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Abstract

Intelligent transportation systems aim to provide innovative applications and services
relating to traffic management and enable ease of access to information for various system
users. The intent to utilize the excessive on-board resources in the transportation system,
along with the latest computing resource management technology in conventional clouds,
has cultivated the concept of the Vehicular Cloud. Evolved from Vehicular Networks, the
vehicular cloud can be formed by vehicles autonomously, and provides a large number
of applications and services that can benefit the entire transportation system, as well as
drivers, passengers, and pedestrians. However, due to high traffic mobility, the vehicular
cloud is built on dynamic physical resources; as a result, it experiences several inherent
challenges, which increase the complexity of its implementations.

Having a detailed picture of the number of vehicles, as well as their time of availability
in a given region through a model, works as a critical stepping stone for enabling vehicular
clouds, as well as any other system involving vehicles moving over the traffic network.
The number of vehicles represents the amount of computation capabilities available in
this region and the navigation time indicates the period of validity for a specific compute
node. Therefore, in this thesis, we carry out a comprehensive stochastic analysis of
several traffic characteristics related to the implementation of vehicular cloud inside a
road segment by adopting proper traffic models. According to the analytical results, we
demonstrate the feasibility of running a certain class of applications or services on the
vehicular cloud, even for highly dynamic scenarios.

Specifically, two kinds of traffic scenarios are modeled: free-flow traffic and queueing-
up traffic. We use a macroscopic traffic model to investigate the free-flow traffic and
analyze the features such as traffic density, the number of vehicles and their residence
time. Also, we utilize the queueing theory to model the queueing-up traffic; the queue
length and the waiting time in the queue are analyzed. The results show the boundaries
on enabling vehicular cloud, allowing to determine a range of parameters for simulating

vehicular clouds.
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Chapter 1

Introduction

Due to the advent of cloud computing and the maturity of its technology, various users
are able to access services at any point in time and space. The emergence of a new type of
cloud—the vehicular cloud—has been a prominent step forward for intelligent transporta-
tion systems. The vehicular cloud is formed autonomously by the traffic on the road,
and each vehicle serves as a compute node for the cloud, which offers a great number
of benefits not only to drivers, passengers, and pedestrians but also to the municipal
traffic manager and city planners. Those self-organized clouds can work independently,
as well as complementing to the conventional cloud structure and providing processing
power to deal with the traffic-related issues. This trend is quite promising, due to the
sky-high increase in the rate of the number of vehicles on the road. According to US
National Transportation Statistics [95], the number of vehicles in American roadways,
has reached 253.6 million. Harnessing the excessive computing power of those vehicles

has a profound significance for information technology (IT), the economy and society.



1.1 Background

Thanks to the revolutionary change in the automotive industry, an increasing number
of ”smart vehicles” are introduced to drivers for daily use. A typical vehicle today is
regarded as a ” computer-on-wheels” due to the reason that it is likely to equip with a pow-
erful on-board computer, a large capacity storage device, a sensitive radio transceiver,
a rear collision radar and a GPS device. Meanwhile, rapid technological advances in
cloud computing [77] provide sufficient technical support for building a dynamic cloud
in mobile environments. Cloud can provision resources and services on-demand over the
Internet, just like a public utility [52]. Amazon Elastic Compute Cloud (Amazon EC2)
is now the largest online retailer to provide dynamic compute capacity in the cloud. On
the other hand, an increasing number of businesses prefer to rent their servers, platforms
or software in an elastic and scalable manner, instead of purchasing and maintaining
them by themselves [10]. The reciprocal benefit accelerates the prosperity of cloud com-
puting, whose main features include pay-as-you-go, virtualization technology, resources
on demand, scalability and Quality of Service (QoS). As a result, cloud computing is
becoming the main technological trend in IT, and enterprises nowadays invest massive
effort in migrating their services to the cloud.

Motivated by the above-mentioned facts and opportunities, the vehicular cloud frame-
work was initially proposed in [79]. In general, various underutilized vehicular resources
such as computing power, network connectivity, sensing capability, and storage can be
shared with car owners. Moreover, the aggregated resources can be rented to potential
consumers following a specific business model, similar to the traditional cloud infrastruc-
ture.

Figure [T shows two types of vehicular cloudlet, which is defined as a group of ve-

hicles can share resources with each other via vehicle to vehicle (V2V) communication



Centralized Cloud
Platform

Base
Station

Vehicular Cloudlet on the Road Vehicular Cloudlet in the Parking Lot

Figure 1.1: Vehicular Clouds
or vehicle to infrastructure (V2I) communication. The vehicular cloudlet on the road
(mobile cloudlet) consists of moving vehicles while the cloudlet in the parking lot (static
cloudlet) is formed by statically parked ones. Each type of cloudlet is suitable for hosting
a series of vehicular cloud services. For example, the mobility of vehicles in the highway
makes the mobile vehicular cloudlet ideal for data dissemination service; the vehicle cloud
constructed by the vehicles waiting in the queue can be utilized to run the traffic man-
agement application in order to ease the traffic congestion; the static vehicular cloudlet
has relatively stable computing and storage resources and, therefore, can be used for

provisioning the conventional cloud services.

1.2 Problem Statement

Although the functionality of vehicular clouds may be very similar to the conventional

clouds from the perspective of utilization, the following distinguishing characteristics



make it unique and not easy to deal with.

e The most challenging aspect of building vehicular cloud is dealing with the highly
dynamic availability of the vehicles, which distinguishes the vehicular cloud ar-
chitecture from traditional cloud models. The autonomous cooperation among
vehicles and their “decentralized” management contribute to the complexity and

uniqueness of the vehicular cloud.

e Accurately determining the amount of vehicles and their available time frame is crit-
ical for constructing a vehicular cloud. The analysis of the availability of resources
in this particular scenario is totally and directly involved with the perception of
the traffic flow for a given area, such as a road segment, during a time span. Nev-
ertheless, the number of vehicles varies continually, since the same vehicles move

dynamically, with diverse traveling times, behaviors, and speeds.

e Since the vehicular clouds are not as stable as the conventional clouds, the resource
management system (see Fig[[.2)) of vehicular cloud should be able to the predict
the amount the available computing capabilities, and the task scheduling system
needs to schedule the computation tasks on the dynamic resources for the sake of

providing consistent service to the authorized customers.

1.3 Contribution

The main contribution of this thesis is a detailed stochastic analysis about the distribu-
tion of the vehicles and their available time range within a road segment in an urban
area. Two specific traffic scenarios are considered — free flow traffic and queueing-up
traffic, as depicted in Figure[[.3l These two scenarios are very common traffic situations

nowadays in the urban roadways of metropolitan cities.
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Figure 1.2: Vehicular Cloud Resource Management Layers

Figure 1.3: Traffic conditidons under the flow of vehicles in road segment



This is a preliminary step towards utilizing excessive vehicular resources and con-

structing the vehicular cloud in a highly dynamic environment. Specifically,

e To analyze the specific features and characteristics of vehicular cloud, we study
and classify the existing related works of VANETS, cloud computing and vehicular
cloud. Comparison of these technologies reflects the evolution of the concept of
vehicular cloud. The information is presented and summarized in an appropriate

way.

e A macroscopic model in [60] is utilized as a base to analyze the features of free-flow
traffic in a roadway segment. We first obtain the average number of vehicles, then

we get the distribution of the number of vehicles inside the road segment.

e We use the queue theory to model the queueing-up traffic. The analytical form
of the length of the traffic queue and the waiting time of vehicles are presented.
Those two features are important for the reason that they represent the amount of

available computation resource and their valid time, respectively.

e Based on the models, we carry out the comprehensive analysis of several traffic
characteristics related to the implementation of vehicular clouds for both traffic

scenarios.

1.4 Thesis Organization

The remainder of this thesis is organized as follows:

e Chapter [2 surveys the state-of-the-art technology of vehicular cloud computing.
We highlight Vehicular Cloud, an extension of traditional Cloud Computing with

many inherent new features. In addition, we present a comparative study between



cloud computing and vehicular cloud computing as well as explaining the vehicu-
lar cloud computing architecture, autonomous cloud formation, and the potential

applications.

e Chapter B provides the mathematical modeling of the study. This chapter is com-
posed of two sections; the first focuses on the free-flow traffic scenario and the

second works on the queueing-up traffic scenario.

e Chapter 4l demonstrates the analytical results, and presents the detailed analysis

of each scenario.

e Chapter [B] concludes the results and describes our future directions of research.



Chapter 2

Related Work

Evolved from Vehicular Ad-Hoc Network (VANET), presently, vehicular cloud comput-
ing (VCC) has received much attention. VCC is an attractive technology, which takes
advantage of cloud computing to support many novel applications. Therefore, the ob-
jectives of VCC are to offer various computational services at low cost to the authorized
users, to ease traffic congestion and to improve road safety. In this chapter, we pro-
vide a survey of VCC and our aim is to help readers better understand the fundamental
vehicular cloud computing mechanisms.

The flow chart 2.1] classifies existing techniques that are contributing towards the
generation of vehicular cloud computing, which can be seen as a combination of two
technical paradigms i.e., ad hoc network and cloud computing.

All nodes in wireless ad hoc networks can be dynamically connected in an arbitrary
manner. As the transmission range of each node is limited and different [29] [28§], the
sender may need the aid of its neighboring nodes to forward the packets to the receiver.
Since wireless ad hoc networks do not rely on pre-installed static infrastructure for com-
munication, the localization of the nodes becomes one of the major issues [17] [36] [21]

[80] [18] [14], especially in MANETSs where the nodes are mobile. All nodes in the ad
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hoc networks behave as routers, which discover and maintain the routes to the next hop
in the network. Therefore, the routing protocols are vital for enhancing the efficiency
and reliability of the dissemination of packets [98] [26] [31] [25] [19]. Other challenges of
ad hoc network include security [15] and energy consumption [91] [30]. Compared to the
traditional ad hoc networks, mobile ad hoc networks (MANET) are more dynamic since
the nodes are not fixed [22] [23] and the Vehicular Ad-hoc Network (VANET) primarily
adapts from Mobile Ad hoc Networks (MANETS) [24] [88] where the communication
among the nodes is generally single hop or multi-hop based.

