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Glossary of Terms

CO Computation Offloading
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MCC Mobile Cloud Computing
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Abstract

Vehicular edge computing (VEC) brings the cloud paradigm to the edge of the net-
work, allowing nodes such as Roadside Units (RSUs) and On-Board Units (OBUs) in
vehicles to perform services with location awareness and low delay requirements. Fur-
thermore, it alleviates the bandwidth congestion caused by the large amount of data
requests in the network. One of the major components of VEC, computation offloading,
has gained increasing attention with the emergence of mobile and vehicular applications
with high-computing and low-latency demands, such as Intelligent Transportation Sys-
tems and IoT-based applications. However, existing challenges need to be addressed
for vehicles’ resources to be used in an efficient manner. The primary challenge con-
sists of the mobility of the vehicles, followed by intermittent or lack of connectivity.
Therefore, the MPR (Mobility Prediction Retrieval) data retrieval protocol proposed in
this work allows VEC to efficiently retrieve the output processed data of the offloaded
application by using both vehicles and road side units as communication nodes. The
developed protocol uses geo-location information of the network infrastructure and the
users to accomplish an efficient data retrieval in a Vehicular Edge Computing environ-
ment. Moreover, the proposed MPR Protocol relies on both Vehicle-to-Vehicle (V2V)
and Vehicle-to-Infrastructure (V2I) communication to achieve a reliable retrieval of data,
giving it a higher retrieval rate than methods that use V2I or V2V only. Finally, the ex-
periments performed show the proposed protocol to achieve a more reliable data retrieval

with lower communication delay when compared to related techniques.
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Chapter 1
Introduction

Vehicular Edge Computing (VEC) allows resource-limited devices, such as mobile phones,
to execute compute-intensive applications by using the available processing capabilities
of cloud servers through Computation Offloading (CO). CO refers to the process of
partitioning an application into smaller “offloadable” tasks [51], sending them to the
cloud and then retrieving the output processed data. This approach helps devices achieve
the computation with lower energy consumption and lower delay. However, the increasing
number of devices requesting and sending data to the core layer of the cloud results in
performance drawbacks such as bandwidth congestion, which leads to delay, packet loss
and blocking of new connections.

Therefore, edge computing aims to alleviate the bandwidth congestion and give a
performance boost to cloud computing by processing data at the edge of the network.
Edge computing architectures [I3] propose the use of nodes at the edge of the network
for computing instead of processing all the data in the back end of the network. These
edge nodes are smaller servers that are strategically located in places of interest. Con-
sidering the recent development in vehicular industry and the capability of vehicles to
communicate with Road-Side Units (RSUs), in this context, using vehicles as support
infrastructure to form VEC is a viable approach [42, 5] to provide a performance boost
to computation offloading. By using the nodes at the edge of the network, instead of
sending them to a data center or cloud, decreases the distance traveled by the data pack-
ets. Therefore, the delay is reduced and the network congestion is alleviated to avoid
issues such as data loss.

In addition, vehicular networks generally rely on three different types of communica-
tion: Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure (V2I), and Vehicle-to-Anything



(V2X) communication. However, each type of vehicular communication results in bene-
fits and challenges for VEC. For instance, V2V communication helps to alleviate infras-
tructured networks and reduce the communication delay. However, the output retrieval
from the computing offloading will be challenging as the high mobility can lead to losses
of connectivity. Concerning V2I communication, the RSU improves connectivity perfor-
mance using more stable access points with less mobility, but it might be congested due
to the high volume of data. In regards of V2X, although it is the most versatile way
of communication it has challenges for managing communication among heterogeneous
entities.

The primary challenge in this situation is related to the mobility and connectivity of
the nodes. This retrieval strategy starts from the assumption that when the vehicle to
which a task was assigned finishes the computation, it will want to return the processed
data to the sender RSU. Depending on some parameters, such as the speed and the
processing time of the task, the vehicle’s position might be different from the position it
occupied when the task was received. The proposed technique to address these challenges
extends our previous work [80]. The algorithm used in this work, for the proposed MPR
data retrieval protocol, is influenced by geographic routing and utilizes the position and
direction of movement of the user at the moment of offloading the tasks in order to
estimate its future position for a more reliable and efficient data retrieval in vehicular
edge computing. To address the challenges caused due to the mobility of vehicles, a
hybrid of V2V and V2I communication is used, which has proven to be more reliable
than the techniques that use V2V or V2I only.

1.1 Thesis Statement

The computation offloading technique is a robust solution that gives devices with low
resources the ability to execute compute-intensive applications, such as image render-
ing, games, and live video streaming in social media. With the quick development and
evolution in technology, the number of existing mobile devices and applications keeps in-
creasing, opening some challenges to computation offloading. Bandwidth congestion and
connectivity between mobile device and server are the primary ones. Using nodes at the
edge of the network, such as vehicles which commonly have underused resources, is a vi-
able approach for alleviating the bandwidth workload. However, challenges such as high
mobility, and short-lived or intermittent connectivity between them makes computing

offloading to and task retrieval from vehicular edge computing a daunting task. There-



fore, this work proposes an efficient data retrieval protocol for a Mobile Edge Computing
scenario using vehicles as support infrastructure, which adapts to a realistic scenario and

addresses both of the above-mentioned challenges.

1.2 Motivation

Edge computing aims to alleviate the congestion on the core layer of the cloud networks
or data centers. With the development of smart vehicles and applications such as Intelli-
gent Transportation Systems, achieving a seamless communication between these nodes
is a prominent research topic. However, challenges exist due to the high-mobility of vehi-
cles and intermittent connectivity between them. Although there are existing studies on
Vehicle-to-Anything communication, there is limited research on V2X towards computa-
tion offloading. Considering devices with high mobility, such as vehicles with On-Board
Units, as infrastructure for applications like Computation Offloading is a viable option.
However, offloading and retrieving data involving high-mobility nodes makes it a daunt-
ing task. Therefore, a forwarding technique for the retrieval of processed data is of vital
importance. The systems proposed shall use vehicles in a Mobile Edge Computing envi-
ronment as support infrastructure, helping alleviate the load on the core cloud servers,
reduce communication delay for CO localized tasks, and to assist on the retrieval of the

output processed data.

1.3 Objectives

As this thesis aims to propose to enhance the computation offloading paradigm incorpo-
rating new technologies, such as using vehicles as support infrastructure, some parameters
need to be taken into consideration. The more critical one is the mobility of the nodes
because not only it makes the retrieval process more complex, but it also brings other
challenges like intermittent or null connectivity from the side of the vehicles. Apart from
this, there is also the case of obstacles in communication when considering an urban
scenario, which makes necessary to come up with a solution that can apply to a realistic
scenario. To achieve this aim, the objective of this work is to collect information about
current protocols that can be used with the purpose of data retrieval, and find an effi-
cient way to retrieve the processed data, while considering the challenges of connectivity,

delay, and successful retrieval.



1.4 Contribution

The main contribution of this thesis consists of a new algorithm for a data retrieval
protocol that aims to address mobility and intermittent connectivity in a vehicular edge
architecture, development and integration of a movement prediction algorithm to provide
a more efficient and reliable retrieval, and an evaluation through simulation of different
retrieval protocols to show the proposed MPR protocol achieves a more reliable retrieval

of the processed data to give the best overall performance.

1.5 Outline

The thesis is organized as follows, Chapter[2]shows the background and related work. The
background work describes the process of computation offloading, as well as applications
related to this and other topics involved. Chapters |3| and [4] describe the proposed data
retrieval protocols used in the scenario presented for the analysis. Chapter [5] illustrates
the scenario used in the experiments. The analysis of the results obtained is also discussed
in this chapter. Finally, Section [6] concludes this work with the key findings and future

work.



Chapter 2

Background and Related Work

Mobile Cloud Computing (MCC) uses the computation offloading (CO) technique to as-
sist devices on executing compute-intensive applications. To achieve this, CO is generally
divided in three main steps, partitioning, resource allocation or scheduling, and offload-
ing, where partitioning consists in the division of the application into smaller chunks,
scheduling concerns with resource allocation for processing of the chunks that will be of-
floaded and offloading comprises the transfer of the application’s chunks to be processed
in a cloud server. Therefore, computing offloading helps to reduce computation delay
and conserve energy in resource-constrained mobile devices. However, the proliferation
of smart mobile devices and the increased demand for computing intensive application
in these devices will lead to huge amount of data offloading to the cloud, resulting in
drawbacks for the system such as poor performance for the mobile application and net-
work congestion, which leads to communication delay, packet loss and blocking of new
connections [17, [I8, [90].

In this context, Mobile Edge Computing (MEC) appears as a viable solution to reduce
the amount of data to be transfered for cloud servers. Computation in the edge takes
advantage of nodes, like traffic light controllers or Road-side Units (RSUs), to alleviate
the load from the cloud servers in the core layer. By bringing the processing nodes to the
edge (i.e. closer to the user) communication times are decreased. Therefore, computation
cost decreases making the CO technique a more efficient one. Moreover, as data can be
analyzed at the edge, network traffic to a data center or cloud is reduced as well.

Recently, the development in the automotive industry has brought a considerable
improvement to vehicles in terms of storage and processing power, and with vehicles

spending a significant amount of time idle (parked), most of these resources are not



exploited. Several works [42] 85] have evaluated the possibility of using vehicles as in-
frastructure by creating Cloud servers out of vehicle clusters. If the vehicles are static
(e.g. in a parking lot), it becomes logic to consider them as Roadside Units (RSUs).
Moreover, when moving on the streets, vehicles’ resources still could be reached by V2V
or V2I communication. Consequently, connected vehicles have enabled very promising
solutions in assisting edge computing with underutilized, capable resources of vehicles.
This strategy allows decreasing the workload of cloud servers at the network’s core layer
by sharing tasks and assembling cloud clusters with vehicles at the edge of the net-
work [88]. Vehicular Edge Computing (VEC), composed by these vehicle cloud clusters,
aims to use these idle resources and support resource-constrained devices using the com-
putation offloading technique and it can facilitate many applications in the context of
traffic efficiency and management [4], active road safety [4], and infotainment [11], for
instance.

In this section, we study proposed solutions for computation offloading in vehic-
ular edge. We propose to classify task partition techniques in filter-based and auto-
matic, based on the parameters each technique aims to improve. Moreover, we classify
scheduling algorithms in adaptive, social-aware-based and deadline-sensitive, based on
the environment the methods are considered for. Finally, the data retrieval techniques
are classified in distance-based, social-based and mobility prediction-based algorithms,
based the distance references that the methods use to achieve an efficient retrieval. There
are different approaches that have been taken for classifying the process of computation
offloading [7, [69]. However, to the best of our knowledge there is no literature that
classifies the works for computation offloading in Vehicular Edge Computing, which is
essential to reveal the relationship between connectivity, communication capability, and
mobility, as well as the benefits of exploiting vehicular resources.

The remainder of this chapter is organized as follows. A background to computation
offloading, the process it follows and existing literature on platforms that take advantage
of the CO technique is presented in Section [2.1} The classification proposed of existing
techniques for partitioning, scheduling, and data retrieval for CO in a VEC environment
are discussed in Section [2.3] 2.4, and 2.5 respectively. Furthermore, existing techniques
that can be adapted for computation offloading in a vehicular environment are discussed
in Section [2.6| Finally, Section gives the concluding remarks.
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Figure 2.1: Mobile Edge Computing architecture.

2.1 Computation Offloading in a Nutshell

In this section, we will discuss the main building blocks for computing offloading from
mobile devices to vehicular edge computing. First, we highlight the three main steps
for computing offloading of a computation intensive task. After that, we discuss the
potential of vehicular edge computing for reducing computing offloading for cloud servers
and, consequently, network overhead.

With the development of the technology of mobile devices, applications are evolving
into the creation of more and more compute-intensive applications to give the user a
better experience. For example, in the case of gaming and social media, devices are
capable of rendering video streaming [14] with such good quality graphics. While all
of these applications may improve the user experience, there is a disadvantage to their
execution; the high consumption of resources on the mobile devices side. Moreover, the
increasing usage of mobile devices presents the possibility of an overload in the bandwidth
of the network.

Devices using the computation offloading model and sending significant amounts of
data to the core layer of the network can create bandwidth congestion. Mobile Edge
Computing (MEC) extends the cloud paradigm by processing data in edge nodes, which
are located at the edge of the network as shown in Figure [2.1l This approach alleviates
the congestion in the bandwidth and at the same time reduces the communication cost
by reducing the delay in the data retrieval process.

A potential approach for this disadvantages is computation offloading. Figure [2.2
shows the main components and process of computation offloading, where instead of
completely executing the application locally, it allows the device to transfer part of the
tasks to a remote server. This approach aims to achieve a reduced execution time and

energy consumption from the overall process.
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The major steps for computation offloading in a vehicular edge computing environ-

ment, represented in Figure [2.2] are regarded as follows:

1. Partitioning, the application is sliced into smaller offloadable tasks, usually on the
mobile device. This step of the process may seem unaffected by the fact that a high-
mobility environment is considered. However, if the partitioning is done efficiently
according to the constant changing of nodes and resources, the following steps can
have a better performance.

2. Scheduling, the server considers the available resources and policies to process the
offloaded tasks in the most efficient way. Considering the mobility of nodes in the
case of a vehicular edge computing system, resource allocation becomes a more
complex process. Therefore, a scheduling algorithm that can adapt to such envi-

ronment can result in an enhanced QoS.

3. Data Retrieval, where the output processed data is collected by the mobile device.
The fact that the offloading is in an environment with high-mobility makes this step
an essential one. While the two previous steps can help to achieve a quicker task
execution, there are still challenges to consider for the retrieval, such as intermittent

connectivity and message redundancy leading to a broadcast storm.

Based on the MEC architecture (Figure and following the process of computation

offloading (Figure [2.2)) it is a viable option to consider vehicles as high-performance ma-



chines, which are most of the time idle and have unused resources. Compared to MEC,
using vehicles as support infrastructure in an edge computing (VEC) is less costly, con-
sidering there is no need for deployment. Moreover, considering the capability of vehicles
to communicate with RSUs, which are at the edge of the network, using vehicles as pro-
cessing nodes greatly improves resource utilization and performance of MEC by reducing

delay and capacity limitations when data traffic rises to create network congestions.

2.1.1 Vehicular Edge Computing

Vehicular edge computing is an extension of cloud computing that aims to alleviate the
overload from the core cloud servers and lower the offloading cost of mobile applications.
Figure represents a typical architecture for VEC, where the resources of vehicles are

exploited as edge nodes.
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Figure 2.3: General architecture for computation offloading in vehicular networks.

The three layers of the VEC architecture can be explained as follows.

e Mobile devices:comprise applications being executed by users, which can be pedes-

trians or vehicles with onboard units

e Roadside Units:represent the fixed infrastructure of the network that receive and
process the tasks offloaded by the mobile devices.

e Vehicular cloud: is a grid formed by vehicles capable of communication with each

other and an RSU, which acts as controller node of the cloud
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The main objective of VEC is for resource-constrained mobile devices to ofoad appli-
cations to vehicular nodes in the edge of the network, in order to alleviate the congestion
generated in the core cloud servers. The computation offloading to vehicular edge com-
puting, instead of the cloud, results in energy conservation in the mobile devices and
reduction of networking congestion [9]. Several studies were proposed in the literature
to address different aspects for enabling edge computing in vehicular networks.

In an attempt to alleviate the load in cellular networks, [91] presents a mathematical
framework to study time and space constrained data in a Vehicular Ad-hoc Network
(VANET) scheme. Considering vehicular clouds are relatively new, there is still a number
of challenges to address. The mathematical framework presented here contemplates the
probability of contact between vehicles, so they can share content. Even if several users
subscribe to the same content, they have different delivery deadlines, which makes such
a solution possible. The analysis and experiments prove this framework to perform well
and achieve high offloading efficiency.

Regarding offloading in VEC, [§] studies different classical assignment policies to-
gether with their performance and task failure, the policies studied were: best fit, first
fit, and last fit. The analysis shows that last fit minimizes the total task failures, and
best fit achieves a better task assignment failure rate.

