the proposed solution and Contribution 2,
CNTRL messages need to propagate multi-hop through a shared DSRC wireless medium,
causing some control packet loss and resulting in sub-optimal edge selection in highly dense
scenarios. Contribution 1 and Contribution 2 do not consider the location constraints for
multi-tier clients resulting in less edge selection.

Fig. 6.8 analyzes the effects of λ on the performances on plr. With higher λ , packet
collision probability increases in shared DSRC wireless medium, resulting in higher plr.
Tier(1:3) of the proposed solution performs best as it has more edges, resulting in fewer
multi-hop transmissions. Contribution 1 performs poorly as it has a lesser number of edges
resulting in more V2V collaborations. It is observed that H-BPRA performs similarly to
Contribution 1.

Fig. 6.9 shows the competitive performances of the protocols for ssr metric with varying
λ . In the H-BPRA protocol, video layers are distributed in a phase-wise manner. Once a layer
is forwarded within a phase, the vehicles near edge RSUs remain idle for the rest of that phase.
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As a result, H-BPRA failed to deliver all the required packets within the considered time
budget in the considered experiment scenario. On the other hand, the proposed solution does
pipelining the upper enhancement layers as soon as possible without waiting for the lower
layers to be distributed to the furthest vehicles. Moreover, higher-layer recipient vehicles are
nearer to edge vehicles reducing higher-layer distribution time. Tier(1:9) outperforms others
as there are fewer φ2 clients needing lφ2 layer packets while most of the clients are satisfied
with lφ1 layer packets.

6.4 Summary

This work has investigated multi-tier bitrate-constrained live video distribution over IoCVs to
generate additional revenues for CDN providers. The work has proposed a solution to select
a minimum number of edge vehicles to maximize the cost-effectiveness of the service. The
challenging task of mobile edge vehicle selection is formulated as the MSC problem, which
is solved by a distributed approximation algorithm. Simulation results show that compared
to other protocols, the proposed solution most effectively balances the content distributor’s
goals of cost-effectiveness and streaming performance while providing a way to generate
additional revenue through multi-tier service.
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Chapter 7

Conclusions and Future research
directions

7.1 Conclusions

This dissertation has yielded four contributions towards making video infotainment services
over IoCV cost-effective and revenue-generating for CDN providers. The solutions use a
few of the vehicles of an IoCV as edge nodes for a CDN provider to avoid the cost of dense
infrastructure node deployment or the partnership cost with various carrier enterprises for
using base stations as edges.

The first contribution has provided a solution for optimum edge vehicle selection to reduce
the number of simultaneous cellular connections and the Internet bandwidth requirements
to make live video streaming services cost-effective for CDN providers. The problem
of optimum edge vehicle selection for delay-constrained live video streaming has been
formulated as the Minimum Set Covering (MSC) problem to demonstrate the NP-Hardness
of the problem. An existing centralized approximation solution has been used as the solution.
Simulation results show that the proposed solution offers the most efficient edge selection for
CDN providers.

To avoid the scalability issues with the centralized solution of the first contribution, and to
relieve the CDN providers from high setup costs for high-end servers, the second contribution
of this dissertation has provided a distributed solution for optimum edge vehicle selection.
A novel multicast protocol also has been proposed for V2V collaboration in the network
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layer. Simulation results show that the proposed solution is the most cost-effective for CDN
providers.

While the second contribution is devoted to provide a V2V communication solution, the
third contribution of this dissertation delves into V2I communication to find a cost-effective
network selection solution in the presence of cellular, Wifi, and DSRC networks. The problem
of optimum network selection has been shown as NP-hard by formulating the problem as
an ILPP. Accordingly, a distributed network selection algorithm has been provided, which
greedily tries to maximize the cellular traffic offloading for live video streaming over IoCVs.
The simulation results demonstrate that the proposed solution most effectively balances
traffic offloading, streaming performances, and client satisfaction.

While the first three contributions look to increase the cost-effectiveness of video infotain-
ment services for CDN providers, the fourth contribution of this dissertation has provided a
solution to generate additional revenue for them. The contribution is a pioneer work to enable
CDN providers to run multi-tier video streaming services over IoCV. It is shown that the
problem of edge vehicle selection for multi-tier service must include an additional constraint
of hop count for the higher-tier vehicles. The problem of edge selection for multi-tier service
is shown to be NP-Hard by formulating as MSC, and a distributed solution is provided.
Simulation results show that the proposed solution most efficiently handles the higher-tier
additional packet overheads by including hop constraints for higher-tier vehicles.