On the other side, distributed computing and grid computing [6] [27] [L6] have enor-
mously contributed to the emergence and prosperity of cloud computing; and the concept
of VCC originates from Mobile Cloud Computing (MCC) where the main concern is to
access traditional cloud services provided by Infrastructural-Cloud in a way similar to

access telecommunication and other data based services.

Ad hoc Networks Cloud Computing
Mobile Adhoc Mobile Cloud
Networks (MANET) Computing (MCC)

'

Vehicular Adhoc
Networks (VANETS)

Y

Vehicular Cloud
Computing(VCC)

Figure 2.1: Technologies Contributing Towards Vehicular Cloud Computing
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2.1 Vehicular Network

Traffic congestion in the urban area is a daily event, the growth in the number of vehicles
on the road has put huge stress on transportation systems and this tremendous growth
of vehicles has lead to unsafe and unpleasant driving experience. Most of the time, we
are not alerted by beforehand notification of congestion. Thus, existing transportation
infrastructure requires improvements in traffic safety and efficiency. The municipal traffic
management department has planned various solutions such as expanding lanes on high-
ways and reducing the number of stop signs and traffic lights to reduce traffic congestion.
However, those solutions are ineffective and may even increase congestion and pollution
levels. The cutting edge technological advancements have been considered to enable such
diverse traffic applications as traffic hazard detection, cooperative traffic monitoring, and
control of traffic flow. Inspired by Mobile Ad-hoc Networks [68], a new kind of network,
which incorporate Vehicle to Vehicle (V2V) and Vehicle to Infrastructure (V2I) commu-
nication, is named as Vehicular Ad Hoc Network (VANET), which has been considered

as an excellent network environment for Intelligent Transportation System (ITS).

2.1.1 Architecture of VANET

Figure shows the architecture of VANET. The V2V and V2I communication are
achieved through a device called Wireless Access in Vehicular Environment (WAVE).

Specifically,

e V2V are communications between vehicles in ad hoc mode [58]. A vehicle can
transmit or receive useful traffic-related messages such as traffic accidents and road

conditions to/from other vehicles.

e V2I is used for the valuable information exchange between vehicles and fixed net-
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work infrastructure [58]. In this mode, a vehicle could communicate with external
networks such as the Internet by utilizing RSU as a gateway. V2I links are more

secure and require more bandwidth than V2V links.

In addition, the 5.9 GHz frequency spectrum band has been allocated for Short Range
Communication (DSRC) between vehicles [7]. The main components of the architecture

are on-board units (OBUs), road side units (RSUs) and certification authorities (CAs).

e OBU, along with a set of sensors, resides in each vehicle and it collects the infor-
mation of the vehicle and transmits information such as the position, speed and
acceleration/deceleration to other vehicles or RSUs through the wireless medium.
At the same time, OBU also receives the messages from other sources and has the

ability to verify the incoming message and avoid security attacks.

e RSU is a physical communication equipment at a fixed location and responsible
for collecting and disseminating traffic-related information such as the length of
the traffic queue, accident spot ahead and nearest parking lots and gas stations.
RSU is equipped with at least one network device for the Internet and short-range
wireless communication. RSU acts as a gateway for the OBU to access the Internet,
which also enables vehicles within the communication range to establish Internet
connections. RSU can be deployed along the road to monitor the traffic flow or in
the road intersections to offer help in coordinating the traffic lights and collecting

information about vehicle activities.

e To prevent the possible security problems in VANETSs [74], CA has the information
of all vehicles in order to verify that the source of the message is a valid entity.
It is vital for the performance of VANET and should be a fully trusted party; for

instance, the municipal transportation department could play the role as a CA.
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Figure 2.2: Architecture of VANET
2.1.2 Comparison of VANET and MANET

VANET is evolved from MANET and it is a subclass of MANET [85]. From MANET
perspective, the ad-hoc domain is composed by RSU and OBU, which are considered as
the static (fixed) node and the mobile node, respectively. Moreover, they are both based

on IEEE 802.11p protocol.

e In the ad-hoc network, every wireless transmission has distance coverage limita-
tion, wireless node will use its neighboring nodes to forward the packet beyond its
coverage [I11]. To improve the reliability, MANET nodes require ad-hoc types rout-
ing protocols such as table-driven routing, on-demand routing, and hybrid routing
[112]. The routing protocols of MANET can not simply apply to VANET network

as MANET has fast changing ad-hoc network topology.

e The size of VANET is much larger than that of MANET. Each vehicle represents a
valid mobile node in VANET and there are a considerable number of vehicles within

an area, especially in the urban area. Therefore, we normally divide VANET into
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small pieces and design protocols and applications which are fit for local traffic
situation. At the same time, those partitions of VANET are able to communicate

with each other via the stationary RSU.

e The topology of VANET is more or less determined by the layout of the roads
and the traffic conditions. The mobile nodes cannot move around arbitrarily as
in MANET and their possible routes are restricted within the roadway segment.
Therefore, the position of the mobile node in VANET is more predictable than that

in MANET.

e When it comes to designing MANET, we should pay the utmost attention to the
power consumption of each node. Usually, we need to compromise the system
throughput due to node’s power capacity, which actually becomes a bottleneck for
the entire MANET system. Contrarily, VANET nodes (OBU) are not subject to
storage and power limitation because they reside in vehicles, which provides enough

power to support all the tasks in OBU.

e Without the power limitation, the computation system of OBU can be more so-
phisticated and more complex computation tasks can be assigned to this VANET

distributed system.

e Since vehicles are fast-moving on the road, the nodes in VANET are highly mo-
bile and the network topology changes constantly. As a result, the VANETS are
ephemeral networks [86] and this is the most significant difference between VANET
and MANET. The node distribution density highly depends on the traffic. Typi-
cally it is lower during the night time and much higher during the rush hours. It is
apparent that vehicles” navigation speeds and directions are unpredictable, there-

fore, sometimes the connection time between two vehicles could be very short. It
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needs to be considered when designing the protocols [2] and algorithms in order to

increase the reliability [4] and decrease the packet dropping probability.

2.1.3 VANET Applications

The main VANET applications can be categorized into three classes [76] [74] [96]:

e Applications for road safety. VANET applications provide valuable messages [20]
such as collision avoidance, notification danger of the road and warnings of harsh

weather for the sake of improving road safety and reducing traffic accidents.

e Applications for traffic efficiency. These applications aim to help drivers make
better use of the road and assist the driver in certain situations such as overtaking

vehicles, warning of potential traffic jams, detection of vehicle queue, etc.

e Applications of passengers comfort. They are value added applications and for the
comfort of the driver and passengers with on-board services such as infotainment,

messaging, Internet access, etc.

2.2 Cloud Computing

Thanks to the revolutionary change of computation and networking technologies, the past
few years have witnessed the tremendous advancement of Cloud Computing (CC)[62][12][40],
which is a paradigm shift in information technology (IT) industry all over the world.
Based on [75], CC is defined as ”cloud computing is a model for enabling ubiquitous,
convenient, on-demand network access to a shared pool of configurable computing re-
sources (e.g., networks, servers, storage, applications and services) that can be rapidly
provisioned and released with minimal management effort or service provider interac-

tion.” Compared to the traditional local systems, CC has several novel characteristics:
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e [t provides computational resources, storage, and IT services on demand. From
user’s perspective, it has infinite computing resources available; thus, they don’t

need to plan ahead for physical resource provisioning.

e Various users may rent the amount of services they need at the moment. CC allows
them to purchase extra hardware resources only when there is an increase in their
needs. It is really helpful for the start-ups as they don’t need to set up big financial

commitments for building up the IT infrastructure in advance.

e CC also gives users the ability to rent computing resources in a short period of
time as needed. For example, the users can rent the resources based on the length
of a project; after the completion the project, they can release them. It will be a
huge waste of money if they buy their own physical servers for the project instead

of renting them from CC.

An increasing number of individual users and enterprises have migrated their data and
IT services to remote cloud servers. Amazon elastic computing cloud (EC2) is the one
of the largest cloud services platform, which has attracted millions of users all over the
world.

Figure 2.3 illustrates the EC2 architecture [41]. An authorized user can access the
cloud services by the client web API and EC2 platform can provide the elastic computing
resources (EC2 instances) and storage (Elastic Block Storage and Ephemeral Storage).
Cloud Watch monitors the resource usage of the customers and reports the results to Auto
Scaling system, which is a decision-maker and has the ability to scale up or scale down
the quota of resources for the users. Essentially, there are three types of technologically
mature cloud services [62][66]. Namely, Infrastructure as a Service (IaaS), Platform as a

Service (PaaS) and Software as a Service (SaaS).
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Figure 2.3: Architecture of Amazon EC2

2.2.1 IaaS: Infrastructure as a Service

Based on virtualization technology, the cloud service provider offers its customers elastic
resources such as computing capabilities, network connections, and storage capacity [45].
Amazon EC2 [§] is a very good example of this category. For the open-source project,
OpenStack is one of the most popular software platforms for cloud computing, mostly
deployed as an infrastructure-as-a-service [102]. There are several interrelated compo-
nents in this software platform. For instance, Nova controls hardware pools of processing;
Neutron deals with networking resources, Cinder manages block storage and Swift ad-
ministers the object storage. Users either manage it through a web-based dashboard

(Horizon), through command-line tools, or through a RESTful API.