A cloud offloading framework for VANET, which aims to enhance the performance
of this technique by using different scheduling policies to adapt for interactive appli-
cations is presented in [I0]. Three policies are used for the study and each aim for a
different objective: minimize CPU expense, minimize network expense and minimize the
maximum lateness of applications. This solution for offloading interactive applications is
tested using a prototype of a cloud system, it shows to efficiently adapt scheduling while
applications meet their deadlines.

Concerning location-aware content is presented in [55], it focuses on caching archi-
tectures for highly localized content and the impact that growing traffic demand has on
them. This work uses an app, which collects location and connectivity information from
the user. The assumptions of the architecture are as follows. The app can be installed on
a mobile device, the user can be a static or moving pedestrian, either walking or inside
a vehicle, and the content is categorized in types. The analysis presented shows that
the cache sizes are influenced by the architecture used, and the cost of moving from a
centralized to a distributed architecture is not significant [20, 21]. This study shows that
caching architectures can be adapted to the edge computing scheme. However, a more

thorough analysis of different communication technologies is essential to have a more
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clear overview. Working with delay-tolerant data, a system with offloading spots for
data storage is proposed in [12], it uses strategic locations for vehicles to offload massive
delay-tolerant data to obtain a scalable and centralized offloading architecture.

Furthermore, in the context of VEC, a study [72] of virtual machine (VM) migration,
together with its challenges in performance. This work presents an algorithm for VM
migration for vehicular clouds, which detects an exiting vehicle from the grid. The grid
refers to vehicles in communication with an RSU, and exiting vehicle means a vehicle that
is leaving this grid. To avoid data loss, it must be retained within the grid. Therefore, if
an exiting vehicle is not able to find a destination vehicle for the data migration then it is
stored in the RSU. The authors propose three different modifications to this algorithm:
start looking for a destination vehicle at street level, select the destination vehicle based
on the workload of the nodes, and select the destination vehicle based on the time they
have left in the grid. While the idea presented is promising, the analysis showed that
the results are still not satisfactory for an efficient system.

Despite the significant advances encountered in the literature, there still are several
challenges to be addressed towards the fully development of vehicular edge computing.
The primary challenge in VEC is communication between nodes for task offloading and
retrieval, due to the fact that mobility is highly present and topologies are constantly
changing. Considering there are no standard parameters yet to evaluate performance in
vehicular clouds, using vehicles as infrastructure show a great potential to boost the per-
formance of computation and communication for an edge environment [42]. The study
in [85], shows there is a direct relation between the delay tolerance, connectivity, the
mobility of the vehicles, and the serviceability of VEC. There are other parameters to
consider, such as geographical location and security, but overall VEC can be expected

to enhance the performance of cloud systems.

Vehicular edge computing generally relies on three different types of communication:

o Vehicle-to-Vehicle Communication. V2V communication allows vehicular nodes to
exchange data directly without the need of infrastructure. Vehicles with On-board
Units (OBUs) are high-resource nodes, which are generally underused and they
have the capability to communicate with other OBUs using Dedicated short-range

communications (DSRC).

e Vehicle-to-Infrastructure Communication. V2I refers to vehicles and roadside in-

frastructure being able to communicate with each other. This communication is
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mainly to collect data from applications or any information of interest for the net-

work to perform optimally.

o Vehicle-to-Anything Communication. Both Vehicle-to-Vehicle (V2V) and Vehicle-
to-Infrastructure (V2I) communication play an important role in VEC. Therefore,
V2X is a hybrid architecture that allows vehicles to communicate with any node

in the network, such as mobile devices, pedestrians and roadside units

Each type of vehicular communication results in benefits and challenges for VECs.
For instance, V2V communication helps to alleviate infrastructured networks and reduce
the communication delay. However, the output retrieval from the computing ofioading
will be challenging as the high mobility can lead to losses of connectivity. Concerning
V2V communication, the RSU improves connectivity performance using more stable
access points with less mobility, but it might be congested due to the high volume of
data. In regards of V2X, although it is the most versatile way of communication it
has challenges for managing communication among heterogeneous entities. Even though
communication is a major challenge for VANET and can cause performance drawbacks
for the process of CO, considering it is still a recent topic, using vehicles as edge nodes

is definitely a viable solution for a more efficient computation offloading.

2.2 Proposed classification

In the context of Vehicular Ad-hoc Networks, a number of surveys [27, 29, [36, [70] have
studied data dissemination [47, 63, 97]. Nevertheless, these surveys study dissemination
methods as part of an information diffusion process and not in terms of retrieval, as it is
needed for a computation offloading system supported by vehicles and RSUs.

The classifications found in the literature are as follows:

e Akherfi et al. [7] defines the process of computation offloading with the following

steps:
— Application partitioning, where the application is divided into offloadable and
non-offloadable tasks.

— Preparation, to arrange everything that is needed for the partitioned tasks to

be offloaded, including server selection.

— Offloading decision, which is the final step of the process and it refers to

sending the tasks to the remote server.
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e Orsini et al. [69], considers a design guideline for the offloading system as follows:

— Partitioning or pre-phase to offloading, to define and divide what parts of the

application need to be synchronized after the offloading process finishes.

— Offloading, referred as the most important step of the process, it is where the

tasks are sent to a remote server.

— Handling of a global state, where the system stays aware of the mobile nodes

and considers the rapid change of the environment.

Although these categorizations consider the essential steps for computation offloading,
if the system used is the one of Vehicular Edge Computing there are some steps that

have a significant influence on the performance of the technique.

Computation
Offloading
‘ Partitioning ’ ‘ Scheduling ’ ‘ Data Retrieval
T T T
1 1 1
1 1 1
1 1 1
> Filter-based ’ . Adaptive . Distance-based
: : :
1 1 ]
. Automatic ’ . Social-based > Social-based
: :
| A Deadii ” : . Mobility
CAGHNESERsIue :- Prediction-based
:
“~|  Secure Retrieval

Figure 2.4: Taxonomy of the process of computation offloading.

In this work, we propose to classify computation offloading as follows: partitioning,
scheduling, and data retrieval. The classification is based on the three major steps
that are required for the process to be efficient. Furthermore, the steps are classified
into subcategories based on the existing works and future directions for vehicular edge
computing. The proposed taxonomy is represented in Figure A brief description of

the categories is presented below:
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e Partitioning: Partition techniques are divided in two subcategories based on their
objectives. Filter-based, where the algorithm aims to enhance performance regard-
ing a single parameter like energy consumption or delay, and automatic, where
the objective of the technique is to enhance overall performance in the designated

environment, which in this case is edge computing.

e Scheduling: Scheduling mechanisms are separated into three subcategories. Adap-
tive, where the technique aims to adjust to the opportunistic nature of a mobile
network to achieve an optimum performance, social-based, this method takes ad-
vantage of the mobility of the nodes and the frequent contacts of the users to
reliably allocate resources according to their physical and social distances, and
delay-sensitive, which refers to the algorithms that have the only purpose of en-

hancing the performance of the system, regarding deadlines and allocation delay.

e Data Retrieval: Data retrieval methods are divided into three subcategories. Distance-
based, where the geographical location of the nodes is the main parameter consid-
ered for a successful retrieval of the output data, social-based, which with the same
principle of the distance-based uses social relationships to obtain a more secure
and efficient data retrieval, finally, mobility prediction-based techniques that take
advantage of the mobility of nodes to predict the location of the nodes to calculate

the best path for the user to retrieve the data packets.

2.3 Partitioning

The rapid development of technology in mobile devices has brought an increasing popu-
larity of developing compute-intensive applications. Even when portable devices, such as
mobile phones, tablets, laptops or even watches have new and more powerful computing
resources every year, sometimes these are not enough for high-performance applications
such as gaming, live-streaming or virtual reality applications. To support all of these
applications, the works in [15, 32, [34] suggest task offloading to cloud servers. To do
this, the application must be partitioned into smaller chunks of data, so there is a lower
communication delay involved in the offloading process.

For applications to be divided into smaller tasks, first those tasks have to be classi-
fied into classes. This classes can be defined based on many criteria, for example, the
importance of the task in the application. In the case of computation offloading in a

mobile environment, such as vehicular edge computing, a major parameter to consider is
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Figure 2.5: Topology structure of an eight-node application.

whether the task can be executed externally. Some applications may need information
from sensors, such as GPS or the camera, that can only be obtained from the mobile
device. Once these parameters are defined, and the application partitioned into smaller
tasks, it is much simpler to offload them to be executed in an external server or device.
Figure represents the topology of an application used in [65] as part of a partitioning
study.

Being the first step of the process, it is essential for the partitioning algorithm used
to analyze the environment before starting to define parameters. In the case of vehicular
edge computing, the most important characteristic to evaluate is the mobility of the
nodes and the possibility of connectivity failure. Considering these two constraints, it
is logic that a partitioning algorithm that breaks compute-intensive tasks into smaller
tasks can help the nodes to reduce the execution delay and make the following steps more
efficient. For scheduling, having an efficient partitioning algorithm means a more seamless
resource allocation and task execution. Furthermore, for data retrieval, by reducing the
overall delay implies that the mobile node will have fewer drawbacks considering that
the distance traveled while processing the task is short.

Partitioning can be categorized in different ways [51], and while there are no stan-
dard parameters to evaluate vehicular edge computing, the works reviewed in the pro-
posed subcategories are considered to be potential techniques to perform well if used for
computation offloading with mobile nodes. The categorization of the existing work in
partitioning for computation offloading is summarized in Table [2.1} Furthermore, the

proposed solutions for each category are qualitatively compared in Table [2.2]

2.3.1 Filter-based Partitioning

Filter-based partitioning in the sense of computation offloading refers to the process of
identifying the more convenient tasks to offload. Different parameters can be considered

for filter-based partitioning, but in general, the reduction of resource consumption is the
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Table 2.1: Partitioning approaches for computation offloading.

Approach Advantages Disadvantages
Identifies the more convenient -Does not consider any parameters
Filter-based tasks to offload, based on a specific outside of the preset ones
preset parameter -May not obtain the best performance
. Identifies tasks to offload -May consume additional resources
Automatic . . -
based on the available resources to verify availability

main objective. The process for a filter-based partitioning begins with defining what is
the objective of the technique. For example, if the more complex tasks are going to be
offloaded, then partition the application accordingly. The advantages of this approach
are that the algorithms can be adapted for any specific constraint in the scheme it is used.
However, because of the same reason the drawback can present when the environment
considered has a few open issues and it becomes problematic for the partition algorithm
to achieve an optimal performance. This method becomes practical for applications, such
as language translation and voice recognition. There are several techniques that can serve
for filter-based application partitioning [26], 44], 45]. However, most of them are designed
for wired networks and may not perform as well in a wireless scheme [37], which is the
one considered in this study. Because the amount of work related to edge computing
is limited, the following works focus on different task profiling and are considered to
potentially enhance the performance in vehicular networks with some adaptations.
Elicit [40] is a framework proposed to efficiently identify the compute-intensive tasks
in mobile applications for offloading. This framework considers not only the profile of the
mobile application but the environmental setup. The bandwidth between the server and
the mobile device, network latency, and size over the overhead data are contemplated
to make the optimal partition of the task based on the results obtained. The purpose
of Elicit is to improve the execution time of the tasks. To do this, they partition the
mobile application and offload the most resource-consuming ones, which are assumed
to be known already. To select which method is to be offloaded, they first divide the
processes into classifications. One of these is the Constrained Class where they have the
methods that cannot be offloaded. After the separation process, the algorithm filters
the methods by examining some parameters like execution cost in the mobile device,
execution time on the server, and the class of the process. These filters are there to
check none of the tasks are constrained to be offloaded. For the transmitting mechanism,

they follow the same principles as the POMAC transparent mechanism proposed in [41],
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which can offload methods that do not access any global or class variables. In addition
to the method input parameters, Elicit can offload processes that access global or class
variables. After the evaluation, the results show that Elicit can work with existing mobile
applications and find the best method to offload the most compute-intensive part to the
cloud or nearby servers via edge computing and obtain a reduced execution time and
energy consumption.

An approach for reducing network traffic is proposed in [43]. The algorithm proposed
models the applications as a graph with classes to then group these classes into clusters
for a partition solution. The solution proposed in this work is categorized as a filter-based
technique due to the fact that it has the main purpose of minimizing network traffic to
enhance performance of pervasive computing schemes. The partitioning process starts
with modeling the applications using Graph Theory, which models them as undirected
graphs with a set of vertices, that represents the class or granularity of the applications,
and a set of edges representing interaction between classes. After the application is
modeled the clustering algorithm proposed aims to achieve a balanced load and memory
usage for the CPU, therefore obtaining an efficient usage of resources and network traffic.
In order to evaluate the performance of the proposed solution, experiments are carried
out using a prototype. Although offloading to a remote server is not evaluated in these
experiments, the partitioning phase shows to improve CPU and memory usage which
should lead to the minimization of network traffic.

A similar work [6] proposes a system to optimize the performance of a network with
long-duration streaming applications. In the presented scheme a partition algorithm
is developed, which models the applications as a graph and it adapts to the current
topology of the system to achieve the optimal distribution of tasks [83]. This partitioning
mechanism aims to minimize the partitioning complexity and to balance the load in a
changing topology.

Regarding filter-based techniques in terms of user preferences, the work in [65] presents
a partition algorithm that aims to achieve an efficient personalized division of tasks for
users. The objective of the proposed algorithm is to get the optimal performance in par-
titioning and offloading tasks regarding execution costs. The proposed approach makes
use of a user profile model, which includes parameters like how often the mobile device
is charged and memory cleaning frequency. These parameters are used as a training
set to build the execution cost model. The cost model calculates the average delay and
energy consumption for processing a task. In addition, all the information gathered by

these models is then used by the max-cut partitioning algorithm, which finds the opti-
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mal partition plan. In order to assess the performance of the partition algorithm, the
authors compare it to some other techniques and it shows to outperform them. Although
the algorithms used for comparison are not based on user preferences, the behavior of
the user is an essential parameter to consider when the main objective of the proposed
solutions is to achieve the best QoS.

According to the literature reviewed, many parameters can be considered for filter-
based partitioning. It is always essential to understand the application before selecting
the partitioning algorithm. The approach followed in the first work reviewed [40] is based
on splitting the more resource-consuming tasks. However, considering that in vehicular
edge computing some of the tasks can be executed in vehicles, it is important to recognize
that the less complex the task is, the lower is the less execution delay. That is something
to look for considering that vehicles are moving while processing the tasks. On the other
hand, the technique proposed in [65] is based on a profile created for every user. In
the context of vehicular edge computing, this approach seems more appropriate for the
environment. The parameters considered for the profile are related to the behavior of
the user. Therefore, each device will have different classes of tasks to offload and an
adaptable QoS can be provided for the users. Even though the studies in [6, 43] do not
perform experiments specifically on computation offloading, the partition solution aiming
to enhance the performance in memory and CPU usage makes sense to lower the network
traffic. These parameters are essential for a partitioning scheme to be considered in an

overloaded environment, such as edge computing.

2.3.2 Automatic partitioning

In the context of computation offloading, automatic partitioning refers to identifying the
tasks that can be offloaded to achieve an efficient task offloading based on the available
resources at runtime. Unlike the filter-based technique, this method focuses on enhancing
performance based on more general parameters, such as execution cost and optimal
throughput. The advantage of automatic partitioning is that the algorithm considers the
available resources, which is useful in a scenario with high mobility nodes. However, this
technique aims to enhance the overall performance and cannot focus on single constraints.
It is good for applications that need a rapid response, such as augmented reality or
data streaming. There is little literature focused on this type of partitioning. However,
representative work is discussed here.

