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Summary

The increasing demand for more processing power on mobile devices has led to a situ-
ation where not all components are capable of keeping up with the speed of development.
While mobile devices are being pushed to their limits, battery life has not increased at
the same pace as the power requirements, creating a need for methods that can provide

the required processing power while still preserving energy.

Offloading computations from the mobile device to more powerful servers in the cloud
is a well-known approach for energy conservation. However, In this manuscript, we will
delve deeper into the topic of Computation offloading as a well-known approach for con-
serving energy, particularly by transferring Computationally intensive tasks from mobile

devices to more powerful servers in the cloud.

In addition, the manuscript also emphasizes the importance of application partitioning
in designing an effective offloading system. Application partitioning involves dividing
a given application into local and remote parts, with the goal of minimizing the total
cost and optimizing energy consumption. The study focuses on how to effectively and
dynamically partition the application, taking into account factors such as computation
intensity and network bandwidth. By addressing these issues, the study aims to provide
a comprehensive framework for designing an efficient offloading system that can improve

performance while reducing energy consumption on mobile devices.

Keys words : Mobile Cloud Computing, Computation Offloading, Application Par-

titioning , Energy optimization.
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Résumé

La demande croissante de puissance de traitement sur les appareils mobiles a conduit
a une situation ou tous les composants ne sont pas capables de suivre la rapidité du
développement. Alors que les appareils mobiles sont poussés a leurs limites, la durée de
vie de la batterie n’a pas augmenté au méme rythme que les exigences de puissance, créant
ainsi un besoin de méthodes pouvant fournir la puissance de traitement requise tout en

préservant 1'énergie.

Le déchargement des applications depuis I'appareil mobile vers des serveurs plus puis-
sants dans le cloud est une approche bien connue pour la conservation d’énergie. Cepen-
dant, dans ce manuscrit, nous allons approfondir le sujet du déchargement des applications
en tant qu’approche bien connue pour la conservation d’énergie, en particulier en trans-
férant les taches de calcul depuis les appareils mobiles vers des serveurs plus puissants

dans le cloud.

Le manuscrit souligne I'importance du partitionnement d’application dans la concep-
tion d’un systéme de déchargement efficace. Le partitionnement d’application consiste a
diviser une application donnée en parties locales et a distance, dans le but de minimiser
les cofits totaux et d’optimiser la consommation d’énergie. L’étude se concentre sur la
maniere de partitionner de maniere efficace et dynamique I'application, en tenant compte
de facteurs tels que 'intensité de calcul, la bande passante du réseau. En résolvant ces
problemes, I’étude vise a fournir un cadre complet pour la conception d’'un systeme de
déchargement efficace qui améliore les performances tout en réduisant la consommation

d’énergie sur les appareils mobiles.

Mots Clés : L’informatique Mobile en nuage, Déchargement de calculs, Partition-

nement d’applications, Optimisation d’énergie.
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General introduction

Contexte

Mobile technology is increasingly dominating the market, where mobile applications have
become an essential means for creating new services for mobile users. Due to emerg-
ing trends in computer technology, various applications are running on mobile systems,
ranging from simple needs to high-computing requirements. These applications demand
significant storage space, bandwidth, CPU power, and, most importantly, battery usage.
However, application demands outpace the evolution of battery technology, which poses

one of the biggest obstacles to the future growth of smartphones.

With the advancement of mobile devices, where processors have become faster, screens
sharper, and devices equipped with more sensors, the energy consumption capacity of
smartphones far exceeds the battery’s capacity. Unfortunately, battery technology trends
indicate that these limitations are here to stay, and energy will remain the primary bot-
tleneck for mobile devices. To mitigate the energy requirements of mobile devices, the
execution of applications is offloaded to remote servers in Cloud Computing, giving rise

to a new technology called "Mobile Cloud Computing.”