2.2.2 PaaS: Platform as a Service

PaaS provides a platform where applications can be developed, run and managed by
authorized users without worrying about some of the lower-level details of the environ-

ment. In other words, the consumer have the control over configuration settings and
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software deployment, and the service provider offers the servers, the networks, storage
and other services to host the consumer’s application. Microsoft Azure [104] and Google

AppEngine [109] are typical service platforms of this category.

2.2.3 SaaS: Software as a Service

In SaaS model, software resides in the service provider’s datacenter and is maintained
by the provider [70], who licenses various applications, including office and messaging
software, database management system (DBMS) software, CAD software, customer re-
lationship management (CRM) software, antivirus, etc., to customers as a service on
demand. SaaS is subscription based, this allows customers to rent rather than purchase
the software. In addition, there is no need for customers to worry about the compatibility
between the software and their operating system since the user can access the service
simply by launching their browsers and log on during the terms of the subscription. IBM

SmartCloud [54] platform is an example of SaaS model.

2.3 Mobile Cloud Computing

The popularity and portability of mobile devices such as tablets, PDAs and smartphones
have brought a new research area called Mobile Cloud Computing (MCC) [92][37], where
the mobile devices normally provide the input and the computation tasks are performed
by the virtual machines on a remote cloud server. The MCC forum defines MCC as
follows [72]: ”Mobile cloud computing at its simplest refers to an infrastructure where
both the data storage and data processing happen outside of the mobile device. Mobile
cloud applications move the computing power and data storage away from mobile phones

and into the cloud, bringing applications and mobile computing to not just smartphone
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users but a much broader range of mobile subscribers” MCC is known to be a promising
technology in the I'T arena due to its incomparable features such as mobility, portability,

and communication. Several features are unique in MCC [37]:

e Prolonging battery lifetime. One of the main concerns for mobile devices is the
battery life. Short battery life means the user has to charge them more frequently,
which is definitely a weak point of those electronic products. Many methods have
been proposed to tackle this issue by enhancing CPU performance and managing
the screen and disk in an intelligent manner to lower down their power consumption.
However, those solutions are expensive due to the requirements of the fundamental
change in the structure of mobile devices, such as a new circuit layout design or an
upgraded hardware. It may not be practicable for all mobile devices, especially for
products which are already in customers’ hand. In MCC, computation offloading
technique is utilized to migrate the heavy computation tasks and complex process-
ing from mobile devices to remote servers in the cloud. It will significantly reduce
the application execution time on mobile devices and, consequently, extend the

battery life.

e Improving processing capability and storage capacity. MCC is able to reduce the
running cost for compute-intensive applications in terms of time and energy con-
sumption. It is obvious that each mobile device has limited physical resources such
as processing power and storage capacity. MCC can efficiently support heavy and
complex applications on portable mobile devices since it enables mobile users to
run the computation tasks online and store the large data on the cloud through

wireless networks.

e Improving reliability. MCC can effectively improve the reliability of mobile devices

by running applications or storing data on clouds because the data and processing
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results are stored and backed up on remote servers. This feature can greatly reduce
the risk of data and application loss on the mobile devices. In addition, different
data security models can be applied in MCC to provide stronger data protection for
both service providers and users. For example, cloud-based mobile digital rights
management (DRM) schemes can be used to protect mass of unstructured digi-
tal contents (e.g., video, audio, and music) from being pirated and unauthorized

distribution [114].

Moreover, MCC also inherits some advantages of CC for mobile services as follows

175 [371:

e Dynamic provisioning. MCC provides authorized users the facility of unlimited
resources on a fine-grained, self-service basis. This enables service providers and
mobile users to run their applications without early planning of resource provision-
ing. In addition, the flexible resource provisioning also permits service providers
to deploy their mobile applications on a minimum amount of resources at the
beginning and scale up their hardware resources based on the popularity of the

applications.

e Ease of access. Mobile application services can be accessed from anywhere in the
world and the users are capable of accessing the resources at any time as long as

they have internet access on the mobile devices.

e FEase of integration. By resource pooling, service providers can share resources and

costs to support a multitude of applications and meet the user demand.
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2.4 Vehicular Cloud Computing

The concept of vehicular cloud has been first proposed in recent works [3] [79] [7§]. The
key point of vehicular cloud comprehends the collection, utilization, and allocation of
the excessive on-board resources, such as computing capabilities, sensors, storage, and
communication resources, in a dynamic group of vehicles under the authorization of the
vehicle owners. Combining such resources together and enabling them to provide cloud
services to the public benefit both the cloud and owner of vehicles. The services that
vehicular clouds can offer are non-trivial and complementary to the conventional cloud
computing. According to the proposal in [78], VC refers to a group of largely autonomous
vehicles whose corporate computing, sensing, communication, and physical resources can
be coordinated and dynamically allocated to authorized users. Table .1 compares the

features of CC, MCC, and VCC from different perspectives.

Table 2.1: Comparison of CC, MCC and VCC

Feature Cloud Mbobile Cloud | Vehicular Cloud
Computing Computing Computing

Computation Highest Lowest Medium sized

Capability

Supports  Mobile || No Yes Yes

Resources

Storage Capacity | Highest Lowest Medium sized

Battery No Yes No

Limatation

Physical Local or Remote | Local Mobile De- | Local Vehicles or

Resources Servers vices or Remote | Remote Servers

Server

Network Client-Server Client-Server Peer to Peer or

Architecture based based Client-Server based

Resource Static Static Highly Dynamic

Flexibility

Autonomous No No Yes

Cloud

Formation
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In order to enable access to rich services and applications, modern vehicles are
equipped with reasonably powerful computational capabilities. Cloud computing ex-
tends these capabilities by featuring limitless resources and enhancing the provision of
services. Also, the vehicles’ built-in resources are likely to be underutilized most of the
time, such as when they are in a parking lot or traffic jam. There is a great potential
for employing each vehicle’s unused computing resources to build clouds autonomously.
Enabling vehicles to connect and participate in a vehicular cloud is an extremely valuable
strategy for solving complex issues in real-time and in loco, as it is considered a paradigm
shift in transportation systems [78].

The issues faced in the dynamic interconnection of vehicles to assemble a vehicu-
lar cloud is closely related to the challenges faced in vehicular networks [53]. Both the
vehicular cloud and vehicular networks provide a means for the design of solutions in
Intelligent Transportation Systems. Vehicular networks can be seen as an expansion of
Mobile Ad-hoc Networks, which have shown a steady increase in popularity with advance-
ments in solutions, technologies, and an extensive range of applications it can support.
Vehicular networks basically present two major architectures: Vehicle to Infrastructure
communication (V2I) and Vehicle to Vehicle communication (V2V) [82]. Initially, consid-
erable work has been applied to vehicular networks, focusing on avoiding traffic hazards
or unpleasant driving experiences [94]; these types of issues in transportation require
overcoming challenges in efficiently gathering and disseminating real-time data [101].
Vehicular networks have now expanded this scope to include concerns regarding safety,

entertainment, privacy, and security.
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2.4.1 Taxonomy of Literature on VCC

Based on an extensive study of VC-related literature, Figure 2.4l presents a taxonomy of
vehicular cloud computing, the majority of articles focus on the applications and services

of different vehicular cloudlets.

Vehicular Cloud

Computing
I
Application Service Types Cloudlets Types
- | Storage as Dynamic
Data Center a Selglice Cloudlet
Traffic | | Network as Static
—| Management a Service Cloudlet
|| Urban || Computation
Surveilance as a Service
|| Emergency Cooperation
Management — | as a Service

L Internet of
Vehicles

Figure 2.4: Taxonomy of the Literature on Vehicular Cloud Computing

There are many possible applications for the vehicular cloud computing [78]. One of
them is the composition and assembly of a data center in the parking lot. Since a great
number of cars are resting in the garage of a company or a shopping mall for a certain
amount of time, the on-board storage of these cars can be used as a fundamental resource
for forming a data center. Another promising application is the dynamic traffic light
management system [79]. Traffic jams represent a serious growing issue in metropolitan
areas due to the increasing number of vehicles on the road. The drivers who are stuck

in congested traffic might be willing to give out their vehicular computing resources so
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that the traffic management department can perform calculations and run simulations
designed to mitigate the traffic congestion by dynamically adjusting the traffic lights.
In [78], many other potential vehicular cloud applications such as dynamic assignment
of HOV lanes, planned evacuation management, and dynamic traffic signal optimization
are presented.

Applications are built on top of the novel services of VCC, namely NaaS, STaaS, Com-
paaS, and CaaS. Many models and infrastructure are proposed to make those services
available on VC [11] [13].

Those VCs can be divided into two major categories [48]. The first group can be
classified as a static vehicular cloudlet, which is formed by aggregating the computing
capabilities of all the still vehicles resting inside a parking lot, for instance. This kind of
VC behaves like a traditional cloud. The other type of cloudlet relies on the highly dy-
namic traffic flow. Traffic-related applications that are highly dynamic in nature can get
benefit from dynamic vehicular cloudlet and may be used to assist the municipal depart-
ment of transportation to deal with the traffic congestions or the emergency conditions,
such as evacuation plans built in run-time.

For the static vehicular cloud, a research work [9] took an initial step towards imple-
menting a VC and investigated the number of cars that are expected to be present in
a long-term parking lot of a typical international airport. The stochastic process with
time-varying arrival and departure rates are used to model the number of compute nodes
at the datacenter which is formed by the extra computing capabilities of those vehicles.
In this particular work, it was deduced a closed form for the expected number of vehicles
and its variance in an international airport parking garage. The time-dependent prob-
ability distribution function of the parking lot occupancy and the limiting behavior of

these parameters as the initial conditions fade away. With those parameters, we could
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have a clear picture of the number of vehicles in the parking lot at any given moment.
For the dynamic vehicular cloud, a work [I10] analyzed the average amount of com-
puting resources we can harness in a roadway segment by utilizing the stochastic traffic

models.