The authors in [25], present a distributed architecture for mobile-to-mobile offloading
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with an automatic splitting and scheduling algorithm. The scenario presented is with
an offloader, referring to the mobile device that wants to push compute-intensive appli-
cations to another mobile device, and the neighboring offloadee nodes [24], which refers
to the mobile devices that are in range at a time t. The splitting/scheduling algorithm
designed and implemented in the experiments estimates the time for a task being run
locally, and the required time to offload the task to an offloadee. Each device keeps a
history of the tasks that have been executed locally, together with time attributes for
each one in a vector. This vector is exchanged and updated every time a new offloadee
device is found. Additionally, it is utilized in a linear equation where they consider
data transmission delay, execution time, bandwidth and CPU speed to get the optimum
splitting /scheduling for each task. After conducting analysis and experiments using real
applications and data, their results show a 99.7% of efficiency for the splitting and of-
floading part and up to an 80% of energy saved when offloading a task to be executed.

Regarding task partitioning for multi-user scenarios, the work in [87] proposes Par-
Gen, a computation partitioning scheme for data streaming applications, such as aug-
mented reality. These applications use the camera on the mobile devices to collect images
as an input and after analyzing them, an output is presented. The partitioning approach
proposed is based on a building recognition application for students, where new students
point their cameras at buildings and the name of the building and some relevant infor-
mation is presented on their screens. The ParGen method, based on a genetic algorithm,
separates users requesting the data into groups. Next, it adjusts the bandwidth of the
server according to the groups. Finally, the best partition and allocation path is selected,
based on average overhead. The proposed solution in this work is compared against other
genetic algorithms and shows to outperform them. However, the simulation environment
used for the experiments assumes that all the mobile devices are executing the same
application, hence the same amount of data is being requested. In a MEC environment
is important to consider that a significant part of the nodes have mobility, and it is not
realistic to assume all of them will request the same data.

A bandwidth-adaptive partitioning scheme is presented in [64]. It aims to find an
optimal partitioning solution for small applications and to reduce execution cost. After
a model of the application is built using a weighted object relation graph, the partition-
ing algorithms, Branch-and-Bound based Application Partitioning (BBAP) and Min-
Cut based Greedy Application Partitioning (MCGAP) algorithms, check the bandwidth
changes and generates the partition models to minimize the execution costs. In order to

evaluate the performance of the algorithms, simulations were performed using both of
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them in different scenarios. While BBAP shows to perform well with small applications,
the MCGAP algorithm shows to be fit for larger ones and both of them achieve to reduce
the execution cost.

The work in [49] proposes an algorithm for application partitioning that focuses
on multi-site distribution. Although it aims for energy efficiency in a mobile cloud
computing scenario, it can be considered as an automatic partitioning scheme due to
the fact that it considers different locations and adapts for execution in heterogeneous
devices [22]. The process adopted for application partitioned in this work follows the next
steps: application modeling, cost modeling, and partitioning solving. An energy model
is used to achieve the optimum energy consumption. This model uses a data cost graph,
which involves data from the CPU workload, the bandwidth rate and performance of the
different locations considered for offloading 3] [19]. The authors propose a cyclic random
movement genetic algorithm (CRMGA) to find the optimal partitioning solution for
mobile applications. This algorithm first clusters all the unoffloadable tasks and assigns
them to the local storage and then finds the optimal solution to partition the offloadable
tasks. The experiments to evaluate this scheme are carried out on a prototype and the
parameters used are based on energy consumption and the time spent obtaining the

partitioning solutions.

Table 2.2: Representative algorithms for partitioning in computation offloading.

Proposal Category | Objective Method Potential
Application
Hassan et al., [40] [Filter-based | Reduce  re- | Identify —the most | Mobile edge
sponse time | compute-intensive computing

& energy | tasks (Language

consumption translators)

Niu et al., [65]

Filter-based

Reduce com-

Exploit user prefer-

Mobile appli-

putation ences to define a more | cations (mul-
costs personalized partition | timedia, gam-
plan ing)
Jungum et al., [43] [Filter-based | Reduce net- | Use graph theory and | Pervasive
work traffic clustering to enhance | computing

the usage of memory
and CPU
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Ajwani et al., [6] |Filter-based | Minimize par- | Use graph theory | Long-
titioning cost | together  with  an | duration
architecture-oblivious | streaming
partitioning applications
Wen et al., [87] Automatic | Obtain opti- | Enhance overall per- | Data stream-
mal through- | formance based on a | ing
put genetic algorithm
Calice et al., [25] |Automatic | Reduce com- | Split tasks based on | Augmented
putation time | the available resources | reality
& energy con-
sumption
Zhang et al., [49] |Automatic | Reduce Cluster  offloadable | Speech recog-
energy con- | and  non-offloadable | nition
sumption tasks to obtain the
optimal partitioning
solution
Niu et al., [64] Automatic | Minimize exe- | Use a weighted ob- | Image detec-
cution cost ject relation graph | tion
to model the ap-
plications before
partitioning

The proposed solutions for automatic partitioning reviewed here to consider whether
it is convenient to execute the tasks on a remote server. The first work discussed [25]
keeps a history of the tasks that have been offloaded and the ones executed locally. Fur-
thermore, the approach in [87] creates clusters of nodes based on the requests received
and adjusts them depending on the available bandwidth. Moreover, the work in [64] also
adapts to the changes in bandwidth and can be used in a vehicular edge computing as
it is designed for small applications, which translate into low execution time. Although
both are different solutions for the same problem, the two seem to achieve the expected
performance. In the context of vehicular edge computing, both of the techniques dis-
cussed show to be useful for nodes with mobility. Although the proposed algorithm
in [49)] is directed for mobile cloud computing, it considers mobile applications and the

possibility of offloading them to different locations with heterogeneous devices. Based
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on these characteristics this last work is categorized as automated partitioning and we
consider it is a solution that can help further enhance the performance of edge computing
if adapted adequately. Creating clusters according to the requests is favorable because
different nodes are active at different times. On the other hand, keeping track of where
the tasks were executed and their performance can significantly improve forthcoming

application requests.

2.4 Scheduling

The task offloading technique is suitable for enabling mobile users to offload their compute-
intensive tasks to a remote machine. However, because the number of mobile devices and
users in this technology, the network is susceptible to a bandwidth congestion. Therefore,
causing an impact on the quality of service. Therefore, edge computing aims to allevi-
ate the overload by processing tasks at the edge of the network and only sending the
necessary information to the core of the cloud. Using vehicles as edge nodes can result
complicated at the time of scheduling. After partitioning the application into smaller
tasks, the next step is to allocate them to the edge nodes for processing. However, the
nodes considered in this scenario are vehicles, and it is essential to address the mobility
issues. Many scheduling policies include a decision process that, if it is not automated,
the user can decide if it is convenient to offload the tasks to a remote server or to execute
locally.

There are some parameters to consider for this decision process, such as the delay of
communication and processing in a remote server, and sometimes is not worth it. Typ-
ically a decision manager collects information about the resources available, resources
needed and deadline constraints for the tasks to execute seamlessly. Then, depending on
the scheduling policy the resources are allocated accordingly. In the context of vehicular
edge computing, using a capable scheduling algorithm can significantly enhance the per-
formance of computation offloading. Assuming the application is optimally partitioned,
an efficient scheduling policy can guarantee a low-delay task execution. For both a high
and low-mobility scenarios, an efficient execution means that the difference of position of
the nodes is not substantial. Therefore, the retrieval of the output data can be seamless
and efficient as well.

Using the same example from Section and assuming that the tasks have been
partitioned into different classes, Figure [2.6] shows the model of how the partitioned

tasks are sent to a decision manager, which is responsible to allocate them to a vehicle
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Figure 2.6: General model of scheduling using a decision manager.

by a scheduling algorithm used in vehicular edge computing. Here, we survey some of

the existing works for scheduling algorithms in computation offloading, which aim to

give the user the optimum Quality of Service (QoS). Moreover, some of the discussed

works are not directed for vehicular edge computing but the main idea can be adapted

to the system. The categorization proposed for scheduling in computation offloading

is summarized in Table 2.3] Furthermore, the proposed solutions for each category are

qualitatively compared in Table [2.4]

Table 2.3: Scheduling approaches for computation offloading.

Approach

Advantages

Disadvantages

Adaptive Scheduling

-Can adjust to changes, such as
the frequent search of resources

in a mobile scenario

-Complexity may generate
execution delay
-Difficult to guarantee an

optimum performance

Social-based

-Exploits close contacts, therefore
reliable nodes, for a balanced
task offloading.

-Considers priority for tasks.

-Security challenges
-May be considered invasive

by users.

Deadline-sensitive

-Aims to decrease the execution
delay of the task
-Can help to decrease communication

cost in retrieval

-May not be the best option
to consider for a high number
of task requests
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2.4.1 Adaptive Scheduling

The main motivation for adaptive scheduling is the constant search for resources caused
by the dynamic nature of networks with mobile nodes. In a Mobile Edge Computing
with support from vehicular infrastructure, both mobile devices and vehicles have mobil-
ity, which results in the frequent change of available resources for any region of interest
considered. Using the proper scheduling policy has a significant influence on the per-
formance of every application. Consuming time searching for available resources can
translate to an increased computation delay, which means a poor QoS. The advantage
of this method comes from schemes with mobile nodes, such as vehicular or mobile edge
computing. However, because the main objective of adaptive scheduling is to adjust to
opportunistic available resources needs to be available at all times, which can be compli-
cated in such environment as vehicular networks. There are different approaches of using
an adaptive scheduling algorithm depending on the scheme. In this section, we review
some of the existing works that can be used in networks with mobility.

The work presented in [58] proposes a resource allocation and task scheduling policy
for a vehicular cloud. The framework proposed consists of four major components: client
manager, device manager, network manager, and decision engine. The client manager
is in charge of the task information that arrives. The device manager controls the in-
formation about the available CPUs. The network manager collects information about
the vehicular cloud and the infrastructure involved. The decision engine receives all the
information collected by the managers and uses it to calculate the optimum decision
about the assignment of the tasks. This approach aims to increase the number of avail-
able virtual machines and to reduce task completion time and energy consumption. It is
assumed that vehicles with onboard units have access to GPS [I]. To achieve the mul-
tiple objectives, a heuristic hybrid Particle Swamp Optimization (PSO) [31] algorithm
is used. The algorithm proposed adapts with the updated information obtained from
the managers before making a decision on the fittest node to achieve the lowest task
completion and energy consumption. Compared to standard and self-adaptive PSO, the
proposed framework shows to enhance performance based on the parameters defined.

Related to node mobility and adaptive resource allocation, the work in [62] aims to
use mobility prediction to avoid the negative impact of using an opportunistic network.
The system used for this approach is the one of VCC, where groups of vehicles are within
the communication range of the RSU to create a cloudlet. The mobility prediction model

proposed is based on an artificial neural network, and the datasets used for training in-
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clude the following parameters: resource lifetime, the position of vehicles, average speed
of vehicles, and the number of vehicles ahead and in the same area. The performance
of the prediction model was evaluated using four methods, R-squared, Pearson’s corre-
lation coefficient, mean absolute percentage error and root mean square error. Although
the mobility prediction model showed to outperform other efficient approaches, there
are parameters that were not considered during the evaluation. Moreover, significant
parameters, such as communication cost, workload, and network overhead, need to be
considered for resource allocation to achieve an adequate performance when taken to a

more realistic scenario.

The authors in [30] present a scheme to optimize the offloading decision and resource
allocation for tasks in a general multi-user system where the user has several independent
tasks. To do this, they propose a heuristic algorithm based on Separate Semidefinite
Relaxation (SDR) [71]. The system considered is the one of mobile cloud computing,
where they have one cloud server, one access point, and N mobile users. Each one of
them with a certain number of independent tasks. The algorithm proposed first solves
the parameters for local execution and the settings for offloading and then compares them
to see which option is more convenient. After that, it obtains the proposed offloading
solution and the optimal resource allocation. The algorithm was simulated and compared
to three different methods; local processing only, cloud processing only and lower bound
of optimum. The lower bound is obtained by the SDR method. After getting the results,
the analysis shows that the proposed algorithm gives nearly the optimum solution to
get a reduced general offloading cost (regarding energy consumption, execution time,
bandwidth). However, the optimum solution is the one obtained by the same semidefinite
relaxation, and while it is a good solution, it is necessary to compare it to other similar
algorithms or methods and evaluate its performance in a real scenario.

The work in [75] presents a solution for an overloaded mobile edge computing en-
vironment. It proposes two schemes for recovery when there is failure to find available
resources and it fits the category of adaptive scheduling due to the fact that it can adjust
to new parameters to avoid complete loss of service in a MEC cell. The first of the two
schemes focuses on recovery when there is only one available neighbor within range and
the second scheme is directed to the cases when there is absolutely no neighboring node
available for wireless transfer. The recovery algorithm finds the adjacent MEC cells,
clusters them with the disconnected nodes, and chooses a cluster head to manage the

recovery system to ensure it works properly. After the offline nodes are connected to
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new MEC cells, they can make requests through ad-hoc relay nodes, which will calculate
the amount of data demanded and pass the information to the cluster head. To evaluate
the capabilities of the proposed recovery mechanism in a MEC environment, simulations
where performed using throughput and delay of transfer. Although the experiments were
successful, it is worth mentioning that more realistic characteristics for the environment
can be useful to evaluate the performance of the system in different scenarios.

From the literature review, it is evident that there are few existing works on schedul-
ing for vehicular edge computing. However, due to the similarity in the architecture
of the systems considered, vehicular and mobile cloud computing, it is not difficult to
consider them for a vehicular edge computing scheme. One of the works reviewed [5§],
proposes having a manager for each of the major parts in the process, which in regard-
ing such opportunistic network seems like an adequate decision. On the other hand,
a different work [30] proposes to have a prediction mechanism to know the potentially
available resources at all times. Choosing the adequate approach regularly depends on
the application. For example, using a prediction mechanism seems suitable for an appli-
cation that needs a quick response, such as video streaming or infotainment [73], while
having a manager promises a more reliable and robust solution for applications such as
virtual machine migration. Another work reviewed in this section [30] proposes to opti-
mize scalability in a multi-user system, which is a mechanism that benefits the majority
of applications for the environment considered in this survey. The last work studied in
this section [75] is one that focuses on recovery of the network in situations of failure or
lack of connectivity, which is a challenge that is expected in a mobile edge computing
system. Moreover, the nodes used in vehicular edge computing often have high mobility,
which can directly affect connectivity between nodes. Therefore, a solution as the one

mentioned is essential for resource allocation and scheduling in computation offloading.

2.4.2 Social-based Scheduling

In the context of scheduling, the mobility of the nodes can be used as an advantage.
Social-based techniques use data obtained from social media to develop an approach
where the routine users follow day to day can be exploited to give them a better QoS on
different applications. In the context of computation offloading in MEC with the support
of vehicular networks, the nodes that have frequent contact can be used to balance the
load of task requests. The advantage of these methods is that they use data that is

already available to create clusters of nodes to use as reliable resources. However, the
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drawback of it is that using that information from users can sometimes be considered
somewhat invasive. Here we discuss existing works that use social connections to propose
scheduling algorithms that aim to enhance performance for the computation ofioading
technique.

The authors in [89], propose a load balancing scheme based on the ball and bin
theory [74], which is a phenomenon that can be applied to traffic balancing in distributed
networks. They apply this theory in a scenario where a user needs to offload a task to
a friend (mobile device contact). But considering the distribution of the relationship
between contacts is not uniform, because it is expected that the user will spend more
time with some contacts than with others, and the ball and bin theory needs a uniform
distribution, then using this theory will not work. The authors came up with a new
concept for balanced task offloading which they called Your friends are more powerful
than you. This new concept considers the closer social relationships between users and
keeps the record of the users that have a more frequent contact. Multi-hop schemes are
not considered in the proposed method, and each task is regarded as a vital issue for each
user. So, if multi-hop was to be used, task completion time will significantly increase.
Furthermore, tasks with a high priority are to be executed locally. The proposed social-
relationship-based algorithm was compared regarding efficiency [5], and it shows a good
performance, as well as a significant difference in execution time between strangers and
friends.