The solutions provided in this dissertation help increase the cost-effectiveness and prof-
itability of the services while ensuring service quality and client satisfaction. As a result,
CDN providers may find the solutions attractive while offering streaming video infotainment
services over IoCVs.

7.2 Future research directions

Future research directions can follow the two below-mentioned paths.

7.2.1 Exploring V2V communication of IoCVs with 5G C-V2X

This dissertation has considered that V2I communication of IoCV can be of heterogeneous
network technologies comprising cellular, Wifi, and DSRC. However, for V2V communica-
tion, only one network technology has been considered as DSRC, whereas the competing
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technology "Cellular Vehicle to Everything (C-V2X)" has not been explored. After the
3GPP release version 16, which allocates a separate 5Gz band (side-links) for direct (without
via base station) V2V communications, the C-V2X technology is drawing the attention of
the industry. One of the major advantages of using C-V2X is that vehicles can become
part of a much greater ecosystem where they can directly communicate with any device
connected to the 5G network. For example, the real-time locations of pedestrians are avail-
able through direct side-link communications with nearby UEs, which can be utilized by
automated/driverless vehicles. However, using C-V2X technology for V2V communication
in the context of video streaming has some challenges.

Video streaming over IoCV needs explicit group management among the interested
vehicles for V2V collaborations. However, peer vehicle discovery, group management, and
multi-hop relay selection in C-V2X are challenging tasks. Unlike the shared medium of
DSRC, C-V2X technology needs channel resource reservation prior to V2V communication.
Vehicles contend among themselves to make the reservations. The 3GPP specification has
prescribed Semi-Persistent Scheduling (SPS), which may make new participants starve for
resources. The above-mentioned challenges can be the future research directions of this
dissertation.

7.2.2 Exploring ICN paradigm for video streaming over IoCVs

In the context of video streaming over IoCVs, the contents are meant to be distributed among
a large group of vehicles. It is irrelevant for a vehicle where the content is originated. As
long as the content is authenticated and meets data integration criteria, a vehicle can procure
the content from any peer vehicle of any location. The id or IP of the content originator
is irrelevant. Therefore, the Information Centric Network (ICN) can be a better alternative
compared to the IP-based routing paradigm where the routing is done based on the content.
Named Data Networking (NDN) is one of the implementations of ICN, which has the in-build
property of request aggregation and in-network caching. If a video is generated by a vehicle
within an IoCV, it becomes the publisher of the content. NDN can distribute that content to
the interested vehicles without the requirement of explicit group management.

However, though NDN is well-defined for wired networks, its behavior is still not well-
structured for Ad-hoc wireless networks. The nodes of wireless networks have a single
wireless interface of half duplex nature. As a result, interest packet forwarding, Pending
Interest Table (PIT), and Forwarding Information Base (FIB) maintaining methods defined
for wired networks cannot be applied to wireless networks. The behaviors of the PIT and
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FIB of a vehicle need to be designed to handle the dynamic local neighborhood. Moreover,
NDN cannot provide delay-constrained service, which is required for streaming services.
The future research directions of this dissertation can be to mitigate the above-mentioned
challenges of NDNs to provide video streaming over IoCVs.

7.2.3 Ensuring security in video services over IoCVs

In this thesis work, it is assumed that no vehicle in the considered scenario is selfish or
malicious. However, as vehicles and OBUs are manufactured by different vendors, some of
them may be malicious or contain vulnerabilities. As a result, any service over IoCV must
be protected from selfish or malicious behaviors. A selfish vehicle tries to maximize utility
at the cost of other vehicles’ degraded performance. For example, in a multi-hop V2V data
distribution scenario, upon receiving data packets from an upstream vehicle, a selfish vehicle
may choose not to delegate them to its downstream vehicles. A selfish node can report false
data so that it is always chosen as an edge node to receive data directly from the server.
Game theory can be applied to mechanism design to mitigate selfish behaviors so that honest
behavior becomes the most attractive strategic decision for all vehicles. Unlike a selfish
node that works for its own interest, a malicious node’s goal is to disrupt a service either
fully or partially. As mentioned in Section 1.5.5, services over IoCVs are subject to various
attacks like UDP flood attacks, TCP SYN attacks, HTTP GET attacks, Black-hole attacks,
Grey-hole attacks, etc. Accordingly, attack detection and mitigation techniques need to be
developed. The anonymity and privacy of the vehicles from any unauthorized entity need
to be ensured. However, vehicle activities must be exposed to government law-enforcing
agencies. Accordingly, pseudo-identity and certificates must be issued, distributed, and
verified in an efficient manner. All the above-mentioned issues can be future directions of
this thesis.
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