2.4.2 Architecture of Vehicular Cloud

The vehicular cloud computing architecture consists of three primary layers of communi-
cation. As illustrated in Figure 2.5 these layers are the on-board layer, communication
layers, and cloud computing layer. And the cloud computing layer can be divided into
several sub-layers based on its internal structural dependencies. In the on-board layer, a
vehicle could detect the environment condition, road condition and even driver’s mood
and behavior by using various on-board sensors such as environment sensors, smartphone
sensors, vehicle’s internal sensors and driver behavior recognition [32] [42]. The infor-
mation collected by sensors needs to be stored in the distributed storage and used as
input for various real-time applications. Besides those sophisticated sensors, each vehi-
cle is equipped with computer and storage unit, which are the building blocks of cloud
computing resources.

The second layer enables the vehicle to vehicle communication as well as vehicle to
infrastructure communication. As vehicles are equipped with IEEE 802.11p transceivers,
vehicles and VC can exchange information either V2V or V2I by using various protocols
such as 3G or 4G cellular communications, Wireless Access in Vehicular Environment
(WAVE) [55], or Dedicated Short Range Communication (DSRC) [105] [59]. In V2V
architecture, vehicles communicate with each other as long as they are in each other’s
valid range of communication for the sake of improving traffic safety and enhancing the

driving experience. VCC can be formed autonomously by vehicles via V2V communica-
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tion scenarios. If the road condition or a driver’s behavior is abnormal, an emergency
warning message will be generated by the vehicle that observed this traffic abnormality
and sent to VC storage pool, hence, all vehicles that are registered in this VC will re-
ceive the emergency message, which contains the geographical location where abnormal
situation occurs [57]. The second component of the communication layer is V2I, which
is complementary to V2V architecture and account for exchanging the operational infor-
mation among vehicles, infrastructures and clouds. In addition, since RSU can be used
as a gateway to the external network such as Internet, multiple autonomous vehicular
clouds can share data through a common platform on the Internet. As a result, a driver
can have a much larger overview of the traffic condition, which can raise driver safety
level and reduce the number of traffic accidents.

The cloud computing layer relies on five internal sub-layers: cloud computing re-
sources, virtualization layer, vehicular cloud services, API and application layer. The
cloud computing resources are aggregated computation and storage capacity of vehicles
that involved in VC. By using the virtualization technology, all pooled storage, comput-
ing power and traffic-rated information can be assigned to authorized tenants according
to their quota of resources. Several services are deployed in the VC services layer, such
as Network as a Service (NaaS), Storage as a Service (STaaS), Cooperation as a Ser-
vice (CaaS) and Computation as a Service (CompaaS), which are discussed in the next
section. API is provided by the cloud primary services for the development of various
applications. The top layer of VCC architecture is the application layer where all the
software applications reside. Those applications are accessible remotely by valid end

users such as drivers and municipal traffic management departments.
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2.4.3 Vehicular Cloud Services

The primary services that vehicular cloud can provide are categorized as Storage as a Ser-
vice (STaaS), Network as a Service (NaaS), Computation as a Service, and Cooperation

as a Service (CaaS) [103].

Storage as a Service

Due to the portable size and cheap price of storage media, it is assumed that vehicles
are now equipped with large storage capacity. In this sense, a study [9] investigated the
feasibility of building a data center in the international airport parking lot by exploiting
the under-utilized storage resources in the vehicles. The vehicles need to be plugged into a
standard power outlet so as to connect to the vehicular cloud. By giving the air travelers
the proper incentives, like free parking or free car-washing, it is anticipated that the
vehicle owners are most likely willing to let their vehicles participate in the airport data
center. In [49], a two-tier data center architecture is proposed for the sake of harnessing
the excessive storage in a parking lot with a finite capacity. In reality, unlike the static
storage resources in a traditional real data center, the number of incoming and outgoing
vehicles in a parking lot is a random variable. One of the most popular techniques to deal
with this issue is the replication-based fault-tolerant storage [33]. The principle behind
this storage demonstrates that the client stores N copies of the original file at each of
the N storage servers. As a result, the original file can be retrieved as long as at least

one of the N intact replicas is available.

Network as a Service

The vehicular network is composed by a set of fixed roadside access points (APs) and

the mobile vehicular users. The recent works in NaaS area are mainly focusing on
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utilizing the V2V and V2I connections to transfer data. A study [71] investigated the
performance of downloading content by formulating and solving a linear programming
problem, given the availability of different data transfer paradigms, which are the direct
transfer, connected forwarding, and carry-and-forward. Specifically, if a downloader can
directly get data from an AP, it is considered a direct-transfer paradigm; if a data packet
needs one or more vehicles to create a multi-hop path to reach the downloader, it is
defined as connected-forwarding paradigm; if data packets require one or more vehicles
to store, carry them, and eventually deliver them to the downloader, it is characterized

as carry-and-forward paradigm.

Computation as a Service

Similar to STaaS, the vision of computation-as-a-service is aggregating the excessive com-
puting capabilities of vehicles and presenting it as a new service to authorized customers.
Due to the fact that vehicular cloud computing is a recent technological concept, and it
is at its very initial stage, there is not much related work that directly investigates the
harvesting of the computing resources on the vehicles. However, the work done by [9] can
also be used as the estimation of computing capabilities inside an airport parking lot.
One of the technical challenges of using those on-board computing resources is to find an
effective way of migrating the tasks from the outgoing vehicles to the vehicles that are
still residing in the parking lot [108] [87]. From the perspective of distributed system, the
task migration includes suspending the task, saving the status of computation, finding

the target host and migrating jobs.
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Cooperation as a Service

A work [63] proposed a Navigator Assisted Vehicular route Optimizer (NAVOPT), which
is composed of an on-board navigator and the navigation server based on the cooperation
of the vehicular cloud and the traditional cloud. The on-board navigator detects its own
geographical coordinates using the internal area map along with GPS and reports it
to the server via wireless communication. After collecting enough information from a
large number of vehicles in the area, the server is able to construct the traffic load map,
calculate the optimal route to the destination for each specific car, and then return the

optimized routing strategy to the vehicles.

2.4.4 Applications of Vehicular Cloud

Table 2223 2.4 2.5 2.6l summarize some representative vehicular services and applica-
tions prototypes or proposals from year 2012 to year 2016. We can see a clear trend
that those diverse vehicular services and applications are more likely to be independent
on the traditional cloud computing, in other words, they are able to be running on the
autonomous vehicular cloud without relying on extra stationary computing resources. In
addition, the researchers have tried to exploit any available on-board physical resources
such as various sensing devices, on-board computer, storage, GPS, GIS, rear collision
radar device, camera and electronic transceivers. It is a clear trend that along with
the revolutionary change in the automotive industry, more and more smart and intelli-
gent devices will be installed in a modern vehicle. As a result, more novel services and

applications are expected to be provided by the vehicular cloud.
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Table 2.2: Representative Works on Vehicular Cloud Applications—Part1

portation
System [67)]
[Year: 2012]

traffic map for the purpose of smart driving.

e Employs a scheme of user-driven
crowd-sourcing to acquire user data
for predicting traffic jam and building
a real-time traffic model.

e Propose a Map-Reduce computing
model and algorithm for traffic data
processing and develop an Android-
based prototype application.

Works Classification | Description Traditional
Cloud
Dependency
Datacenter Data Center Aggregate vehicular computing resources in | No
at the Air- long-term parking lot of a typical interna-
port [9] tional airport.
[Year: 2012] ) .
e Model the number of vehicles in the
parking lot of an airport using stochas-
tic process.
e Provide analytical results concerning
the availability of computational re-
sources in a rather stable environment.
Smart Traf- | Urban A real-time traffic condition map is devel- | No
fic Cloud | Surveillance oped using data collected from commuters’
[100] mobile phones.
[Year: 2012] )
e Propose a software infrastructure to
enable traffic data collection, and
manage, analyze and present the re-
sults in a flexible manner.
e Use Map-Reduce framework and on-
tology database to handle distributed
data and parallel analysis.
User-Driven | Traffic A cloud transportation system is proposed | Yes
Cloud Trans- | Management to predict traffic congestion and construct
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Table 2.3: Representative Works on Vehicular Cloud Applications—Part2

Works

Classification

Description

Traditional
Cloud
Dependency

Pics-on-
wheels [J4)]
[Year: 2013]

Internet
of Vehicles

The surveillance application exploits the mo-
bile service nodes (vehicles) to extend the
coverage beyond the reach of stationary
video cameras.

e Vehicular cloud server estimates the
number of qualified candidates in Zone
of Interest (Zol) and accepts/rejects
the request after receiving the picture
request from a customer.

e Vehicular cloud server invites autho-
rized vehicles in Zol to provide the pic-
tures.

No

Two-tier
Data Center
49

[Year: 2013]

Data Center

By leveraging excessive storage resources in
parking lots, auxiliary vehicular data center
(VDC) can effectively mitigate the pressure
on conventional data center.

e Characterize the dynamic behavior of
a garage with a limited number of
parking spaces.

e Analyze the communication cost in a
two-tier data center for each resource
management policy.