In the context of the geographical location of the nodes, a resource allocation scheme is
presented in [98]. This approach aims to enhance the throughput of the network by using
a social-aware algorithm to fairly allocate resources. This work is directed for device-
to-device applications in a 5G network. However, because the architecture considered
is similar to the one of MEC we review it in the sense of computation offloading for
vehicular edge computing. The allocation algorithm proposed first groups the nodes
in clusters, based on the content preferences of the users. The node that is physically
closer to the other nodes is considered the cluster head, which is selected to receive the
data and multicast it to the rest of the nodes in the cluster [83]. Furthermore, to add
a node to the cluster the physical and social distance between it and the cluster head
are examined. After the clusters are formed, the allocation algorithm follows two steps:
power allocation and channel allocation. The experiments realized in order to analyze
the performance of the proposed scheme showed that using a multicast technique has
advantages in terms of maintaining a good balance between throughput and fairness.

Although the technique reviewed showed to perform well, the authors consider the nodes
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to have low mobility and to be used in an environment with vehicles, mobility is an
essential parameter to consider.

Regarding user behavior in scheduling, the work in [86] proposes a task assignment
solution that considers users mobility and resource distribution to achieve a reduction
in task execution delay. This proposed solution examines execution time of tasks and
mobility of the users between the base stations of a mobile edge computing system.
Offloaded application should be executed in the amount of time that the user remains
connected to a single base station or less. However, if that is not possible then the
application is partitioned and transfered wirelessly to the next base station considering
the movement trajectory of the user. The algorithm presented in this work checks the
queue of tasks and assigns them to the base station that will perform the execution with
the lowest delay possible. In order to evaluate the performance of the task assignment
mechanism, simulation were executed to measure network parameters, such as delay, task
acceptance rate, and number of users. When compared to schemes that do not consider
mobility of the users, the mechanism proposed shows an enhancement in performance.

The literature reviewed here proposes using social information to optimize the perfor-
mance of scheduling mechanisms in an edge computing environment with mobile nodes.
The objective of both of the works reviewed here is to use frequent contacts to select them
as secure nodes and reliably offload tasks. However, it is something to examine in more
detail because in both approaches [89, O8] the available resources depending on whether
the other users are open to making their resources available for other devices. Consider-
ing this, the solutions proposed can turn into an unfair system and lead to unbalanced
workload problems. The study in [86] studies a key characteristic in edge computing
networks, mobility. Specially for an edge computing scheme in vehicular networks, it is
essential to develop solutions that consider mobility of the nodes to achieve an adequate
quality of service. Even though this work is focused on mobile edge computing, the task
assignment algorithm proposed can easily be adapted to a vehicular edge computing

system, as the base stations used in both work in a similar way.

2.4.3 Deadline-sensitive Scheduling

Regarding computation offloading, delay is always a major constraint to consider. The
main objective of schemes like Mobile Edge Computing is to provide a seamless experience
to the user. Extra delay added to the process by not using the proper scheduling policy

can also affect the communication cost when the output data is retrieved by the user.
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The main focus of deadline-sensitive scheduling is to reduce delay as much as possible in
order to meet the deadlines set for tasks. The advantages of this methods are that by
reducing delay at the time of scheduling, the overall delay is also decreased, which helps
to achieve a better performance. However, because the only focus of this methods is to
meet deadlines, other issues, such as connectivity, may be unattended. This method is
particularly useful for applications that are time-constrained, such as video streaming.
In this section, we review existing works related to scheduling algorithms that aim to
reduce the delay of the process.

The authors in [52] present a Mobile-Edge Computing (MEC) scheme. Where the sys-
tem proposed uses a task buffer, and the tasks are scheduled based on several parameters,
such as the queuing state of the mentioned buffer and the processing and transmission
state of the device used. As the system model considered is based on the edge comput-
ing paradigm, to take advantage of this, the applications targeted are compute-intensive
and delay-sensitive. For the task queuing, the model used first divides the time into
time-slots with a same predefined length, where at the beginning of each slot a task is
generated. Then, the created jobs are queued in the task buffer for the mobile device to
decide if the task will be scheduled and executed locally or sent to a remote server. If
the decision is to execute the task locally, then, the mobile device calculates the actual
processing state, to know if there is a task already being executed; to define in what
time-slot the arriving task will begin. In contrast, if the decision is to send it to the
MEC server, where concurrent task execution is permitted. Then, the states of trans-
mission, power consumption and delay are calculated. To evaluate the performance of
the proposed scheme, the authors simulate three scheduling policies and compare them
to their proposed one. The scheduling policies used are as follow, local execution policy
(all the tasks are executed locally), cloud execution policy (all the tasks are sent to a
remote server), and greedy execution policy where whenever the local CPU or the remote
server is idle, any task waiting in the buffer is scheduled. After obtaining the results,
the analysis shows that the proposed algorithm can achieve a lower average delay in task
execution.

The work in [94] proposes an offloading scheme for cloud-based mobile edge com-
puting in vehicular networks. The system presented, focuses on the offloading of delay-
constrained applications for MEC in vehicular networks. There are some assumptions
considered for the scenario that is worth mentioning. Firstly, a unidirectional road is
studied, where RSUs equipped with MEC servers are deployed and individually identi-

fied. The vehicles are considered to have mobility, therefore they establish communication
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with the RSU that has the strongest signal at the moment. Lastly, only homogeneous
communication is established within the network. Considering there are many types of
vehicles based on their resource capacity, a contract based scheduling policy is developed.
The RSUs in the network broadcast information about the contracts, which the vehicles
can obtain. Based on the information collected, the nodes process the utility for offload-
ing a task. If the contract brings negative utilities, such as computation delay, then it is
not convenient for the vehicle to send the task and it is processed locally instead. The
offloading system aims to satisfy the task requirements and exploit the utility of the MEC
scheme. Even though the analysis shows that the proposed approach maximizes the use
of resources, an important parameter to consider in vehicular networks is scalability. It is
essential to analyze the scenario with a high traffic density of nodes and study the effect
this has on bandwidth consumption because of the contract information being broadcast.

The work in [93] proposes a resource allocation and task scheduling scheme that aims
to optimize the performance of mobile cloud systems. However, the logic of the mech-
anism presented can be adapted to vehicular edge computing. The load-aware resource
allocation and task scheduling (LARTS) algorithm is meant to give its best performance
when the cloud is overloaded. In this situation, all the tasks are distributed again so
the delay-tolerant tasks are given a lower priority than the deadline-sensitive ones. The
algorithm uses directed acyclic graphs to model applications and takes advantage of the
differences and independence of both delay-tolerant and delay-sensitive tasks to do the
load-balancing and scheduling based on a genetic algorithm. In order to evaluate the
performance of the algorithm proposed the authors realize experiments using parameters,
such as arrival rate and cost of migration. The mechanism proposed shows to enhance
the overall performance of the cloudlet-based system which proves that using it on an
edge computing environment, which has a similar architecture, can potentially improve
the quality of service.

A load balancing scheme is presented in [82], it aims to finish tasks as fast as possible
in cloud computing systems. The authors use an online and offline method to to the task
assignment in order to achieve the optimal scheduling solution. The online algorithm
is randomized and follows a Poisson distribution. The offline mechanism is based on a
bacterial foraging optimization algorithm, which provides high robustness and high speed.
Therefore, it potentially reduces delay overall. In order to evaluate the performance of
both algorithms simulations are performed using heterogeneous nodes [16]. The two
algorithms show to be efficient, the online algorithm dealing with the task assignment

and the offline one providing stability on the system.
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According to the literature reviewed, delay has a significant influence on the perfor-
mance of a system such as vehicular edge computing. Both of the works reviewed in this
section are proposed for edge computing and focus on delay-constrained applications.
The first work [52] proposes to create a queue with time-slots, and then the user can
decide whether is convenient to offload. The authors in [94] propose a similar solution for
a vehicular environment with the same purpose of reducing delay. In their case the use a
contract-based scheduling, where the utilities for offloading a task are calculated before
making the decision to offload or to execute locally. Both solutions make possible for the
user to achieve the lowest delay possible. Deadline-sensitive algorithms, such as the one
discussed in [93] for scheduling are important for applications like data streaming that
need a low delay to meet the deadline for the tasks. The idea of proposing an offline
algorithm [82] is resourceful because connectivity issues in an edge computing system are

common, specially in vehicular networks where high mobility is involved.

Table 2.4: Representative algorithms for scheduling in computation offloading.

Proposal Category Objective Method Potential
Application
Midya et al., [58] |Adaptive Scalability Use particle swarm | Vehicular
and Flexibil- | optimization to allo- | Cloud Com-
ity cate a huge number of | puting
task requests
Mustafa et al., [62] |[Adaptive Reduce Use an artificial neural | Virtual
impact of | network-based mobil- | machine mi-
mobility  in | ity prediction model | gration in
performance | for resource allocation | VCC
Chen et al., [30]  |Adaptive Maximize Use semidefinite re- | Mobile Cloud
overall  per- | laxation and random
formance mapping to allocate
(energy con- | resources
sumption and
delay)
Satria et al., [T5]  |Adaptive Recovery Cluster nodes with | Real-time ap-
from failure neighboring MEC | plications
cells
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Yang et al., [89]

Social-based

Reduce

cution time

exe-

Load balancing by
tasks to

friends or nodes with

offloading

frequent contact

Data sharing

Zhao et al., [98]

Social-based

Balance
throughput
performance
and fair-
ness between
multi-cast

nodes

Create clusters based
on physical and social
distances to multi-cast
data

Data stream-

ing

Wang et al., [80]

Social-based

Lower execu-

Achieve an optimal

Mobile appli-

tion delay task assignment con- | cations
sidering mobility of
the users
Liu et al., [52] Delay-sensitive | Decrease Analyzes the average | Mobile appli-
power  con- | delay and energy con- | cations
sumption and | sumption of tasks
computation
delay
Zhang et al., [94] |Delay-sensitive | Successful Uses a contract based | Mobile Edge
execution policy to maximize | Computing
of delay- | the resources available
constrained
tasks
Zhanget al., [93]  [Delay-sensitive | Meet  dead- | Model and schedule | Image/video
lines in an | applications based on | processing
overloaded the independence of
system their tasks
Tang et al., [82] Delay-sensitive | Reduce exe- | Use an online and | Cloud com-
cution time an offline algorithm | puting

for task assignment to

provide robustness
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2.5 Retrieval

Computation offloading, previous to mobile devices, did not have to deal with connectiv-
ity issues or communication delay due to the mobility of the nodes. However, the rapid
development of communication capabilities of vehicles and mobile devices makes data
dissemination an essential topic of research for the development of applications in vehic-
ular networks. Considering the research area is relatively new, the number of proposed
solutions to the challenges in retrieval for computation offloading is limited. The typi-
cal scenario and communication links for data retrieval in a Vehicular Edge Computing
scheme, where a pedestrian offloads a partitioned task to an RSU and it is assigned to a
vehicle, is represented in Figure [2.7]

Figure 2.7: Typical scenario for data retrieval in MEC with vehicular support.

Regarding computation offloading in a mobile edge computing scheme with support
from vehicular networks, both Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure
(V2I) communication play an important role.

The retrieval process in computation ofoading starts when the offloaded tasks are
processed and the output data needs to be collected by the user. Depending on the ap-
proach taken for the offloading, the node responsible for the output data can be an RSU
or a vehicle. The main challenges for data retrieval presented in an environment where
nodes have high-mobility are intermittent connectivity and broadcast storm. There is
literature that proposes dissemination techniques for vehicular applications. Neverthe-
less, these papers focus on dissemination as a way of diffusion and not for retrieval as
it is needed in computation offloading. In the remainder of this section data retrieval
techniques for computation offloading are surveyed.

Although a considerable amount of research is directed to dissemination techniques
for applications in vehicular networks, such as content delivery, emergency notification,
traffic control, and intelligent transportation systems, the area of retrieval in computa-

tion offloading requires more study. The majority of the literature is focused on data
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Approach Advantages Disadvantages

. Beacons to obtain location add delay.
Uses location based on GPS from

Distance-based OBU and RSU to accurately
forward data packets

Obtained location needs to be precise.
May generate message redundancy
leading to broadcast storm.

Uses contact between nodes to ) ) )
) . Relies on neighboring nodes to forward data.
. categorize them into clusters . . .
Social-based ) May be considered invasive.
and use nodes with frequent .
. Not good for low traffic densities.
contact as reliable forwarders

Using traffic prediction can lead
Mobility  prediction- to a better use of resources, Accuracy of prediction algorithms may not always
based therefore a more efficient be accurate, leading to data loss.

retrieval of data.

Protect users privacy and .
. ) . Failure of system
Secure Retrieval security by encrypting . .
) . may lead to information leaks
information

Table 2.5: Categorization for data retrieval techniques in computation offloading.

dissemination as a mean to spread messages. However, computation offloading requires
data forwarding in the sense that a node retrieves the output data of a task that was of-
floaded to an external server. There are many existing dissemination techniques that can
be adapted to CO and, as mentioned before, most of them are classified into push, pull,
hybrid. Therefore, here we discuss existing techniques that can potentially be adapted to
data retrieval for computation offloading with vehicular infrastructure as support. The
categorization proposed for data retrieval in computation offloading for vehicular edge
is summarized in Table 2.5] Furthermore, the proposed solutions for each category are

qualitatively compared in Table [2.6]

2.5.1 Distance-based Data Retrieval

Considering the main challenge in the scenario of computation offloading for MEC in
vehicular networks is mobility, it makes sense to use location as the key parameter of
the retrieval. Assuming GPS is available for the vehicles and the RSUs in the network,
which is feasible, using location can help the retrieval method to forward data packets
to the accurate location. Hence, achieving an efficient retrieval with low communication
delay. The advantages of this method are that by using distance as a parameter, the

probability of a broadcast storm due to message redundancy can be reduced by sending
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the data packets to a particular location. However, the drawbacks are that broadcasting
the data can lead to security issues [23]. Although there is a lack of research literature in
this area, a representative work is reviewed here. It is essential to mention that some of
the surveyed works are not directly related to data retrieval for computation ofoading
but, based on the technique used, can be adapted to such a system.

The REPRO protocol presented in [79] uses a distance-based method for data re-
trieval in MEC with the support of vehicular networks. This protocol aims to address
connectivity, mobility, and delay issues by using the idle cars as support infrastructure
whenever the vehicle that is processing the task is out of reach of any RSU. Once an
RSU is reached, using the advantage that the network topology is known, the best path
for retrieval is calculated, allowing the sender RSU to retrieve the processed data with
the least delay possible. Assuming the vehicles and RSUs have access to GPS and the
nodes are aware of the existing topology, REPRO uses a beaconless, timer-based data
forwarding technique. Once the data is ready, it is broadcast. The vehicles that receive
the broadcast use the location information to set a timer, which varies in value and is
greater the further away it is from the destination. This means that the node that is
closer to the destination has the lowest timer. When the timer expires the data packet
is broadcast by the forwarding vehicle. If the broadcast is received by a vehicle that had
a greater timer, this vehicle cancels the forwarding process to avoid redundancy. This
process is followed until the data reaches its destination or until the data finds an RSU,
which then is responsible to forward the packet to the destination.

The advantage of using vehicles as support infrastructure in the context of data re-
trieval for computation offloading is that they have a significant amount of resources
that are commonly unused. There are two scenarios that can be considered for vehi-
cles: moving and parked vehicles. The advantages of a moving vehicle are that energy
consumption is not a priority because as long as the car is running the battery is charg-
ing.However, in the case of a parked vehicle, it is important not to use all the energy.
There are some research works that focus on dissemination of content by adapting the
transmission power to reduce energy consumption and avoid a broadcast storm.

The work in [28] presents Adaptive Forwarding message and Cooperative Safe driving
(AFCS), an efficient pull-based technique for emergency notification applications. Most
of the dissemination techniques used in these type of applications rely on broadcasting
the messages, which leads to a high bandwidth consumption due to the redundancy of
the packets. It uses a power adjusting technique based on the distance of the nodes to

save energy and at the same time reduce the possibility of a broadcast storm. Although
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this technique is directed to emergency notification messages, the same principle can be
used for computation offloading.