The primary objective is to utilize Cloud Computing techniques for processing and
storing data from mobile devices in the Cloud. The computation offloading technique is
proposed to move resource-intensive execution tasks to remote servers, typically in the

Cloud. These tasks typically consume a significant amount of resources.

Problematic

If your Android phone battery can’t hold a charge for an entire day, it indicates a problem.

While Mobile Cloud Computing addresses the resource shortage issue through computa-



General introduction

tion offloading, it isn’t the perfect solution. We still encounter the persistent challenge
of energy consumption when running applications, as it significantly diminishes battery
life. Employing offloading without a well-defined strategy can result in excessive energy
consumption. Therefore, how can we effectively preserve battery life and optimize energy

usage?

Objectifs

Application partitioning is a technique that involves dividing an application into distinct
components while preserving the original application’s semantics. The goal is to find the
optimal partitioning for mobile applications, determining which parts should be executed
locally on the mobile device and which should be offloaded to remote cloud servers. The

aim is to improve device performance and, more specifically, extend battery life.

In this work, we propose an application partitioning approach that determines the
partitions to be executed in the cloud and those that remain for local execution. The
objective is minimize time execution which leads to optimize energy consumption and

preserve the mobile device’s battery life.

Organization of the thesis

This thesis is organized into two parts, each part contain two chapter:

o The first part is dedicated to presenting “The State Of The Art”. Its purpose
is to provide a synthesis of the various domains that we have explored within the

scope of this work. It consists of two chapters:

— In the first chapter “Mobile Cloud Computing and Computation Of-
floading”, We introduce the concept of Mobile Cloud Computing, its benefits,
the application domains of MCC, and computation offloading in the end we

described the application partitioning.

— In the second chapter “Energy Optimization”: We present energy optimiza-

tion and the related works conducted in this area.

7

e The second part is dedicated to the “Approach Design and Realization ” and

is divided into two chapters:
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— In the third chapter “Proposed Approach”: We describe the general archi-
tecture, the objectives of the proposed approach, and then delve into detailed

descriptions of the different modules and algorithms proposed.

— In the fourth chapter “Implementation and Evaluation of the Proposed

Approach”:

We then introduce the development environment used and the platform chosen
for implementing our modules. Next, we take an energy-intensive application
as a use case and discuss the various results to demonstrate the effectiveness

of our proposal.



Part 1

State of the Art
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Chapter 1. Mobile Cloud Computing and Computation Offloading

Our job is to ensure that Microsoft thrives in a mobile and
cloud-first world .. There’s a challenge in mobile
computing. There’s an opportunity in the cloud..gotten
architectures put together that really meet the needs of our

customers

- a statement echoed by Microsoft co-founder Bill Gates [1]



Chapter 1. Mobile Cloud Computing and Computation Offloading

1.1 Introduction

Mobile cloud computing is an exciting field within computer science that focuses on
delivering cloud computing services specifically to mobile devices. Its primary objective
is to provide users with convenient access to their data and applications at any time and
from anywhere. By leveraging remote servers, mobile devices connect to the internet and
interact with cloud computing services through a network connection. This connectivity
enables users to access their data and applications seamlessly, as long as they have an
internet connection available. Furthermore, mobile cloud computing offers additional
computing resources like processing power and storage to mobile devices on-demand,

catering to their specific needs.

One of the significant advantages of mobile cloud computing is the ability to offload
certain tasks and processes from mobile devices to the cloud infrastructure. This offloading
mechanism helps alleviate the burden on the device’s hardware, resulting in improved
performance. Additionally, it grants users access to more robust computing resources

available in the cloud, empowering them with enhanced capabilities.

1.2 Mobile Cloud Computing “MCC”

1.2.1 Definition

Many definitions have been proposed for MCC. The National Institute of Standard and
Technology (NIST) defines mobile cloud computing as an infrastructure where both the

data storage and the data processing happen outside the mobile device [2].