Yes

Intellectual

Road Infras-
tructure [50]
[Year: 2013]

Traffic
Management

An Intellectual Road Infrastructure is pro-
posed to control and monitor traffic in real-
time manner in order to improve the safety
and minimize the costs.

e Use the on-board radio frequency
identification (RFID), GPS and sen-
sors to gather the information of the
traffic situation.

e Process the information on the cloud
and present valuable results via an on-
line service.
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Table 2.4: Representative Works on Vehicular Cloud Applications—Part3
Works Classification | Description Traditional

Cloud
Dependency
Parked Data Center Parked vehicles can be used as a spatio- | No
Vehicles[38] temporal network and storage infrastruc-
[Year: 2014] ture. And the role of RSU can be replaced
by the vehicles that on the roadside.

e Use Virtual Cord Protocol to enable
vehicular cloud and demonstrate the
feasibility by simulation.

e Test the performance of storing and
retrieving data on the vehicular clouds
formed by parking vehicles.

Context- Traffic Besides the traditional parking garages, dy- | No
Aware Management namic parking service such as parking a ve-
Dynamic hicle along the road can be supported by the
Parking Ser- vehicular cloud.
vice [99] - )
[Year: 201}] e By the method of probability analysis,
the traffic authorities dynamically ar-
range whether the road can be autho-
rized to provide context-aware parking
services.

e The context information also includes
expected duration of parking for a ve-
hicle.

Autonomous | Internet Vehicular cloud is able to be established by | No
Driving [{3] | of Vehicles the aggregate resources from neighboring ve-

[Year: 2014]

hicles and RSUs and their potential intercon-
nections.

e Autonomous driving application re-
quires images of next three road seg-
ments through the autonomous vehic-
ular cloud for evaluating the traffic sit-
uation.

e The images are provided by cloud
members and the content is published
to the entire network for different pur-
poses.
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Table 2.5: Representative Works on Vehicular Cloud Applications—Part4
Works Classification | Description Traditional
Cloud
Dependency
RFID- Healthcare An intelligent RFID-enabled authentication | No
enabled Au- scheme is proposed for healthcare applica-
thentication tions in VCC environment.
Scheme[64)] ) ]
[Year: 2015] e Patients traveling on the road.wear an
RFID-enabled wristband while vehi-
cles and RSUs are equipped with low-
frequency and high-frequency RFID
readers, respectively.
e A PetriNets-based authentication
model is used to secure the communi-
cation between RSUs and the central
cloud.
Virtual Ma- | Data Center Linear programming is used to minimize the | No
chine Migra- overall network cost both VM migration and
tion [106] normal data traffic.
[Year: 2015]
e Formulate VM migration problem for
minimizing network cost in VCC as a
mixed-integer quadratic programming
problem.
e A polynomial time two-phase heuris-
tic algorithm is proposed to tackle the
computation complexity due to the
large number of vehicles.
Multimedia Internet The on-board advanced and embedded de- | No
Services [56] | of Vehicles vices increase the capabilities of vehicles to

[Year: 2015]

provide computation and collection of mul-
timedia content in VC.

e An improved adaptive probabilistic re-
broadcasting method is proposed to
deal with network saturation with
large (multimedia) packet sizes in the
high-density network.

e Linear programming is used to deter-
mine the target bit rate for all driving
recorders’ videos.
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Table 2.6: Representative Works on Vehicular Cloud Applications—Part5

[Year: 2016]

posed for vehicular infotainment application
development.

e The application design principles in-
clude data fusion, context-awareness,
re-usability and loose-coupling. Three
infotainment applications are devel-
oped for vehicles using this framework.

Works Classification | Description Traditional
Cloud
Dependency

Prefetching- | Data Center A vehicle route-based data prefetching | No

Based Data scheme is devised to maximizes data dissem-

Dissemina- ination success probability in VDC, where

tion [01) the size of local storage is limited and wire-

[Year: 2016] less connectivity is stochastically unknown.

e Deterministic greedy data dissemi-
nation algorithm is used when the
stochastic features of the network con-
nectivity success rate are predefined.

e Apply Stochastic MAB-based online
learning framework to learn stochas-
tic characteristics of network connec-
tivity success rate when its distribu-
tion is unknown.

Cloud- Urban Cloud-assisted video reporting service is de- | Yes
Assisted Surveillance signed for the participating vehicles to in-
Video  Re- stantly report the videos of traffic accidents
porting to official or ambulance vehicles to guarantee
Service [39] a timely response from them.

[Year: 2016]

e The senders should transmit the re-
ported videos to the cloud via 5G net-
work when a communication route to
the recipient may not be available.

e The authentication process is achieved
by using a digital signature that as-
sociates an encrypted accident video
with a pseudonym.

InCloud [90] | Infotainment A cloud-based middleware framework is pro- | Yes
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2.5 Mathematical Modeling of Vehicular Cloud

Model is a simplification and simulation of reality, which has almost infinite factors and,
therefore, is extremely complex. Model simplifies the reality by making proper predefined
assumptions. For the traffic flow, there are so many influential factors such as weather,
traffic signs, road geometry, road conditions, driver’s behavior and a large number of
random events that make it impossible to precisely model the traffic by mathematical
tools, so traffic flow model also needs assumptions. Many VANETS, as well as VC related
studies, need to incorporate various traffic models that emulate the realistic vehicular
traffic behavior in order to evaluate the performance of their proposals such as a new
routing protocol, data dissemination in VANET, available on-board resources prediction.
Those traffic models can be categorized into three 3 types: car-following models, traffic

stream models, and stochastic traffic models.

2.5.1 Car-Following Models

Car-following model [I07] is the category of microscopic models, which describe the
individual behavior of each vehicle in the traffic flow. There are several basic assumptions

in the car-following model [113]:

1. Drivers only respond to the status of the vehicles ahead and do not respond to any

of the following vehicles.

2. The vehicle follows behind the preceding vehicles in the same lane and does not

overtake.

3. The road conditions are ideal and each vehicle has the same performance, and

drivers behave normally and have the same level of driving skills.
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Car-following model is now most commonly used to analytically describe the dynamics
of vehicular traffic flow since it has less restrictive assumptions and accounts for a large
number of such parameters that close to reality as finite driver’s reaction time, weather
conditions, road conditions and vehicle technical details, resulting in an impressive degree
of accuracy. In the majority of car-following models, a vehicle’s speed is expressed as

one of the following four modes [81]:

e Free-driving mode, when the vehicles are sparsely distributed and they are no
obstacles for the vehicle. A driver can drive any speed they want as long as the

speed is within the speed limit of the road.

e Approaching mode, where the vehicle’s speed is faster than the preceding vehicle

while maintaining the safe headway.

e Following mode, where the headway between two consecutive vehicles allows the

follower vehicle to be able to accelerate or decelerate in accordance with the vehicle

ahead.

e Braking mode, when the driver realizes the headway between vehicles is below the

desired safety distance.

In general, microscopic models like car-following models are more conformity with
real traffic. However, they are highly computationally expensive, especially when the
number of vehicles becomes large in an area. In addition, it is extremely complex to get

closed-form results within the analytical framework.

2.5.2 Traffic Stream Models

Unlike car-following model, traffic stream model does not focus on individual vehicle’s

behavior. Instead, it delineates the collective features of vehicular streams. It is cate-
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gorized as a macroscopic model since the vehicular traffic is treated as a hydrodynamic
flow. There are three macroscopic parameters for the vehicular traffic flow: vehicular
density, the vehicles’ speed and the traffic flow rate. The less amount of variables in traf-
fic stream models makes them less difficult to implement than the microscopic models,
which is the reason why they are popular in the design of data dissemination schemes for
VANET. However, the assumptions of macroscopic traffic models in the open research
works are not consistent and most of the time, case-specific.

In [46] and [34] the authors have conducted experiments over highways in Madrid of
Spain and Beijing of China, respectively. The obtained a large amount of realistic data by
putting the sensors along the highway. Then they use some well-known data processing
methods such as expectation-maximization based algorithm and principal component
analysis (PCA) to get the general distribution of the traffic. However, it is unrealistic
for researchers to get those realistic data in every traffic scenario.

The traffic model in [1] considers the vehicles moving in one direction on the straight
road segment. The movement of a vehicle is characterized by two random variables, V|
and T'. V is the vehicle speed level, which has only two possible values, high speed Vi
and low speed V7. The switch of those two speeds is controlled by the second parameter
T, which is exponentially distributed random variable with parameter A\. To be more
specific, it is assumed that a vehicle may maintain a speed level V (V7)) for an amount
of time 7" before switching to V;, (Vg).

Another macroscopic free-flow traffic model in [60] has the following assumptions:

e The vehicular density on a roadway segment tend to be low or medium.

e Incoming vehicle arrivals follow an independent and identically distributed Poisson

process.

e Vehicles navigate over an uninterrupted road segment (no stop signs, no traffic
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lights, etc.)

e Speed is normally distributed within [V,,inV,,ax] and keep the same speed during

the whole segment.

2.5.3 Stochastic Traffic Models

Stochastic traffic models are rarely used by researchers now since it has highly restric-
tive assumptions and often deviate from reality. Two most common stochastic mobility
models include Random Walk and Random Direction Mobility Model [93] [5], where the
mobile nodes are free to move in any random directions based on the road map. The

following features that are commonly seen in this type of model.

e The roadway topology is often represented by a grid. The movement of vehicles on

the grid is random.

e Vehicles select a random point as their destination and move toward this destination

at constant speed [84] [5]. The navigation directions are either vertical or horizontal.

e The interactive behavior among vehicles are not considered and the three inter-
correlated macroscopic parameters in the traffic stream model (e.g. vehicular den-

sity, speed, flow rate) are simply neglected.