A data dissemination protocol for traffic safety applications is proposed in [67]. The
scheme presented uses a multi-hop broadcast protocol, which based on the distance be-
tween nodes it adapts and uses a candidate selection algorithm to choose the appropriate
node to relay the messages. The presented scheme was compared to other beaconless
and beacon-based protocols and it showed an acceptable performance.

Finally, three different forwarding techniques are presented in [39], this analysis is
focused on enhancing the performance regarding transmission delay and quality of ser-
vice. The framework presented in this work is directed towards networks with massive
coexisting devices, like any Internet of Things application. The results of the analysis
show that the quality of service provided is based on the delay tolerance of the tasks.

It is evident that there is a lack of research work in the area of data retrieval for
computation offloading. However, the work reviewed in this section follows a logical
solution, which is using the distance between the processing node and the host that
needs to retrieve the output data. The advantages of this approach are two. First,
message redundancy is avoided by using a timer that cancels any forwarding repetition.
Second, using distance as a parameter for directing the broadcasts helps to reduce the
bandwidth consumption by sending the data packets to a specific area. Finally, by using
several nodes to forward the output data it is easier to recover from any issues that may
present with connectivity. Moreover, it aims to achieve the lowest retrieval delay possible

by using both vehicles and infrastructure, such as RSUs.

2.5.2 Social-based Data Retrieval

In general, social-based approaches exploit information obtained from the user, such as
location, frequently visited places, frequent contacts, and interests. Considering social
media and the number of sensors mobile devices have these days [66], this data is not
complicated to obtain and it can surely assist many applications to achieve an enhance-
ment of performance and QoS. The advantages of using social-based methods is that
information about the relation of the nodes is already available and can be easily ob-
tained from social media with permission of the users. However, sharing such information
can be considered invasive by the users and refusing to share it can negatively affect the
performance of the system. Because there is a lack of research work focused on data

retrieval for computation offloading in general, it is important to mention that not all of
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the works reviewed here are directly related to computation offloading, but are to data
dissemination with social-based techniques that can be adapted.

The work in [48] proposes a social based mechanism for data forwarding with mobile
ad hoc networks in mobile cloud computing. This mechanism is based on Distributed
Hash Table (DHT'), which is a technique developed for supporting a high number of nodes
dynamically interacting with the network. The proposed approach aims to enhance the
efficiency of data forwarding by considering users as nodes and using social relationships
of these nodes to create clusters. A parameter, social distance, is introduced to represent
the relationship between two users after an ID is assigned to each node. The objective of
the forwarding mechanism is to find forwarders until the social distance is equal to zero,
which means the data has reached its destination. The case that there are no neighbors
around can be presented, in which the node sends the data packet to the closest base
station and it is responsible to find a suitable forwarder. However, if there still no nodes
nearby to forward the data, the process is aborted.

In the context of computation offloading for MEC in vehicular networks, low-complexity
data retrieval techniques are of significant importance. Considering that the more com-
plex an algorithm is, it will take more time to process, complexity translates to delay
and communication costs in the process of CO.

There can be many approaches for dissemination techniques with low-complexity
algorithms, for example, an algorithm which first establishes a multicast tree to transmit
data packets with a low computation complexity, to achieve low communication costs is
presented in [53]. This dissemination algorithm does not use RSUs and it takes advantage
of opportunistic networks to share data. Experiments were realized using a prototype,
and the analysis shows an enhanced performance as the number of nodes increases.

Although the approach proposed studies multicast in mobile opportunistic networks,
the prototype used for the experiments exploits Bluetooth and WiFi connections to
disseminate the packets, which are available in vehicles with on-board units. Moreover,
nodes with high-mobility are not studied in the literature reviewed, which is an essential
parameter to consider if a dissemination technique, such as this, is considered to be
adapted to a vehicular environment.

A Data Dissemination protocol Based on Centrality is presented in [33], which aims
to reduce the number of relay nodes without diminishing the coverage area or increasing
delay. Every car has a list of the one-hop and two-hop neighbors at all times to select the
best relay node. The experiments showed that the protocol did not achieve the expected

results. Even though this technique shows to achieve an acceptable performance in the
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reviewed literature, it is important to consider that most of the applications that use it
are to diffuse content. This means that the objective of this technique is to reach the most
nodes possible. A multi-device data retrieval technique can be useful for computation
offloading, particularly for tasks that need more time to be processed. However, it is
essential to mention that redundancy is not acceptable for data retrieval in CO and that
the proper adjustments should be considered to achieve an efficient performance.

Multi-device dissemination refers to using more than one device to forward mes-
sages from one place to another. With multi-hop routing, a data packet can travel long
distances using different nodes as relays. This technique is commonly used in I'TS appli-
cations, such as traffic safety and emergency messages. However, this method can help
computation offloading by expanding the coverage range of RSUs, using vehicles as relay
nodes to retrieve the output processed data and achieving a low delay.

Although the reviewed work was considered as a social-based data retrieval technique,
the approach focuses on the selection of the nodes to forward the data and not on the
retrieval rate. However, because there is a lack of research works in the area of data
retrieval for computation offloading, it is essential to study all the available literature.
Similar to the approaches in scheduling and partitioning, the authors in the discussed
work [48] use social connections between users to select a reliable forwarding node. In this
case, the parameter of social distance is introduced, which is an advantage considering
there are no standard parameters for vehicular edge computing. However, the drawback
of depending on the availability of other users and their eagerness to provide personal

information exists in this approach too.

2.5.3 Mobility prediction-based Data Retrieval

In data retrieval schemes that use vehicles as infrastructure, mobility prediction can
be considered essential for the successful delivery of information. FKEither high or low
mobility, knowing where the destination will be beforehand can save a significant amount
of communication delay. Moreover, mobility prediction not only concerns the specific
location of a node, but also the different levels of traffic flow existing during the day
in an urban scenario. The advantages of mobility prediction are similar to the ones of
distance-based techniques. However, this approach proposes to calculate the potential
location of the node or the user after a determined time, which can guarantee a more
accurate retrieval. On the other hand, the drawbacks of this method are that depending

on the mobility algorithm used, the complexity and the accuracy of it can lead to a
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decrease in the retrieval rate.

An approach for Offloading of cellular networks through ITS is presented in [54]. The
scheme presented relies on a Directed Short-Range Communications (DSRC) vehicular
network to alleviate the cellular network from content delivery. It is assumed that the
vehicles are able to communicate with both vehicular and cellular networks. Therefore,
the users with mobile devices can take advantage of the I'TS network to obtain content
by downloading it directly from the RSUs or using vehicles as relay nodes to forward
the data packets. It is considered that a traffic manager, part of the ITS environment,
can predict the mobility of the nodes. Using this prediction, the traffic manager defines
a link between two nodes that are within the maximum radio range. Two models are
considered for the evaluation of the scheme proposed, RSU-driven relaying and greedy
relying. The objective of the RSU-driven approach is to use the nodes contact prediction
values to schedule the content delivery, whereas the greedy relying follows three steps:
the downloaders broadcast a list of the content presently downloading, the relay nodes
filter the requests for content that they do not have, and finally the relay decides how to
deliver the available content requested.

A cloud-assisted safety message dissemination framework for VANETS is proposed
in [50], which aims to reduce packet loss and message redundancy. It uses buses, which
are equipped with mobile devices and VANET interfaces, as a gateway for the message
dissemination. While the framework presented shows a satisfactory performance, it was
only compared to flooding techniques and the simulations were performed on a single
road, which needs more realistic scenarios. Even though an approach like this seems to
have only advantages, there are still some open challenges to consider if a data retrieval
technique for computation offloading using public transport is to be developed. Firstly,
there are not many nodes in a public transport network, which, depending on the appli-
cation, may not be reliable enough. Lastly, security issues might present [23], considering
the number of public transport users it might be a vulnerability.

The work [54] reviewed in this section aims to offload cellular traffic through vehicular
networks. Although it is not an approach for edge computing directly, the concept
and architecture used are similar. Considering the lack of work in the area, it can be
considered for data retrieval in a vehicular edge computing. As discussed before, there are
no standard parameters to evaluate the performance of such a technique. However, the
scheme presented uses a mobility prediction algorithm for the delivery of location-based
content, which can significantly optimize the performance of data retrieval protocols by

calculating the possible location of the user at the time of retrieval. The drawback, in
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this case, is relying on the mobility prediction algorithms to obtain an accurate and
successful retrieval rate. Moreover, mobility prediction algorithms can sometimes be too
complex and add significant delay to the process.

A thing to consider when using vehicles as support infrastructure in computation
offloading is that vehicles are mobile nodes in an opportunistic network. It may be
complicated to know what kind of computational resources are available on each of them,
or at least it is something that consumes time, which is essential in offloading. The idea of
using public transport as the support nodes is practical because of two reasons. The first
reason is that in many cities they have schedules, which makes it more simple to predict
their availability. The second reason is that, because they are very similar vehicles and
many times deployed by the same company, permission issues like the ones that may
present in a social-based approach are avoided and it is easier to know their resource
capacity. Although the work presented is not used in a computation offloading scheme,

based on the architecture used it can be adapted for it.

2.5.4 Secure Data Retrieval

Security in vehicular networks is an issue of significant importance in vehicular networks.
The idea of intelligent transportation systems, which is to have automated vehicles on
the streets, makes way for the vulnerability of hackers accessing the controls of vehicles
in the network and possibly cause accidents [56]. Besides this, there is also the theft
of information by intercepting messages, such as emergency messages or shared data
in computation offloading, being broadcast throughout the network. Because of this
reasons, security has become a popular topic in message dissemination for vehicular
networks.

For example, the work in [2] proposes a secure message dissemination broadcasting
with encryption and policy enforcement, computation cost of decryption is delegated to
the nearest RSU. Policy enforcement means that messages should be enforced with an
access policy and should be selectively delivered to the vehicles according to said policy.
The proposed scheme provides fast decryption and reduces the overhead of storage in
the vehicle.

Another scheme proposed in [59], uses time stamp defined Message authentication
codes (TD-MAC) for data dissemination in VANET. The analysis presented studies
security in data dissemination concerning the resiliency and communication overhead

of the algorithm proposed. The results show that it outperforms other efficient MAC
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schemes.

The scheme proposed in [60] detects vehicles that revokes potential fake vehicle nodes
to ensure the safety of data dissemination in VANETSs. Although the proposed scheme
shows adequate performance against the models that it is compared to, it needs more
realistic scenarios for experiments.

As discussed before, security is an important parameter to consider for data dissem-
ination in vehicular networks. The works presented above propose different methods of
making data sharing more secure. However, security measures still need to be adapted
for different purposes, for example aiming for a lower network overhead in the case of
computation offloading. Moreover, it is essential to have experimented with realistic

scenarios with the objective to build a more robust system.

Table 2.6: Existing algorithms for data retrieval.

Proposal Category | Objective Method Potential
Application
Soto et al., [79] Distance- | Alleviate Uses a timer based on | Computation
based MEC network | the distance between | offoading
bandwidth node and destination | for mobile

using vehicles | to avoid message re- | applications
as support | dundancy and achieve

infrastructure | a low communication

delay.
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Chang et al., [2§] Distance- Energy con- | Use power adjusting | Emergency
based sumption, technique to reduce | Notifications
energy consumption
Oliveira et al., [67] Distance- | Reliability on | Use distance between | Safety — mes-
based dissemination | nodes to select the op- | sage  broad-
timal relay node casting
Farooq et al., [39] Distance- Interference, | Use delay-tolerance of | massive IoT
based packet delay | applications to ensure | networks
every message reaches
its destination on time
Li et al., [4§] Social- Improve ser- | Introduces social dis- | Computation
based vice availabil- | tance as a parameter, | offloading
ity /data for- | the forwarding algo- | for mobile
warding per- | rithm finds nodes with | applications
formance the lowest distance to
use as a forwarder.
Liu et al., [53] Social- Communication Uses a low-complexity | P2P, mo-
based cost algorithm to reduce | bile social
overall cost networks
Costa et al., [33] Social- Overhead Reduce the number | ITS
based of relay nodes with-
out diminishing range
using knowledge of
neighoring nodes
Liu et al., [50] Mobility Dissemination | Uses public transport | Safety  mes-
prediction | delay as a gateway for mes- | sage distribu-
sage dissemination tion
Malandrino et al., [54] Mobility Alleviate cel- | Uses mobility predic- | ITS content
prediction | lular network | tions from a traffic | download

manager to select for-

warding nodes.




43

Liu et al., [2] Secure Re- | Fast decryp- | Proposes a  secu- | Emergency
trieval tion and low | rity  policy  which | messages
storage over- | delegates encryp-
head tion/decryption  to
the nearest RSU
Mondal et al., [59] Secure Re- | Scalability in | Uses time stamp de- | Message dis-
trieval the network fined message authen- | semination

tication to achieve a

more secure dissemi-

nation
Mondal et al., [60] Secure Re- | Reduce net- | Revokes nodes based | Message dis-
trieval work and | on their behavior semination

communica-

tion overhead

2.6 Future Directions

This section presents a general discussion and open challenges found in the areas of
partitioning, scheduling and data retrieval for computation offloading. Moreover, there is
an evident lack of research works in the area of data retrieval for computation offloading.
Because of that, dissemination techniques that can potentially be used in computation

offloading for vehicular edge computing are presented here.

2.6.1 Partitioning

Regarding a computation offloading scheme after reviewing the literature, selecting the
partitioning parameters for the tasks to enhance performance has proven to be useful.
However, some of the newer applications developed have tasks that require access to
sensors from the mobile device or to the camera, which makes them difficult to offload.
An interesting approach is reviewed in this survey, where a user profile model is used
to deliver the optimal performance for every user. Many applications these days are
developed with the purpose of giving the users a more automated lifestyle, therefore con-
sidering their behavior for decision-making algorithms may lead to achieving an optimal

QoS and not only an overall adequate performance. The entire process of computation
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offloading can be a more efficient one if from the start the adequate approach is used. If
the partitioning algorithm can guarantee a good performance, the scheduling algorithm
can achieve a better performance as well, and the same happens with the retrieval algo-
rithm. However, it is important to perform experiments in the proper environment and

make the necessary adjustments to the system.

2.6.2 Scheduling

Adaptive scheduling techniques, such as the ones reviewed, can prove to be effective for
a more general approach. However, as the solutions proposed tend to be heuristic tech-
niques, the scheduling performance is not always optimal. There are several parameters
to consider in scheduling, like execution delay, load balancing, and energy consumption.
Furthermore, if the focus of the algorithm is to adapt to the constant change in topology
and available resources, it makes it more complex to have multiple objectives and aim
at the same time for reduction of computational cost for example. Moreover, security
remains an open challenge in the reviewed work.

The reviewed literature on a social-based load balancing scheme that considers nodes
with frequent contact to be reliable regarding data sharing. This approach can become
useful considering these days almost every application on mobile devices is related to
social media in some way. However, they do not present experiments or analysis using
real data which is necessary to see if this algorithm is functional in practical scenarios.
Regarding computation offloading with the support of vehicular networks, a social-based
approach can be exploited if we consider that most of us have a daily routine. The
same vehicles are regularly parked at the same places, hence using resources from idle
vehicles can significantly enhance the performance of the system and alleviate bandwidth
consumption from the core servers.

Although the proposed ideas seem to obtain good results, there are some parameters
to consider to prove that it is an efficient and feasible scheme to be used in a practical
scenario. For example, the number of tasks generated should be more prominent and for a
system like this one, using edge computing, scalability should be an essential parameter
to consider. Using a scheduling algorithm to reduce the computation delay can also
contribute to the performance of the data retrieval. In the context of computation
offloading in vehicular networks, if a task is allocated to a vehicle, the best approach
is to assign it to the most capable node. Not only to reduce the execution time of

the task but to ensure that the vehicle has not moved too far by the time it finishes



45

the computation. If the mobility parameter of the vehicles is considered at the time of

scheduling, the data retrieval process can be made more efficient.