A brief summary of the aforementioned traffic models are presented in Table 2.7l

2.6 Summary

In this chapter, we primarily presented the technical revolution of vehicular cloud com-
puting based on an extensive review of the literature. Plenty of research works have

contributed to this paradigm shift from vehicular networks to vehicular clouds. Various
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Table 2.7: Strengths and Weaknesses of Existing Traffic Models

Traffic Strengths Weaknesses
Model
Car-
Following Consider a large number of re- e Highly computationally ex-
]{Model( alistic parameters and the in- pensive and extremely com-
[0 13 teractive behavior among indi- plex.
vidual vehicles.
e Very hard, most likely imprac-
Have relatively high degree of ticable to get the analytical re-
accuracy sults.
Traffic
Stream Focus on the collective behav- e Some of these models have un-
Model . . . .
oy ior of vehicle flows. realistic assumptions [I].
1] [60]
Easy to get the analytical re-
sults and useful for high-level
traffic behavior studies.
Stochastic
ijﬁrc Model Based on stochastic theory e Have highly restrictive as-
23 5 and very simplistic sumptions and often deviate
from reality.
e Overlook the fundamental
characteristics of vehicular
traffic flow.

services and applications that can possibly be implemented on the vehicular cloud have

been classified and discussed here. At the end, since our work is based on the traffic

modeling, we also did a survey on the existing traffic models. This chapter provides a

broad insight into the vehicular cloud applications and their implementation.

At this stage, as far as we know, most works in the literature about vehicular cloud

are about taxonomy definition and concept proposal. Some works focus on the imple-

mentation of vehicular clouds in a rather stable environment, such as the parking lot

of an international airport or the garage of a large shopping mall. There are no works



Related Work 40

on the implementation of vehicular cloud on the road. While a static VC may provide
the same services as the traditional cloud facilities, the majority of vehicles spends a
substantial amount of time on the road. Furthermore, the infrastructure of the vehicular
cloud is the combination of the static vehicular cloudlet in the parking lot and dynamic
vehicular cloudlet on the road. In order to provide a more dynamic and broader model,
our thesis presents an initial step towards implementing vehicular cloud in a roadway

segment.



Chapter 3

Stochastic Modeling

The ability to predict the amount of available computational resources within a roadway
segment given the random arrivals and departures is one of the fundamental requirements
for building and maintaining a dynamic vehicular cloud. Two traffic scenarios molded
by different conditions are observed: free flow traffic and queueing-up traffic. The two
scenarios analyzed in this work represent the most common situations found in the traffic

and are used for enabling a comprehensive modeling.

3.1 Free-flow Model

In the free-flow traffic model, the traffic is not blocked by any obstacles such as traffic
light, stop sign, bifurcations or traffic congestion, and a driver can drive at any speed,
provided they remain within road constraints. Therefore, the traffic density in this case
is more likely to be low or medium, as high density slows down the traffic due to the
road capacity. In other words, vehicles are vastly isolated on the road and the arrivals at
the entry point of the road segment are independently and identically distributed. The

Poisson process is a common random process for depicting vehicles” arrival. We use the

41
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Figure 3.1: Free-flow Traffic in Roadway Segment [SD]

free-flow model [60] as a base to carry out our analysis.
Figure B.1lshows a typical roadway segment [SD]. The traffic theory in [89] represents

the average speed observed over a road segment, and is given by:

V = Vi (1 — 2 (3.1)

pmax

where V is the average speed, V... is the upper speed limit, p, is traffic density (Unit:
veh/meter) and ppq, is the maximum traffic density. In general, each road segment has
a speed range [Viin, Vimaz] and the traffic model in [60] assumes that vehicles’ speeds
are a Gaussian distribution between V,,.;, and V,,4. with mean V and standard deviation
oy. Another assumption is that vehicles maintain the same speeds over the length of
the road segment Lgp. Therefore, the navigation time from arrival reference point S
to departure reference point D for a arbitrary car ¢ with speed v; is T; = L%i, which is
commonly called residence time for a vehicle. It is also a random variable due to the

arbitrary value of v;. Let Fp(7) denote the cumulative distribution function (CDF) of

the residence time.
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where Fy (v) is the CDF of vehicular speed. Accordingly, the probability density function

(PDF) of the residence time is shown as

Lsp \2
_ dFT(T) o M'LSD _<_:2‘V_\/§V>

= e
dr 2oy 21

where M is a normalization factor, as defined in [60].

fr(t) (3.3)

The real free-flow vehicular traffic was investigated in [46], where the real-time traffic
measurements collected from several highways in the City of Madrid are analyzed. A
Gaussian-exponential mixture model was proposed in order to characterize the time
intervals between vehicles on the highway. The results also reveal that when the traffic
density is a small or medium number, the vehicles are somehow isolated, and the time
intervals between two consecutive vehicle arrivals, i.e. inter-arrival times, feature the

exponential distribution. As a result, the PDF for the inter-arrival time is expressed as

falt) = pe"" (3-4)

in which the mean value of inter-arrival time 1/ is inversely proportional to arrival rate

i (Unit: veh/s). Consequently, the CDF of the inter-arrival time is

Fa(r) =Pt < 7] = / falt)dr=1—e* (3.5)

Figure and demonstrate the stochastic features of a Poisson arrival process.
Figure presents the probability of vehicular occurrences in a 15-minute interval.
Specifically, if the traffic arrival rate p = 0.2 vehicles/minute, 2 or 3 vehicles are ex-
pected to show up at the arrival reference point during the period of 15 minutes, with
a probability rate of 23%. On the other hand, when p = 0.5 vehicles/minute, it is ex-

pected that more vehicles will enter the road segment. For instance, in contrast to 10%
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probability for the event that 10 vehicular arrivals within 15 minutes when p = 0.5, that
probability is negligible when p = 0.2. Figure depicts the exponentially distributed
inter-arrival time of a Poisson process. For example, the probability of the inter-arrival
time that exceeds 4 minutes is 45% when p = 0.2 vehicles/minute; this value plum-

mets to 12% as p increases to 0.5 vehicles per minute. In addition, the chance of an
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inter-arrival time that is longer than 12 minutes is zero when u = 0.5 vehicles/minute,
which means the next arrival will occur within 12 minutes, with approximately 100%
probability.

The vehicular arrival in free-flow traffic is commonly modeled as a Poisson process;
therefore, Little’s Formula [65] can be applied here to estimate the average number of
vehicles inside the segment [SD].

b L _<L>
: oy V3
B(N) = uB(T) =t [ tfa(t) dt = p [

0

(3.6)

Normally, the first moment (i.e. mean value) of a random variable offers very limited
information about the actual distribution of this variable. Higher moments are required
to obtain a full picture. Likewise, to have a detailed and precise description of the
available computing capabilities inside the road segment, it is necessary to characterize
the dynamics of the vehicles. A counting process { N(t)|t > 0} with time parameter ¢ can
be used to model the number of vehicles. The event { N(¢) = i} represents segment [SD]
holding i vehicles at time ¢. The probability of this event is denoted as P;(t) = P{N(t) =
ilt > 0}. Assume the total number of vehicular arrivals during time interval (0,¢) is s,
and p(t) is the probability that a vehicle remains in [SD] at time ¢; the distribution of

vehicles within segment [SD] can be derived by the theorem of total probability.

P(t) = Pus(t) - My(t)

=D, (Z) PO — ployr - W (3.7)

s!

[ut - p(t)]"e e
n!

where P,|5(t) denotes the probability of n vehicles remaining in [SD] at time ¢ given
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s vehicular arrivals during (0,t), while M;(t) represents the probability of an event that
s vehicular arrivals in time interval (0, ).

Additionally, an arbitrary vehicle might arrive at segment [SD] at time 7(0 < 7 < t).
The equivalent event of observing this vehicle in [SD] at time ¢ is that the residence time
of the vehicle is greater than ¢t — 7. Formula shows the probability of the equivalent

event.

Plu>t—1)=1—Pu<t—1)=1—Fp(t—r1) (3.8)

where u denotes the residence time of a random vehicle. Therefore, we can obtain the

limiting behavior of ¢ - p(¢) by assuming ¢ — oo, as described in Formula

701 — Fp(r
- 77fT(t) dtdr = ]Oj fr(t) drdt = E(T)

Since we assume that vehicular arrival is a Poisson process, given a specific time

t

t-p(t) = /[1—FT(t—T

H—l}—t

interval, the arrival times are independently and uniformly distributed during this time
period. In our case, the PDF of arrivals during (0,¢) is 1/¢, which has been employed
in Formula The closed-form expression of P,, which represents the probability mass
function (PMF) of the number of vehicles within [SD], can be obtained by substituting

Formula into Formula 3.7 the result is shown in Formula 3.10l

pET)]"e T

P, =
n!

(3.10)

where E(T') is the mean value of residence time within segment [SD].

It is evident that the number of vehicles in roadway segment [S D] over the long term is
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a Poisson-distributed random variable with mean value pE(T') according to FormulaB.10l
Moreover, this distribution is independent of the vehicular velocities; in other words, the
number of vehicles remains as a Poisson-distributed random variable, regardless of which
velocity distribution is chosen to represent the traffic mobility within segment [SD]. The
distribution in Formula matches the results in [I10], where the expected number of
vehicles in segment [S D] is discussed. Moreover, the limiting behavior of the variance of

the counting process {N(t)|t > 0} is expressed in Formula B.111

VAR(N) = uBE(T) (3.11)

It is noteworthy that variance VAR(N) has the same form as mean value E(N) in
[110], which implies the percent variance is as high as 100%. However, in order to prove
the feasibility of the vehicular cloud and utilize vehicles’ excessive computing power, it
is critical to demonstrate that a scenario very few vehicles exist in [SD] is unlikely to

occur, despite the high percent variance.