2.6.3 Data Retrieval

In the context of data retrieval for computation offloading, the distance-based forwarding
mechanism is a promising technique. Using distance and speed parameters with high-
mobility nodes is the most logical approach. However, depending on the application and
the environment considered, vehicles may have low or no mobility at all and if that is
the case, the parameters for the forwarding method should be adjusted. Furthermore,
the scenario considered may be urban or rural, which changes the settings to considerate
for the development of a new technique. Usually, an urban environment can be assumed
to have more infrastructure to be used, such as RSUs, traffic control managers, and base
stations. But, for a rural scenario or a highway for example, in the majority of the cases,
there is only roads and a few vehicles that can be helpful to the system.

Moreover, a major parameter considered for the development of data forwarding in
vehicular networks is traffic flow. Although the same scenario can be considered, the
traffic flow of it may change with the time of day or even the seasons. The solution
reviewed in this section offers a retrieval technique, which uses a distance-based timer.
The use of this timer at the time of forwarding the output data from the offloaded task
addresses two of the main challenges mentioned before, the broadcast storm and the
intermittent connectivity. Moreover, using a timer that considers the distance between
the host and the destination, ensures that the maximum coverage is exploited. At the
same time, by using both vehicles and RSUs as forwarders it enhances the probability of
a successful retrieval with a low traffic flow scenario.

Some of the proposed technique considers mobility on the nodes and how it impacts
QoS on data forwarding for mobile cloud computing. Using social contacts as a resource
to improve the performance of data retrieval, is a smart way of exploiting all the available
resources to achieve a secure delivery. However, an approach of this category, that relies
on other nodes to forward data, may result impractical for an environment with a low
traffic flow. Moreover, the social-based approaches reviewed here assumes that those
nodes that have frequent contact can rely on each other, therefore, can be efficiently
used as relay nodes. However, as with most of the social-based approaches, this can be
considered slightly invasive in the sense that there is a record kept of frequent contacts

and locations of users.
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2.7 General Discussion

Computation offloading is essential for resource-constrained devices to improve their
processing and storage capabilities, as well as to provide a more reliable service. Vehicular
edge computing uses vehicles at the edge of the network to offer this. Furthermore, by
processing tasks at the edge of the network it alleviates the load of the core layer cloud
servers and reduces communication delay.

This paper presents existing work on the processes of partitioning, scheduling and
data retrieval for computation offloading in a VEC architecture. However, there is a
significant lack of literature in the area of data retrieval. Because of this, existing dis-
semination techniques used in vehicular applications, such as emergency messages and
traffic control, are considered for potential data retrieval methods in a VEC environment.

Considering the lack of research there is in data retrieval for computation ofloading in
VANET, due to being a recent topic, based on the knowledge obtained from the reviewed
work, a possible path for future work is the development of an efficient and reliable
data retrieval protocol for computation offloading in a VEC environment. However, it is
reasonable to expect vehicular edge computing to be a solution to provide a more reliable

service for mobile and vehicular applications in the future.



Chapter 3
Preliminaries

The VEC paradigm helps resource-constrained devices enhance performance with the
computation offloading scheme, where the user can send computationally-intensive ap-
plications to a remote server to be processed. With this, the user saves energy while
also being capable of executing said applications. The computation offloading process
follows a series of steps. First, the application is partitioned, or broken into smaller,
“offloadable” tasks. Then, the device finds and establishes a connection with a server to
finally send the tasks that need to be offloaded.

In this section a model of the computation offloading system considered is presented
with the purpose of understanding the system’s behavior, as well as to asses the ability
to simulate the elements that contribute to enhancing its performance in a vehicular edge
computing environment. For the environment contemplated in this work, vehicles and
RSUs are considered as support infrastructure in VEC; vehicles as infrastructure sup-
port help the cloud network distribute the load, while efficiently processing the offloaded
tasks using commonly underused resources from vehicles. It is essential to mention that
the model used for experimentation includes the 802.11p protocol together with dedi-
cated short-range communications (DSRC), which allows periodic beaconing, switching
between control and service channels, and Wave Short Message (WSM) handling. This
environment considers a set of assumptions. First, a set of applications (A) exist, where
A = {A;, As, ..., A;} is composed of i applications. Each application (A,,) is effectively
partitioned into smaller tasks (c), where A,, = {c1,c2, ...,¢;} is composed of j tasks.

Second, a set of RSUs (M), where M = {M;, My, ..., M} is composed of k RSUs.
Every RSU use a queue to allocates the tasks that were offloaded using a FIFO scheduling
policy. A queue, @, is used for the scheduling policy and each task in the queue can
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Table 3.1: Variables of the model

Notation Description
A Applications
M RSUs
N Vehicles
P Pedestrians with a mobile device
c Components or tasks of an application
\%4 Vehicles available for new tasks
R Total retrievals
Q Queue of tasks
t,x,s,d,a,g Time, position, speed, distance, availability and range
) Results for job n
dyp Distance from vehicle to pedestrian’s
last known location
L Total communication delay
q Communication delay for a single node
T Timer
ty Processing time
x’ Estimated position
Zbd jr Messages (beacon, data, job, results)

belong to a different application. Moreover, the queue is limited by ¢ which represents

the available resources of each RSU. In addition, it is assumed that a wireless network

of RSUs is distributed across an urban area.

Finally, the network elements are aware of geographical locations. The location in-

formation of the RSUs, which is kept in an address table by each of the static nodes,

is obtained using beacon messages. Mobile devices and vehicles are assumed to have

a global positioning system. Since the RSUs are static nodes, their positions, together

with the network topology, are also known.

The model used, for which the notations are listed in Table [3.1, considers a set of
vehicles (V) as defined in Equation [3.1]

N:{Nl,NQ,...,Nl} (31)
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where N is composed of [ vehicles and each one has information of their current status
defined by z,t, s, and a as the current position, time, speed, and availability parameters,
respectively. Since the area considered for the experiments is a section of an urban area,
the number of vehicles is variable and all of them have different speeds. However, it
is relevant to mention the vehicles are not connected to the network at all times. The
availability parameter is to show if the vehicle is already processing a task or if it has
processing resources available to receive a new one. These vehicles have on-board units,
which, like the RSUs, send 1-second interval beacons with information about them such
as their position and their availability to receive a new task, based on whether they are
currently processing a task.

A set of pedestrians (P), where P = {Py, P, ..., P,,} is composed of m pedestrians
that own a mobile device and have the need to offload a task to a server. These mobile
devices receive the beacons sent by RSUs and vehicles, thus are considered to be aware
of the nodes nearby.

For the RSU to assign an application component to a vehicle, it must first consider
the availability information of the vehicle which was received with the beacon message.

The set of tasks to be assigned to a vehicle can be described as in Equation |3.2

S = (c¢(loc = 0)) (3.2)

Where S represents the total tasks ready to be assigned, {c;,...,c,} constitutes the
tasks in the queue that are not being executed locally, represented by loc = 0. Further-

more, V represents the set of vehicles that are available to receive a task, as defined in
Equation [3.3]

Once the set of ready tasks and the set of available vehicles are defined, the RSU
follows a selection process, where the best available vehicle is given priority based on
Equation [3.4] This equation is used to estimate if, based on simple calculations, the

vehicle will still be in the coverage area of the connectivity range from the RSU.

v, eV =z, < M{g} (3.4)
Where v; is the selected vehicle, x,, is the estimated position of the vehicle and g

is the connectivity range parameter of the RSU (M;). A sample of calculations for the
estimated position are defined in Equations [3.5 [3.6 and 3.7
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z, ={x+|[(s-t,) - cos(md)]} (3.5)
x, = {x +[(s-t,) - sin(md)]} (3.6)
x' = (2, 2)) (3.7)

Where z is the current position of the vehicle, ¢, is the processing time of the task and
md is the movement direction angle. Different parameters can affect the retrieval of the
processed data. However, successful retrieval can be defined as a set of total processed
data retrieved (R), where R = {Ry, Ry, ..., R, } is composed of n outputs from every task
that was assigned to a vehicle.

The output processed data is defined in Equation [3.8 where if the position of the
pedestrian (P{z}) at the time the task is processed and ready for retrieval is inside of

the coverage area of the RSU (M;{g}), the retrieval is a successful one.

R = P{z} < M{g) (3.5)
The processing time of a task j in the Edge Cloud is defined in Equation [3.9] It

involves the scheduling time, s(j, V'), the migration of the task to the selected vehicle,
of fa(j, V'), the execution time, e(t, V', ly+), and finally the retrieval, r4(dat;, V', protocol).
In this case each time variable depend on the size of the tasks being offloaded and it is

obtained after the offloading process.

tope = S(3, V') +of fa(4, V') + e(t, V', ly/) + ra(dat;, V', protocol) (3.9)

Evidently, the gain of offloading a task to a remote server can be represented in terms
of time and energy consumption, but since this work is focused on the retrieval process,
we will focus on the gain in terms of time as represented in Equation [3.10} The equation
describes the difference of running the task locally, ¢, ., against running it in the Edge
Cloud, t,,.. Both time variables are assumed to be obtained after the offloading process,
as both of them depend on the size of the offloaded tasks.

g(t) =1p,, — lppo (3-10)

The computation offloading scheme can be represented with Equation |3.11] where

every considered element in the network is integrated: pedestrians (P,,), vehicles (N;)
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and RSUs (Mj). The set of applications (A;) belong to the mobile devices, which are
owned by pedestrians . These applications are partitioned into smaller tasks and offloaded
to a server in the edge of the network, an RSU in this case. Once the tasks need to be
processed, the RSU looks for available resources in vehicles (v; € V = z,, < M;{g}) and
allocates tasks to them. As defined before, S represents the tasks that are not executed

locally and the retrieved output data is represented by R.

i,m k,l 7
O=> Ai€Py+Y M,N+)» (v€V=u,<M{g)USR (3.11)
1 1 1



Chapter 4

Data Retrieval in Vehicular

Environments

From this point on, the computation offloading scheme O is separated into two parts. In
the first (RSU-Triggered Task Assignment), the "sender” RSU, which is the RSU that
will allocate the received task to a vehicle, receives a task to process, and is assigned to a
vehicle using three different protocols for retrieving processed data. In the second (Mobile
Device-Triggered Task Assignment), the ”"sender” pedestrian can decide to offload the

task directly to a nearby vehicle or send it to a broker (RSU).

4.1 RSU-Triggered Task Assignment

Usually, RSUs are strategically located near nodes, such as vehicles, traffic lights, or
traffic controllers, or are meant for applications, such as emergency message distribution
or traffic coordination [38]. Therefore, with the massive and increasing number of mobile
devices that might take advantage of the computation offloading paradigm, it is easy to
assume that at some point an RSU can get overloaded. In that case, the network will
need assistance to process these offloaded tasks; as a consequence, high-resource elements
such as vehicles are considered the support infrastructure.

The primary challenge in this situation is related to the mobility and connectivity of
the nodes. This retrieval strategy starts from the assumption that when the vehicle to
which a task was assigned finishes the computation, it will want to return the processed
data to the sender RSU. Depending on some parameters, such as the speed and the

processing time of the task, the vehicle’s position might be different from the position it
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occupied when the task was received. To address this challenge, three different protocols
are proposed below. First the Topology protocol, which uses V2I communication only and
takes advantage of the network’s topology to find the shortest path to retrieve the output
processed data. Second, Distance-based forwarding, that relies on V2V communication
alone for the retrieval. Finally, the REPRO protocol, which uses a hybrid of V2I and
V2V communication to achieve the most efficient retrieval of the output processed data.
For the following protocols, it is relevant to mention that whenever a vehicle receives
a beacon message from an RSU, the vehicle answers with a data message that carries

parameters, such as speed, movement direction, and availability.

4.1.1 Topology-based Retrieval Protocol

With the topology of the network and the known location of the RSUs, the Topology-
based Retrieval Protocol follows a logical retrieval solution. The vehicles following this
protocol receive and process a task; at the moment of sending the processed data back,
they broadcast it in a single attempt to reach an RSU in the network. If the message
does not reach any RSU, the processed data is lost. If it does, the RSU that receives the
processed data first checks the destination information in the message. After that, if it
matches with its ID, it finishes the process and retrieves the processed data in a single-
hop manner. If the destination does not match, the RSU forwards the message following
the network topology to the shortest path possible, until the sender RSU retrieves it with
the fewest hops possible.

For the algorithms in this work, messages sent and received are represented by Z,,
where y is substituted by b, 7, and r, for beacons, jobs and results respectively. In addi-
tion, nmap is used to represent the mapping of the network, once the beacon messages
are received and answered. The Topology-based Retrieval Protocol, which we refer to as
Topology Protocol from now on, is presented in Algorithm [I} Lines 1-4 show the RSUs
sending beacons to perform the network mapping, the status of the job queue is shown
as well. Lines 5-7 show how the RSU assigns a task to an available vehicle based on
the answer received from the beacon. In lines 8-14, the process of retrieving results in
a single-hop or many-hop manner is delineated, where in the latter, the RSU forwards
the message following the best path in the topology. The same Topology Protocol, but
from the perspective of the vehicles, is presented in Algorithm [2] This algorithm shows
the vehicle answering the beacon message from the RSU in lines 1-2. In addition, lines

4-5 show that if the vehicle is available to process a task, it will receive it, process it and
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Algorithm 1: Topology Algorithm: RSU

1 M"U(Q > {¢}) # Queue status
2 Send: Z,-msg(N) # Send beacons
3 Receive: Z; msg(N € V) #Receive node information
4 nmap = M U N{z,t,q,a} # Network mapping
5 if v;{a} # 0 then

6 Send: Z;_msg(V) # 1If vehicle is available
7 L VN assign task

8 Receive: Z,.msg(V)
o if My{ID} = M™{ID} then

10 L {cyy C A™}) # Receive output data
11 and verify RSU’s ID
12 else

13 nmap > My #If not mine, forward to next RSU
14 Forward: Z, msg(M,)

send the output data back to the destination RSU, represented by M,.

4.1.2 Distance-based Forwarding Protocol

The Distance-based forwarding (DBF) protocol is based on geographic routing using
mostly V2V communication to retrieve the processed data. As with the previous proto-
col, the RSU network topology is known due to the beacon messages sent between each
other, and the vehicles have a geographical positioning system on-board. Once a vehicle
becomes available to receive a task and finishes executing it, the processed data must
be retrieved by the sender RSU. As the name suggests, this protocol uses the distances
between nodes for that. To avoid confusion, the car that receives the task is referred to
as a “processing vehicle” and as for any other cars in the process, the term “forwarding
vehicle” is used. The processing vehicle contacts only the sender RSU. First, the pro-
cessing vehicle checks if the sender RSU is within range distance. If it is, the processed
data is retrieved in a single-hop manner. If it is not, it broadcasts the message to any
nearby vehicle. Second, the forwarding vehicle receives the data and calculates the dis-
tance from its position and to the location of the sender RSU, to compare if it is closer

to the destination than the vehicle that previously forwarded the data. If it is not, then
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Algorithm 2: Topology Algorithm: Vehicle
1 if Receive:Z, msg(My € M) then
2 Send:Z; msg{x,t,q,a}(My) #If beacon is received,

3 answer with info message

4 if Receive:Z..msg(M;) then
5 Send:ZM,msg{cJM} #If task is received,

6 process and answer with output

the message is discarded and the data is not forwarded. The distance ratio is calculated
using Equation [4.1]

d’l) T
dr = -1 (4.1)

dvp sTd

where dp is the distance ratio, dy, is equal to the distance from the previous vehicle
that forwarded the message to the destination RSU, and dy, is the distance from the
currently forwarding vehicle to the RSU.

Based on this ratio, the forwarding vehicle sets a timer to send the processed data
one hop forward. This process is followed by every vehicle that received the data. The
value of the timer is calculated with Equation where T,,,,, is a constant and 7" is the

timer value.