3.2 Queueing-up Model

Urban roads are more likely to be congested, due to a rapidly increasing number of
vehicles and the traffic capacities of city roads. Figure [3.4] illuminates a normal traffic
queue scenario. The bottleneck of the traffic could be an intersection, construction site
or location of an accident. In general, the queue is bound to emerge when the departure
rate is less than the arrival rate.

A few assumptions are made before we conduct our analysis. The roadway segment
has only one lane, and the vehicular arrival follows a Poisson process with parameter

A, which means the inter-arrival time is an exponential distributed random variable
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Figure 3.4: A illustration of a queue in a road segment

with parameter 1/\ [65]. In addition, we define the time it takes a vehicle to pass the
bottleneck as the leaving time (7). The total delay time D; of an arbitrary vehicle i in a
roadway segment is the summation of its waiting time W; in the queue and the leaving

time 7;, as described in [3.12]

We consider the queue with some level of equilibrium, which means the initial con-
ditions of this queue have faded out and the state probabilities are independent of the
preconditions. Therefore, the expected length of the queue maintains a constant value.
We defined traffic density p as the expected number of vehicular arrivals E(V) within
the time period of E(7), which represents the expected value of the leaving time. More-
over, as the arrival process is Poissonian with rate A, the vehicular arrival is a Poisson

distributed random variable, with a mean value of A7 for a given time range 7.

p=E(V) = \E(r) (3.13)

Since the expected value and the variance have the same form for a Poisson distribu-

tion, the second moment of the arrival process V' is
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E(V*) =VAR(V) + E*(V) = At + (A1)? (3.14)

According to Little’s law, Formulas B.13 and [3.14] as well as the mathematical deduc-

tion in [35] [51], the expected number of vehicles in the queueing system is

No2 + p?

E(N)=XEW4+r1)=p+ 30 = p)

(3.15)

in which o2 represents the standard deviation of vehicular leaving time. We can easily
derive the mean value of leaving time F(7) = p/A by utilizing Formula3.13] then substi-

tute E(7) in BI8 with p/A. Eventually, we have the expected waiting time for a vehicle

1 Na? + p?
E =—(E(N)—\E = —T 1
(W) = 5 (B(Y) = 2E(r) = 5750 (3.16)
Consequently, the expected traffic queue length is
N2o? + p?
EQ)=XEW)=—T— 3.17
(@ = rEW) = SE—k (317)

Two specific scenarios are considered here.

e The leaving time is fixed. The standard variance for the leaving time is 02 = 0 in

this case, so the Formula [3.17 becomes

B(Q) = (3.18)

e The leaving time is an exponentially distributed random variable. As a result, we

have 02 = E?(1) = p?/\?, substituting in Formula 317 thus gives
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B(Q) = (3.19)

Utilizing the computing resources of vehicles in the queue requires more detailed infor-
mation about the distribution of the queue length and waiting time, which represents the
amount of resources and their time availability, respectively. The Pollackzek-Khinchin
transform formula is used to derive the closed-form of the distribution; however, the

numerical methods are employed when the closed-form is not available.

(1= p)(z = DO"(A(1 = 2))

On) = A= 2)

(3.20)

where Gy(z) = > po, Pr[N = k|z* represents the generating function for N and b*(s)
denotes Laplace transform of the PDF of leaving time. When the vehicular leaving time
is an exponentially distributed random variable with mean value 1/, then the PDF of

leaving time is f,(t) = pe #. Consequently, the Laplace transform of f,(t) is

[e.e]

b (s) = /e_Sth(t) dt = Sﬁu (3.21)

Substituting b*(s) in Formula B.20 with FormulaB.21] we can get the expression of G (z)

when the leaving time is exponentially distributed.

(G ) R B!

< )\(l—uz)—l-u
S
n=0

where we used the steady state condition (p < 1 and |z| < 1). Formula 3.22 implies the

1—pz
(3.22)

PMF of the number of vehicles N () in the queue is
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Pn=(1=p)p"(n=0) (3.23)

Similarly, the PDF of the waiting time can be derived by using the Pollackzek-Khinchin

transform formula [3.24

(1—p)s
s — A+ Ab*(s)

c*(s) = (3.24)

where ¢*(s) represents the Laplace transform of the waiting time PDF fy,(w). Replacing

b*(s) with Formula B:2T] in Formula [3:24] we have

S+ u

c(s)=(1- P)m

=(1-p) (1 + #) (3.25)

s+pu—A
Then we obtain the PDF of the waiting time by implementing the reverse Laplace trans-

form of Formula [3.25]

fw(w) = (1= p)d(w) + p(p — N # N w >0 (3.26)

It is noteworthy that the delta function at w = 0 corresponds to the fact that an
arbitrary vehicle has zero waiting time in the queue with probability 1 — p.

In addition, we focus on the second scenario, in which a vehicles leaving time is de-
terministic, and assume the leaving rate has a fixed value of 1 vehicle/second. Therefore,

the traffic intensity p = % = \. By Formula [3.20, we have

1=XA)(z—=1exp(A(z —1))
z—exp(A(z —1))

Gn(z) = ( (3.27)

in which we used the mathematical fact that the PDF of a constant random variable (i.e.

degenerate distribution) is a delta function at ¢t = 1s (first vehicle always leaves at 1s).
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The explicit expression of PMF of N (t) is obtained by the Taylor expansion of Formula

3.27, according to the deduction process in [47].

Pr[N=0]=1-X

Pr[N=1]= (1= X\)(e* - 1) (3.28)

n>2

priN =2}=(1—A>(em+§eﬂ(—1)"j ,[(ﬂ)”*j LGt D
=

(=) =g 1)
Similarly, the waiting time distribution can also be determined by using Formula [3.24]

when the leaving time is a constant value.

(I—=MN)s

(s) = ————— 2
¢'(s) 5= A+ e (3:29)

where we assume the leaving rate u = lvehicle/second and consequently, the Laplace
transform of leaving time becomes b*(s) = e~* for the reason that the PDF of the leaving
time is a delta function §(¢ — 1) in this scenario. It might be hard to obtain the explicit
form of the PDF of the waiting time from Formula [3.29. However, the numerical analysis

can be achieved by implementing the fast Fourier transform methods on Formula [3.29]



Chapter 4

Analytical Results

From the models described in Chapter [3 we present a comprehensive discussion of the
results obtained from our analysis on the two traffic scenarios: free-flow and queueing-
up traffic. The analysis of the models consider different metrics and factors that might
condition or restrict vehicle traffic flows. In order to observe the models conditioned
under different situations, the models’ parameters have been configured according to the
value ranges described in Table [£.1]

In this study, traffic load and vehicles’ residence times are the major factors we
observe in our scenarios since the scope of this work concentrates on the utilization of
excessive, under-utilized resources of vehicles in a road segment. Traffic load consists

of the quantity of resources that can be harvested from vehicles, while residence time

Table 4.1: Summary of Experimental Parameters

Name Symbol & Units  Default Values
Traffic Density p (veh/meter) 0.07

Max Traffic Density Pmaz (veh/meter) 0.25

Road Segment Length Lgp (meter) 200

Maximum Speed Vinaz (M/8) 50

93
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Figure 4.1: Average Number of Vehicles versus Vehicular Density over [SD]

determines the length of time resources are available.

4.1 Free-flow Model

By essence, the free-flow traffic model deals with low traffic density, with relatively high
average speeds and low residence time. Even though this model represents a scenario in
which it is impractical to employ computational resources because of the rapidly changing
topology and sparcity of the vehicular network, it can provide beneficial solutions for
intermittently-connected vehicular networks. An integration of this model with delay-
tolerant mechanisms might serve and fit requirements to increase the packet delivery

ratio.

4.1.1 Traffic Load

The relation between the analysis parameters and average number of vehicles within a
road segment [SD] has been investigated as described in Formula to provide a study

on traffic load.
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Figure 4.2: Average Number of Vehicles versus Road Length of [SD]

As depicted in Figure B.6, the average number of vehicles within a road segment
[SD] increases with the vehicular density growth. This behavior is conditioned through
the average vehicle speed (V'), which decreases as p, increases; consequently, the flow of
vehicles also increases proportionally. Therefore, the arrival of vehicles in a road segment
develops with growing frequency under such conditions.

Figure provides analytical values that compare the average number of vehicles in
a given road segment with its length. The chances of finding more vehicles in a road
segment are directly proportional to the dimension of the segment. The figure shows
that there is a linear association in the model that connects the quantity of vehicles and
the segment length. From the analysis, the average vehicle residence time is longer in a
longer road, when the speed distribution is the same. With the longer time required to
traverse the road segment, the average number of vehicles within the segment increases
proportionally, according to Little’s law.

Figure presents an analysis of the free-flow model on vehicle speed. Results show

that the average number of vehicles in a road segment grows as the maximum vehicle
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Figure 4.3: Average Number of Vehicles versus Max Speed Limit within [SD]

speed in the segment increases from 10 meters per second (36 km/h) to 60 meters per
second (216 km/h); however, this behavior occurs at initial maximum speeds, and the
number of vehicles asymptotically converges as the maximum surpasses a threshold. As
described in Formula B, the maximum speed directly influences the average vehicle
speed, and a higher maximum speed consequently allows for an increase in the vehicle
arrival rate . The average number of vehicles E(N) also increases, as defined in For-
mula 3.6l Nevertheless, high vehicle speeds cause the average resident time E(T) to
decrease due to the limited, fixed road length. Finally, the decrease of average resident
time neutralizes the increase of the vehicle arrival rate.