T = Thas - dr (4.2)

It is relevant to mention that with shorter distances, the timer is also shortened.
Hence, once the forwarding vehicle broadcasts the processed data, every vehicle that
receives it and has a timer running cancels both the timer and the forwarding process.
To achieve that, only the closest car to the sender RSU forwards the processed data to
avoid message repetition, leading to a broadcasting storm. This operation is followed
until the sender RSU has retrieved the processed data. Once the destination RSU has
received the output processed data, a message is broadcast to stop the forwarding process
of this data. It is assumed that the last vehicle to forward the output will receive it as
it is still in the communication range.

To better understand this process, an example can be given following Figure Let

us assume that the user in the figure has an application that can be partitioned into jth
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Figure 4.1: Data retrieval scenarios.

pieces. The components of the application can be offloaded to the RSU 1, when the user
moves and enter in the RSU 1’s coverage. Considering RSU 1 assigned a task to vehicle
A, its location is now where vehicle A’ is by the time it finishes processing it. At this
point the sender RSU is unreachable, and the processed data is to be received by vehicles
B,C and D.

Upon the receipt of the message, the three of them sets a timer based on their distance,
as explained above. Because vehicle D is the closest one to the sender RSU, it is the first
one to forward the processed data; hence, cars B and C' cancel the forwarding process
when the new message is received.

Algorithm [2] shows the process followed by the vehicle that processes the task while
using the DBF. The process that forwarding vehicles use for retrieval is shown in Algo-
rithm |3] Lines 1-4 show the cancellation of the retrieval when the timer is running, and
a repeated message is forwarded by a vehicle that is closer to the sender RSU. Lines 6-10
show that when a set of processed data is received and no timer was set, it is the first
time the processed data is received. The values of both the distance ratio and the timer
are calculated to set it. Finally, lines 10-11 show the forwarding request after the timer
expires, in case the forwarding process was not canceled.

In Algorithm 4] where the process followed by an RSU is shown, lines 1-4 show
the exchange of information between RSU and vehicles to map the network. Lines 5-7
show that if a vehicle is available, a task is assigned to it. Finally, in lines 8-10 show the

RSU receiving the processed data and verifying the destination’s ID. Unlike the topology
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Algorithm 3: DBF Algorithm: Forwarding Vehicle
1 if Receive: Z,-msg(N) then

2 info=(N){x,t} #Output message is received
3 if (Forward:Z,_.msg(N) = isScheduled) then

4 L Cancel:Z,. msg(N) #If the same message is already being
5 forwarded, cancel the process
6 else

7 info=uv,(dy,,d,)

8 dr = dy; g/ v,y #Calculate distance ratio
9 T =T AR and start timer
10 Schedule:Z, _msg(v™) T_-ON()

11 if T_OFF then

12 Forward:Z,_msg(vy) #Forward output message when timer expires

protocol, the only one that collects the processed data with this protocol is the sender
RSU.

4.1.3 REPRO

From the previously discussed protocols, we can deduce that the Topology Protocol is
the best choice regarding retrieval delay when the coverage of RSUs does not pose an
issue. On the other hand, DBF copes with connectivity and mobility issues. REPRO
(Result rEtrieval PROtocol) protocol is motivated by these deductions. It is developed
as a hybrid strategy, where the processed data is retrieved using an adaptation of the
DBF protocol up until an RSU is reached. Then, it follows the Topology Protocol until
the sender RSU retrieves the processed data.

The following outlines more details of an offloading scheme in which the REPRO
protocol is followed. The RSUs are aware of the network topology, the availability of the
nodes, and parameters such as speed and moving direction. The sender RSU assigns a
task to an available vehicle; when it is processed, the car starts following the DBF retrieval
protocol. This means that the processed data is broadcast and the vehicles that receive
it (forwarding vehicles) set a timer based on the distance ratio, as previously explained
in Section [4.1.2] (using Equations and [£.2)). The forwarding vehicle broadcasts the
data again once the timer is done, if the process was not interrupted by a repeated
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Algorithm 4: DBF Algorithm: Sender RSU

1 M"U(Q > {¢}) # Queue status
2 Send: Z,-msg(N) # Send beacons
3 Receive: Z; msg(N € V) #Receive node information
4 nmap = M U N{z,t,q,a} # Network mapping
5 if v;{a} # 0 then

6 Send: Z;_msg(V) # 1If vehicle is available
7 L VN assign task

8 Receive: Z,.msg(V)
o if My{ID} = M™{ID} then
L {cy; C A"}) # Receive output data

11 and verify RSU’s ID

1

o

message. This method is followed until any RSU from the network is reached. Once
an RSU receives the processed data, the Topology Protocol is followed. As explained in
Section [4.1.1, when an RSU gets a processed data message, it calculates the best path
to reach the sender RSU.

This protocol aims to address connectivity, mobility, and delay issues by using idle
cars as support infrastructure whenever the vehicle that is processing the task is out of
reach of any RSU. Once an RSU is reached, the best path for retrieval is calculated using
the advantage that the network topology is known, allowing the sender RSU to retrieve

the processed data with the least possible delay.
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Algorithm 5: REPRO Algorithm: RSU

1

2

3

10

11

12

13

14

MTU(Q3 (o)
Send: Z, msg(N)
Receive: Z; msg(N € V)
nmap = M U N{z,t,q,a}
if v;{a} # 0 then
Send: Z;_msg(V)
L Vny
Receive: Z,.msg(V)
if My{ID} = M™{ID} then
IRCTAPS)

else

nmap > My
Forward: Z, msg(M,)

# Queue status
# Send beacons

#Receive node information

# Network mapping

# If vehicle is available

assign task

# Receive output data
and verify RSU’s ID

#If not mine, forward to next RSU
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Algorithm 6: REPRO Algorithm: Vehicle
1 if Receive:Z, msg(M; € M) then

2 t Send:Z; msg{x,t,q,a}(M,) #If a beacon is received,
3 answer with my info
4 if Recetve:Z;_-msg(M;) then
5 #If a task is received
6 if nmap = (M;{g} = N{g}) then
7 and the destination RSU is still in range
8 Send:Z, msg{M;}) #Answer with output message
9 else
10 Send:Z, msg(V;) #Broadcast it to a vehicle

11 if Receive: Z,._msg(N) then

12 | info=(N){z,t} #Output message is received
13 if (Forward:Z, msg(N) = isScheduled) then

14 t Cancel:Z,_msg(N) #If the same message is already being
15 forwarded, cancel the process
16 else

17 info=vn(dy,,d,)

18 dr = d, o /dy, 1y #Calculate distance ratio
19 T =T dr and start timer

20 Schedule:Z, _msg(v") T_-ON()
21 if T_OFF then

22 Forward:Z,_msg(vy) #Forward output message when timer expires

Algorithm [5| shows the side of the RSU retrieving processed data while using REPRO
protocol. The mapping of the network is shown in lines 1-4. Lines 5-7 show the task
assignment to a vehicle. Finally, lines 8-13 show the final retrieval part, where the RSU
decides if the results need to be forwarded or if they have reached the sender RSU.

Algorithm [6] shows the process followed by a vehicle using the REPRO protocol.
The identification process is shown in lines 1-2, where the vehicle receives a beacon
and answers back with a data message. Lines 4-10 show the decision process followed
when the processed data is ready to be broadcast. In lines 11-20, the vehicle receives a

processed data message and goes decides whether to forward it or cancel the forwarding
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process that has been initiated. Finally, lines 21-22 show the message being forwarded

if the timer was not interrupted.

4.2 Mobile Device-Triggered Task Assignment

Having understood the retrieval protocols from the point of view of the RSU in the
previous section, we deduce that the REPRO is the best choice for retrieval concerning
mobility, connectivity and communication delay. Because the studied environment is
the one of Edge Computing with support of vehicular infrastructure, it is necessary
to analyze the offloading scheme from the side of the mobile devices. In this work,
it is assumed that mobile devices are carried by pedestrians. As before, vehicles are
used as support infrastructure in the VEC environment. It is also assumed that all
the elements, RSUs, vehicles, and pedestrians are aware of locations via geographical
positioning system. Pedestrians are considered to own a mobile device, and the task
from an optimally partitioned application needs to be offloaded.

With the purpose of obtaining a better performance from the mobile devices, pedes-
trians have two options. The first is comprised of offloading the task to an RSU, which
acts as a broker or manager for the entire process. Considering that RSUs have the vehi-
cles as support, in this case the RSU then assigns the task to a vehicle for later retrieval,
after it is processed. The second option in this scheme consists of skipping the RSU
and offloading the tasks directly to a vehicle, saving at least two hops of communication
delay.

Three protocols are discussed in this section. Geographical Forwarding uses only vehi-
cles to both process and retrieve the processed data, and takes advantage of the location
awareness of the nodes in the network. The Vehicle-assisted Computation Offloading
(VCO) protocol uses an RSU as the broker and aims to achieve a smother offloading
process. Finally, the Movement Prediction Protocol (MPR) protocol also uses RSUs as a
broker, with the purpose of achieving a higher retrieval rate of processed data and lower
delay. It also uses a prediction algorithm to acquire a more precise estimated location of
the sender pedestrian at the time the vehicle finishes processing the respective assigned
task.
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4.2.1 Geographic Forwarding Protocol

The Geographic Forwarding (GF) protocol relies on V2V communication. It is a beacon-
less protocol, and it uses the last known position of the pedestrian as a reference, which
is the location at the time the task was offloaded and it is transmitted jointly with the
offloaded task. The process followed by the GF begins after the task is computed, and
the processed data needs to be retrieved by the sender pedestrian. Therefore, the vehicle
broadcasts the processed data at this point in time. Similar to the DBF protocol from
Section [.1.2] the vehicles that receive the broadcast data use the last location known to
the sender pedestrian to calculate a distance ratio using Equation [4.3]

R oy (4.3)

- !
dy

where R is the distance ratio, the distance between the last known location of the

!
v,p

the same variable, but from the vehicle that is currently forwarding the processing data.
Using this ratio value, following Equation (T = Tyhae - dr), & timer is calculated and

set. If the same message is received during that time, the forwarding process is canceled

sender pedestrian and the processing vehicle is represented by d, ,, and d;, , represents

to avoid message repetition, leading to a broadcasting storm. This process is followed
by every vehicle following the GF protocol. It is relevant to remember that the vehicle
that is closer to the sender pedestrian is the only one that forwards the processed data.

The communication delay considered for this scenario is based on the model from
Equation [4.4]

D=) d+d, (4.4)

where D is the total delay, and d is the delay for every single node involved in the
process.

The forwarding process followed by the vehicles using the GF protocol for processed
data retrieval is shown in Algorithm In lines 1-3, the vehicle obtains the location
information from the message received and calculates the distance ratio. In lines 5-7,
the timer, together with the forwarding of the processed data is canceled if a repeated
message is received. If the message received is new, the calculated timer is set (lines

9-10). Lines 11-12 show the forwarding event being scheduled after the timer is done.
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Algorithm 7: GF Algorithm: Vehicle

1 Receive:Z _msg #Receive message including
2 R=d,,/d,, location information
3T =T, R #Calculate distance ratio (pedestrian-vehicle)
4 and timer value

5 if Data:Z,_msg(N;) then
6 if Forward:Z;_-msg(N;) = isScheduled then

7 Cancel:Z;_msg(N;) #If it is a repeated result message,
8 cancel forwarding
9 else
10 Schedule:Z, _msg(N;)QT #Else, forward it
11 if Data:Z; msg(P,,) then
12 Schedule:Z, _msg(N;, P,,)QT #If it includes a task,
13 process it and answer with the output
4.2.2 VCO

The VCO protocol, unlike the GF, uses both vehicles and RSU to retrieve the processed
data, but it relies more on V2I communication to achieve a more efficient retrieval. It is
based on a more realistic adaptation of the REPRO protocol, explained in Section [4.1.3]
where the sender pedestrian uses an RSU as a broker to manage the entire offloading
scheme.

In more detail, the RSU is aware of the available vehicles at all times. The moment a
pedestrian offloads a task via its mobile device, the task is assigned to the closest RSU. In
this protocol the sender RSU, or broker, is the only node aware of the last known location
of the pedestrian. This is the single node that needs to retrieve the processed data. To
avoid a broadcasting storm, the same process explained in Section is followed,
which involves a timer and distance relation calculated with the same equations. Once
the vehicle finishes processing the task, and it is retrieved by any RSU, it decapsulates
the information to check if the last known location of the pedestrian is within range. If
it is, the message is sent to the pedestrian. If not, the processed data is forwarded until
it reaches the RSU closest to that location. For this scenario, the communication delay
follows the model in Equation [4.5]
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Algorithm 8: VCO Algorithm: RSU

1 nmap = M U N{z,t,q,a} #Network mapping

2 Receive:Z _msg #Receive message including

3 location information

4 if Data:Z; msg(P,,){l = 0} then

5 Send:Z; msg(V;) #If the task received is not executed locally,

6 assign to a vehicle

7 if Data:Z,_msg(N;) then

8 #If a result message is received,

9 if (P,{9}) = M{g} then

10 L Send:Z, msg(P,,) #and the destination is in range, send it

11 else

12 L Forward:Z,_msg(M) #Else, forward it via RSU
D= d+di+d, (4.5)

i=1

where the hop delay for every hop is represented by d!; for vehicles, d’; for RSUs and
d;i for pedestrians until the processed data reaches its destination.

The vehicles under the VCO protocol follow a similar process to the one shown in
Algorithm [7] RSUs behave according to Algorithm [§ where line 1 shows the mapping
of the network. Line 2 shows the RSU receiving a message, which includes location
information from the sender. Lines 4-5 show the task is assigned to a vehicle when it is
received. Line 7 shows a processed data message is received, where a decision process
begins. If the last known location of the pedestrian is within range, then the processed
data is retrieved in a single-hop manner (lines 9-10). If not, then it is sent to the closest
RSU to said location (lines 11-12).

4.2.3 Mobility Prediction Retrieval Protocol

The Mobility Prediction Retrieval (MPR) protocol is an extension of the VCO protocol.
It aims to enhance the performance and reliability regarding the success of retrieved
processed data and delays. The primary problem in retrieving processed data in a com-

putation offloading environment, using vehicles as infrastructure to support the scheme,
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is the mobility and the connectivity of the nodes. These problems are addressed using
a prediction algorithm, which uses the information collected from the sender at the mo-
ment the task is offloaded. With a simple technique such as Dead Reckoning, which
uses parameters such as speed and direction of movement, it is possible to calculate the
estimated position of the sender after a specific time (processing time), and with this
information obtain a more accurate routing at the moment of retrieval.

The process of prediction is based on Equations [4.6] and [4.7]

X! =X, + ([s - t,] - [cos(md)]) (4.6)

X, = Xy + ([s - t,] - [sin(md)]) (4.7)

where (X7, X]) are the coordinates of the estimated position, (X,, X,) are the last
known coordinates of the sender pedestrian and s, t,, md are the speed, processing time,
and movement direction, respectively. The calculation is done at the moment the sender
RSU retrieves the processed data; the moment before it forwards it to the sender pedes-
trian, it compares the estimated position against its own. If the distance between them
exceeds the communication range, the processed data is forwarded to the next closest
RSU to try and reach the sender pedestrian at the new position. If not, the usual process
is followed, and the sender pedestrian retrieves the processed data from the sender RSU.