When the vehicle density in the road segment increases, the probability Pr[N(t) < E(N)]
converges to 0.5, based on Formula B.I0l This behavior is shown in Figure [4.4] which
depicts that this probability tendency is expected, since both VAR(N) and E(N) equal
wE(T) for the defined Poisson process. Let vehicle density in a road segment of p = 0.02
(vehicles/meter); the probability of containing a number of vehicles within [SD] less

than half of the expected value is 0.08. Assuming an increase in vehicle density (p), the



Analytical Results 57

=

o9y Pr{N(t) < E(N)}

0.8f Pr{N(t) < E(N)/2}
' Pr{N(t) < E(N)/3}

0.7

0.6

Probability
© o o
w » (2]

o
)
T

0.1 \

0 I i i i i ! i

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Vehicle Density [Vehicles/meter]

Figure 4.4: The Probablity P[N(t)]

expected value quickly tends to 0. For example, the probability Pr[N(t) < 6] is equal
to 0.02 if the expected value of N(t) is defined as 12 with a vehicle density of p = 0.04.
These conditions ensure that there are more than 5 vehicles in the road segment [SD]
with a probability of 0.98. The value of probability Pr[N(t) < E(N)/3] stands near zero
for any vehicle density in the road segment, indicating that the probability of occurring
at least F/(IN)/3 vehicles in the segment is 100%. This assures us that there are at least
E(N)/3 vehicles within [SD] at any time for utilization of any application.

The analysis of the number of vehicles in a road segment [S D] is depicted in Figure[4.5l
For instance, there is a probability of Pr[N(¢) > 7] > 0.99 in encountering at least 7
vehicles in the segment, as the vehicle density equals p = 0.06. Furthermore, increasing
the probability to 0.80, it is possible to find at least 12 vehicles in the segment. With a

probability of 0.5 on the events, more than 15 vehicles are in road segment [SD].
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Figure 4.5: Number of Vehicles Distribution versus Vehicular Density

4.1.2 Residence Time

The residence time contains valuable information for vehicular clouds, since it estimates
the time availability of a vehicle, as well as its computational resources, in a road segment.
Estimating the availability of resources is essential for properly scheduling cloud tasks.
In the context of free-flow traffic, the fixed road length and an increasing maximum speed
causes the average residence time FE(T') to decrease, as described in Figure 1.6l As the
average residence time decreases, the average number of vehicles in the road segment

decreases; this behavior is depicted in Figure .3l

4.2 Queuing-up Model

Vehicles queueing-up in a road segment facilitates many promising applications, due
to longer residence times and higher vehicle density in a road segment. For instance,
vehicles under these circumstances can autonomously self-organize and dynamically build

a vehicular cloud, which can help to solve traffic-related problems in real-time. Such
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Figure 4.6: Average Residence Time versus Max Speed Limit within [SD]

a cloud can execute traffic management applications and dynamically and accordingly

extend green lights in a given direction, for the sake of alleviating traffic congestion.

4.2.1 Traffic Load

The average number of vehicles in a road segment increases in accordance with the
intensity of the traffic. This behavior follows the queueing-up model described in Formu-
las and 319, and is shown in Figure L7l The average number of vehicles increases
to a large value in the event that the traffic intensity is close to 1, representing an intense
traffic jam in the segment. For instance, the average number of vehicles in the queue
is F(Q) = 0.8%/(1 — 0.8) = 3.2 when the leaving time is exponentially distributed and
with p = 0.8. Following this relation, p = 0.88 leads to an average number of vehicles of
E(Q) = 6.4. Consequently, an increase of 0.08/0.8 = 10% in the arrival rate leads to a
100% increase in the mean number of queueing vehicles.

Formula provides PMF of the number of vehicles in the queue, considering that

the leaving time is exponentially distributed, and including the departing time vehicle
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Figure 4.7: Mean Number of Vehicles in a Roadway Segment versus Traffic Intensity

in the segment. Figure [4.8 depicts the behavior of the PMF in the queueing-up model,
in which we focus on achieving an equilibrium scenario that satisfies the condition p =
% < 1. As described in the figure, the traffic queue shows a lower chance to occur, close
to 0, as the departure rate of vehicles is twice the size of the arrival rate, represented by
p = 0.5. The PMF also shows a uniform distribution, as the arrival rate is close to the
departure rate (p = 0.99). This demonstrates that the number of vehicles can become
very large in the presence of probability such as a situation with a low number of queued
vehicles. Figure indicates that the probability of the number of queueing vehicles is
conditioned by a given number. This demonstrates that it is very unlikely that more
than 5 vehicles will be queued with p = 0.5. The same close-to-zero chance is observed
with 13 vehicles, P[N(t) > 13|, with p = 0.75. However, encountering more than 20
vehicles in the queue occurs with a probability of 0.82 with p = 0.99. This shows a high
chance of forming a queue in the road segment, increasing the chances that resources
might be utilized.

In the scenario in which the leaving time of vehicles is constant, different distributions

are obtained, as depicted in Figuresd.10land [4.11l Compared with a scenario that shows
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Figure 4.9: Number of Vehicles with Exponential Leaving Time

the exponentially distributed leaving time of vehicles, the fixed leaving time matches some
aspects; for instance, with low p, the PMF and probability curves follow the same pattern,
showing similar values. The difference resides on p = 0.99; in this case, the probability of
encountering more than 20 vehicles in the road segment is 68% for a fixed leaving time.
This presents a lower value when compared with the exponentially distributed leaving

time scenario, which shows a chance of 82% under the same conditions. This difference
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is justified in Figure [4.7]

scenario presents a larger

scenario does.

Number of Vehicles
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which shows that an exponentially distributed leaving time

number of vehicles in the segment than a fixed leaving time
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4.2.2 Residence Time

The residence time is a significant metric that provides a means of determining the
amount of time computing resources are available in the road segment, in order to sched-
ule and migrate applications and tasks. Figure[ZI2]presents the average waiting times of
vehicles in a traffic queue of our exponentially distributed and fixed leaving time scenarios
with p = 0.8,0.9.

Figure [L.13] depicts the PDF of the waiting times of vehicles in a queue with an
arrival rate of © = 1, and the leaving time of vehicles follows a random variable with
exponential distribution. The analytical results totally match the behavior of the PMF
shown in Figure with p = 0.5, which means that 50% of the vehicles traverse the road
segment without waiting in the queue. With p = 0.99, it is observed that the waiting
time of vehicles is uniformly distributed over a long time frame. Larger wait times occur
due to arrival rates close proximity to departure rates.. The times are better described
in Figure [4.14], which contains probabilities of waiting times according to different arrival

rates. For a p = 0.5, it is very unlikely that any vehicle will wait in the queue for longer
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than 8 seconds. On the other hand, with p = 0.99, there is a probability of 0.75 that it
will take longer than 30 seconds for vehicles to traverse the road segment.

Finally, waiting times in the queue according to the fixed leaving time scenario are
depicted by Figures and [4.16l Consistent with the results presented in Figure [4.12]

the fixed leaving time scenario describes shorter leaving times when compared with the
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exponentially distributed leaving time scenario.



Chapter 5

Conclusion and Future Work

In this study, we took a very first step towards implementation of a vehicular cloud,
namely collecting the computing resources of moving vehicles in a rather dynamic envi-

ronment, a roadway segment.

5.1 Conclusion

We have described two traffic low models to represent the behavior of vehicles in a road
segment. The models provide the analytical means for dynamically estimating the avail-
ability of computational resources in the traffic network, and can integrate a vehicular
cloud. The proposed models reflect two common scenarios: free-flow and queueing-up
traffic. Different from the previous works that explore such resources in a static environ-
ment, like the long-term resting of vehicles in an airport parking lot, this work observes a
rather dynamic environment, with a limited residence time of vehicles in a road segment,
lasting for a matter of seconds or minutes. The estimates allow the design of models
to determine the feasibility and possible scenarios for assigning computational tasks to

vehicles, as well as migrating tasks from departing vehicles to those arriving in a road
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segment. Cluster computing with mobile nodes and message passing interface [69] are

approaches for resolving assignment issues.

5.2 Future Work

Our future work consists of implementing our free-flow traffic model and evaluating it
through simulators, such as NS2 [73] or OMNeT++ [97], to observe the distribution
of computational tasks on vehicles in a road segment and the effect of load migrations
among vehicles. The work in [83] could be our step stone to explore this direction.
In a less dynamic scenario, the queueing-up traffic situation, we intend to couple our
model with scheduling techniques to determine the best task assignment for benefiting
applications. In the context of unexpected critical traffic issues, it is ideal that processing
deadlines are matched with the time span of an on-demand assembled vehicular cloud.
Thus, critical applications spawned for solving critical issues are able to conclude their
execution, resulting in a valuable answer. Moreover, our work explored the traffic flow in
single-lane road segments in which an equilibrium is achieved. This scenario is expected

to be extended into multi-lane road segments, involving non-equilibrium queues.



Appendix A

Glossary of Terms

API Application Program Interface
Caas Cooperation as a Service

CC Cloud Computing

CDF  Cumulative Distribution Function
CompaaS Computation as a Service
DSRC Dedicated Short Range Communications
EC2 Amazon Elastic Computing Cloud
GIS Geographic Information System
GPS Global Positioning System

IaaS Infrastructure as a Service
MANET Mobile Adhoc Network

MCC  Multiple Input Multiple Output
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NaaS

OBU

PaaS

PDF

PMF

QoS

RFID

RSU

SaaS

STaaS

V2I

V2V

Nework as a Service

On Board Unit

Platform as a Service

Probability Distribution Function
Probability Mass Function
Quality of Service

Radio Frequency IDentification
Road Side Unit

Software as a Service

Storage as a Service

Vehicle to Infrastructure Communication

Vehicle to Vehicle Communication

VANET Vehicular Adhoc Network

vC

vVCC

VDC

WAVE

Z01

Vehicular Cloud

Vehicular Cloud Computing

Vehicular Data Center

Wireless Access in Vehicular Environment

Zone of Interest
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