Algorithm [9] shows the process followed by a sender RSU using MPR. In line 1,
the network topology is obtained, including static nodes and one-hop mobile nodes. A
message is received in line 2, which includes location information from the sender. Lines
4-5 show that if the message received contains a task, then it is assigned to a vehicle
from the neighbourhood. If the message received contains processed data (line 7), the
estimated position of the sender pedestrian is calculated (lines 9-10). Lines 11-12 show
that if the estimated position is within the range, the processed data is forwarded to
be retrieved by the sender pedestrian. If not (lines 13-14), the message is forwarded to
the RSU that is closest to the calculated location, to then be retrieved by the sender

pedestrian.
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Algorithm 9: Prediction Protocol

1

2

3

I

10

11

12

13

14

nmap = M U N{x,t,q,a}

Receive:Z _msg

i

1

f Data:Z;,-msg(P,,){l =0} then
Send:Z; msg(V;)

if Data:Z,_msg(N;) then

X! =X, + ([s-tp] - [cos(md)])
Xy = X, + ([s 1] - sin(md)
if (P{g}) = M{g} then

L Send:Z, msqg(P,,)

else
t Forward:Z, msg(M)

#Network mapping
#Receive message including

location information

#If the task received is not executed locally,

assign to a vehicle

#If a result message is received,
#Calculate new potential position

of pedestrian

#if destination is in range, send it

#FElse, forward it via RSU




Chapter 5

Performance Evaluation

To evaluate the performance of data retrieval protocols in an edge computing environ-
ment assisted by vehicles as infrastructure it is essential to conduct experiments mea-
suring diverse parameters. These experiments were realized using Veins [78], an open
source framework for vehicular network simulations, which includes two-ray path loss
models [77], SUMO [46] for road traffic simulation, and OMNeT-++ [84] for network

simulation.

Figure 5.1: Example of map used in experiments.

Although three different scenarios were utilized for the different types of protocols,
all of them were realized in a similar map. The selected map is located in a section of
the downtown area of Ottawa, Ontario, Canada, as shown in Figure |5.1, The map used
in the experiments includes a section of the highway, which allows us to further evaluate
the protocols at very high speeds. The red dots shown on the map are an example of

how the RSUs were distributed with an approximate separation of 300m between each
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Table 5.1: Simulation Parameters

Parameter Value
Frequency 5.890 GH~z
Sensibility —89 dBm
Tx Power 20 mW
Beacon Interval 1s

Vehicle traffic density

6,12 v/km/hr

Pedestrian traffic density 10 p/km/hr
Vehicle speed (avg/max) 50 — 120 km/hr
Pedestrian speed (avg/max) 5 — 10 km/hr
Map size ~ 9 km?
Task processing times 5—145 s
Tonax 100 mns
Simulation time 1000 s
Number of simulation runs 35

other, enough distance for them to be connected wirelessly for 1-hop communication.
The RSUs are static nodes, but for both the vehicles and pedestrians, two different
classes of random routes were generated. Every route has different parameter values for
vehicles and pedestrians: speed, lanes, paths, and so on. Fifteen types of tasks with
varied processing times were used. The processing times range from 5 to 145 seconds
and are assigned randomly, following a uniform distribution. Also, for the protocols that
use a timer, the value of T,,,, is 100ms.

The analysis examines distinct aspects, such as the number of processed data re-
trieved, the communication delay, and the number of hops it takes to retrieve the output
data. It also evaluates how all of these are affected by parameters such as the processing
time of the tasks and the density of vehicles in the map. The purpose of this analysis is to
compare all these criteria to measure the performance and efficiency of all the discussed

protocols.
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Table 5.2: Overall processed data retrieved

Protocol Regular Traffic Density Low Traffic Density

Topology 73.18% 75%
DBF 75.37% 63.99%
REPRO 88.93% 86.52%

5.1 Results

In order to assess the effectiveness of the proposed MPR protocol in providing successful
retrieval of the processed data, experiments have been realized within a realistic urban
environment. After the results of both RSU-Triggered and Mobile Device-Triggered
Task Assignment retrieval protocols were obtained, the following analysis was realized to
define which protocol performs best. Similar to before, RSU-Triggered Task Assignment
experiments are presented first to get a better understanding of the experiments realized.
Similar parameters were used for both parts summarized in Table [5.1I} but the minor
changes are mentioned below. All results contain a 95% confidence interval obtained

from an average of at least 35 samples.

5.1.1 RSU-Triggered Task Assignment

The routes generated for the simulations include a parameter of traffic density, which
refers to the number of vehicles per kilometer of lane or road per hour. Two different
values were used for the experiments: a low traffic density (6 v/km/h) and a normal traffic
density (12 v/km/h). These values allowed us to observe how the retrieval protocols are
affected by the density of vehicle traffic. These values were chosen empirically through
extensive experiments. For the sake of analysis, the experiments were also realized with
a Thae value of 500ms, but the results obtained were very similar to the ones of T}, =
100ms. Because the difference between the two results was an offset of unnecessary extra
delay, only the graphs for T},,, = 100ms are shown. All results contain a 95% confidence
interval obtained from an average of at least 35 result samples.

Table [5.2| shows the amount of processed data that was retrieved out of all the tasks
that were assigned to a vehicle. According to the analysis, the only protocol that is
significantly affected by the traffic density is DBF, which is to be expected because

it relies mostly on V2V communication. If there are too few vehicles to forward the
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processed data, the most probable situation is that the data message will get lost at
some point before reaching the sender RSU. Both Topology and REPRO protocols seem
to be more balanced when concerning the traffic density in the scenario. Out of the three
protocols, REPRO shows the best performance regarding the amount of processed data
retrieved out of all the tasks received by a vehicle.

The following results show a more detailed analysis of the results obtained for the
three protocols.

Figure describes the effects of the variations in traffic density on the retrieval
of the processed data. If we take Figure and focus on the REPRO curve, we can
observe that out of the 88.93% of results from retrieved processed data, approximately
45% was retrieved with a single hop. This behaviour repeats for the three protocols due
to the fact that the tasks that only need one hop to be retrieved are the ones that have
the shortest processing time. In other words, the vehicles did not travel far before they
finished the computation and forwarded the processed data back to the sender RSU.

Figure [5.3] confirms the results mentioned above. These results show the average
hops needed to retrieve the different types of tasks, from 1 to 15, and up to ten hops of
communication. As it can be inferred, the tasks with a higher processing time need the
most hops to retrieve the processed data. For instance, observing Figure we can
see that for type 15 tasks, only about 20% of the processed data was retrieved in a single
hop while for type 1 tasks, it took only one hop to retrieve more than 50% of them. As
explained before, the mobility of vehicles produces this behaviour. In other words, the
distance traveled while processing a task depends on the travel speed.

Figure presents the average retrieval delay against the number of hops. This
analysis measured the number of seconds required for the processed data to be retrieved
in X number of hops. In this case, the behaviour of the various protocols differs. It
is worth noting that as more hops are needed for retrieval in DBF, the communication
delay is greater because every hop is a new vehicle that needs to perform various processes
such as checking the information encapsulated in the messages. Consequently, as more
hops are needed, the delay is higher. However, the behaviour is slightly different for the
Topology and the REPRO protocols. Because the topology structure of the network is
shaped like a square or matrix, the delay value reaches a maximum value before it begins
to descend. Therefore, it makes sense that there is a maximum number of hops between
RSUs before the processed data reaches its destination. Finally, it can be observed
that the Topology Protocol achieves the lowest delay, followed by REPRO, with a small

mcrease.
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Once again, Figure 5.5 presents a more detailed version of the retrieval delay for every
type of task. It shows the effect the processing time has over the retrieval delay, and it
confirms previous discussion. We can observe that the communication delay increases
together with the number of hops for the DBF protocol in Figure[5.5b] Also, Figures
and show how the delay value begins to decrease after reaching a maximum value,
for the Topology-based retrieval and the REPRO protocols, respectively.

Figure [5.6| presents the results obtained in a worst-case scenario, in which a vehicle
is assigned a type 15 task for the three protocols shown. These tasks have a random
processing time, whose value ranges from 140 to 150 seconds [76]. On the other hand,
regarding the processed data retrieved in Figure the three protocols show a similar
behaviour. In other words, the protocols that rely more on V2V communication, REPRO
and DBF, retrieve most of the processed data in two and three hops, respectively. The
Topology Protocol changes its behaviour minimally, when less processed data is retrieved
in overall. Regarding delay, Figure [5.6b| shows that REPRO presents some changes, and
it starts behaving more like DBF. This is expected, because a car can travel farther when
a task takes longer to process. Therefore, it needs more hops for the processed data to
be retrieved.

With the purpose of comparing the performance of the three protocols in terms
of the effect of communication delay, three different deadline values were used for the
experiments, 1%, 0.5%, and 0.1% of the processing time. Figure shows the results
obtained. As expected, fewer tasks meet the deadlines when the deadline values are
lowered. Accordingly, if we focus on Figure [5.7a], we can observe that the DBF protocol
is the most affected by deadlines for the three scenarios shown. DBF was the protocol
with the highest retrieval delay values. Figure|5.7b[shows the average time the retrievals
missed the task deadlines. That being the case, the Topology Protocol shows the best
performance overall, followed by REPRO.

The results shown are for the experiments realized. The REPRO protocol achieved
the best retrieval rate, at more than 10% greater than the other two compared protocols.
While the Topology Protocol rendered the best performance concerning the delay of
retrieval, REPRO was never too far behind it. In other words, a hybrid solution, which
mixes the best features of both the Topology-based retrieval and DBF protocols, achieves

an efficient and more stable data retrieval performance.



Delay (s)

Results Retrieved (%)

A—4 DBF

®—& REPRO

*—*  Topology | |

1.6

Number of Hops

(a) Results retrieved

10

14F

1.2

1.0

0.8

0.6

0.4

0.2

0.0

*—*  Topology
A—A DBF

B—8& REPRO

2 4 6 8
Number of Hops

(b) Delay

76

Figure 5.6: Worst-case scenario for RSU-Triggered retrieval protocols using regular traffic

density.



77

5.1.2 Mobile Device-Triggered Task Assignment

Mobile device-initiated experiments evaluate the performance of the protocols explained
in Section . The density of pedestrians in the scenario is 10 p/km/h , which is a
regular value based on the experiments.

Figure [5.8 shows the average processed data retrieved out of all the tasks that were
offloaded to an RSU. In Figures [5.8a] and [5.8b] we can see the general values, while in
Figures and a more detailed version is presented. These figures show that the
GF protocol has the worst performance in terms of processed data retrieved, and retrieval
delay. This is because the GF protocol only relies on vehicles to offload and retrieve the
data, which makes it unreliable in scenarios with a low density of vehicles. Although the
traffic density for the three protocols is the same, the performance of the VCO and the
MPR protocols is significantly better. As soon as a vehicle finds an RSU, the processed
data is forwarded to it. Consequently, traffic density is no longer a conditioning factor.
The performance of the VCO and the MPR protocols is similar, but as we can see in
Figure [5.8d, the latter shows slightly better values of retrieved data. The same situation
presents in Figure but in this case, the difference between the two protocols is more
significant. Regarding retrieval or communication delay, the GF protocol is expected to
show lower values because of the simple fact that VCO and MPR add at least two more
hops of communication to the process.

Figure [5.9| shows the performance of the prediction algorithm used in the MPR pro-
tocol. The accuracy of the algorithm is shown in Figure [5.9al Ranges of 10, 50 and 100
meters were used to see the accuracy of the calculated coordinates against the different
processing times used in the experiments (5 — 145s). As expected, higher range results
in better accuracy. The RSUs in the experiments have a range of approximately 250m.
Hence, a range of 100m is enough for a node to reach an RSU. The results show that
longer task processing time results in greater difficulty to accurately estimate the posi-
tion. Using the same processing times, Figure[5.9b|shows the routing matches. Whenever
an RSU forecasts that the sender pedestrian might not be close enough to retrieve the
processed data, the data is forwarded to the RSU that is closest to the pedestrian. The
term “Routing Matches” refers to the frequency in which a message was forwarded to
the accurate RSU for the processed data to be retrieved. Logically, the matches for
the longer processing times are lower, due to the imprecision of more than half of the
estimated positions for the same times.

After the analysis of the results obtained from the experiments, the MPR protocol
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achieved the best performance regarding retrieved processed data even though its predic-
tion technique is simple. In terms of delay, GF was the one with the best performance.
The importance of the delay depends on the application in which the retrieval protocol
is used, but considering that the difference between the other protocols is not critical, it

is safe to say that the proposed MPR protocol is the more efficient option.
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Chapter 6
Conclusion

In this thesis, an algorithm for a data retrieval protocol is proposed. Vehicle-to-Vehicle
and Vehicle-to-Infrastructure communication were used in the design of the protocol and
in the experiments, so as to benefit from the underutilized resources of vehicles and help
alleviate the load of the servers in the network. The use of the computation offloading
method for expanding the capacity of mobile devices is increasing. This technique gives
devices with low processing or energy life the opportunity of running compute-intensive
applications with a lower consumption of energy by using available resources in a remote
server, commonly Cloud servers. Considering these devices and many others that are
arising have a range of mobility, it is necessary to solve the challenges that this presents.
Using the edge of the network has become a necessary measure to solve network problems,
such as bandwidth consumption and work overload in the servers. But since deploying
new infrastructure is a costly solution to this, using vehicles, which count with high
resources commonly underused is a promising solution. Another thing to consider is
location, using vehicles for support allows the computation offloading scheme to execute
highly localized content in a more efficient way, but as with the mobile devices, vehicles
have a higher range of mobility. Mobility creates the issue of connection intermittency,
which for task offloading is critical, not only because it makes the service unavailable,
but if the process has already started, this only adds more delay which affects directly
the quality of service and experience for the user. The work in this thesis is based on a
Mobile Edge Computing scheme using vehicles as support infrastructure for Computation
Offloading
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6.1 Final Remarks

To give thorough detail, the retrieval of the output processed data in the computation
offloading scheme was divided into two parts. The first one, starting from the RSU as-
signing tasks to vehicles in nearby and retrieving the processed data after the execution.
For this part the REPRO protocol was presented, which is a resulting protocol for the
retrieval of processed data designed to support the task offloading scheme in VCC, ex-
ploiting underutilized resources of vehicles to alleviate the task load of the RSUs in the
network. This protocol makes use of a hybrid retrieval technique which involves the V2V
communication from a distance-based forwarding protocol and the V2I from a topology
protocol which uses the network map to calculate the best path to retrieve the results
efficiently. The REPRO protocol proved to retrieve result messages with a high success
rate with a low delay in a regular traffic density scenario and also the analysis showed
that it is not significantly affected by the change in traffic density.

The second part starts from the pedestrian that holds a mobile device and sends a
partitioned application to a remote server, RSU in this case, to process and it is retrieved
after that. For this part two protocols and an analysis of two communication models was
discussed. VCO, a data retrieval protocol for task offloading in vehicular environments,
and MPR, a data retrieval protocol for a realistic offloading scheme in mobile edge
computing environments which uses location prediction to estimate the location of the
user to achieve a more efficient retrieval, regarding the delay, and retrieval rate. Vehicle-
to-Vehicle and Vehicle-to-Infrastructure communication were used in the experiments
to compare the performance of both in a Mobile Cloud Computing environment that
benefits from the underutilized resources of vehicles and help alleviate the load of the
servers in the network. The VCO protocol proved to retrieve results messages efficiently,

but the MPR showed an overall enhance regarding both retrieval rate and delay.

6.2 Future Work

The work presented aims to further improve the overall performance of the retrieval
of processed data in the computation offloading scheme. As the analysis showed, each
protocol has its own advantages and drawbacks in terms of communication delay and
data retrieval. Therefore, a good step towards future work will be to develop a dynamic
solution which, based on the scenario, selects the optimal protocol to obtain the best

performance.
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Nevertheless, the improvements needed can be divided into three sections, the mobil-
ity models, scheduling, and the traffic models. Even though the accuracy of the prediction
algorithm used can be improved, the use of mobility models proved to enhance the per-
formance of the retrieval protocols when using a realistic scenario in MEC-VCC. This
means, investing in a more efficient prediction algorithm, that uses mobility models with
movement and behavior patterns [61], [68], can definitely improve performance for the
system. In the RSU retrieval of this work, where the REPRO protocol is proposed, the
results show that the tasks with higher processing time are the ones that are more diffi-
cult to retrieve. Thus, using an efficient scheduling policy [57], [35], [81] so the tasks are
assigned to the node that will finish processing faster means an improvement in overall
performance as well. Finaly, traffic flow models, such as [92] 95| 06], can be related to
scheduling, where using a model to know the mobility of the vehicles can lead to a better
scheduling performance, therefore a better performance in the computation offoading

system.
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