Mobile Cloud Computing "MCC” is the inevitable result of merging three IT fields:
Mobile Computing, Cloud Computing and communication networks [3]. This combination
has allowed to develop all aspects of the mobile phone, hardware side (computing power,
memory capacities...) and software side (operating systems, application software...) from

low performance to high performance and turn it into a PC with mobility functionality.

MCC “is a rich mobile computing technology that leverages unified elastic resources
of varied clouds and network technologies toward unrestricted functionality, storage, and
mobility to serve a multitude of mobile devices anywhere, anytime through the channel

of Ethernet or Internet regardless of heterogeneous environments and platforms based

7
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on the pay-as-you-use principle” [4], The elastic nature of the cloud enables clients to
obtain the desired level of service that aligns with their changing requirements. With the
availability of high-speed Internet connections, users can seamlessly access services from
cloud providers. As a result, Mobile Cloud Computing (MCC) has become a more viable
option compared to Mobile Cloud.

MCC applications transfer the computational power and data storage from mobile
phones to the cloud, expanding the reach of applications and mobile computing beyond
just smartphone users to a broader range of mobile subscribers [5]. Put simply, MCC
involves running applications on resource-rich servers remotely, with mobile devices serv-
ing as thin clients. In this scenario, data is offloaded from mobile devices to the cloud for

computation or storage purposes [6].

It is essential to note that in mobile cloud computing (MCC), only applications re-
quiring significant computational resources beyond what the mobile device can handle are
executed. If a user starts an application on their mobile device and monitors the usage of
resources or the status of virtual machines in the cloud, this cannot be classified as MCC.
Likewise, if a mobile user uses an application like Facebook hosted on a cloud server, this

does not qualify as MCC.

The integration of cloud computing and mobile devices gave rise to Mobile Cloud
Computing (MCC). MCC leverages the capabilities of mobile devices, such as their mo-
bility, context awareness, and rich user interfaces, along with the scalable resources of the
cloud. This integration enables mobile devices to offload computationally intensive tasks,

store data remotely, and access a wide range of cloud-based services.

The relationship between cloud computing and MCC is symbiotic [7]. Cloud comput-
ing provides the infrastructure and services on which MCC relies, while MCC extends
cloud computing to the mobile domain, tailoring it to the unique requirements and con-
straints of mobile devices. MCC utilizes the elastic nature of the cloud to dynamically
scale resources according to mobile users’ needs, enabling them to access on-demand ser-

vices seamlessly.

1.2.2 Mobile Computing

Mobile computing involves performing distributed computations on various mobile devices
and hybrid networks connected by mobile communication protocols. The arrival of Mobile

computing has totally changed our daily lives. In what follows the main advantages of

8
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MC [8]:

Flexibility: Users are no longer confined to fixed positions and can work from any-

where they desire, providing a more flexible work environment.

Improved Productivity: Users can work efficiently from wherever they find it com-

fortable which improves their level of productivity.

Save time: Mobile Computing allows users to access information and resources on the
go, eliminating the need for physical presence or time-consuming processes. This
results in time savings as users can conveniently retrieve information, utilize online
services, and perform tasks from anywhere. The mobility and accessibility provided
by Mobile Computing enable users to optimize their time and accomplish tasks

efficiently.

Facilitated research: Mobile Computing provides quick and convenient access to vast
amounts of information, facilitating research activities and empowering users with

instant knowledge.

Inspite of the previous advantages, the MC still suffers from some limitations in terms
of:

Data storage: The memory of mobile devices is finite. So these devices are not capable

of storing an unlimited amount of information.

Power Consumption: In the absence of a power outlet or portable generator, mobile

devices rely on battery power to function.

Low Bandwidth: Wireless networks offer lower bandwidth compared to wired net-

works.

Security: Due to its nomadic nature, wireless communication is more vulnerable to
security risks and issues due to the ease of breakage in wireless links. It is not
easy to monitor correct use. Users may have different intentions on how to use this
privilege, hacking, industrial espionage, online fraud and malicious destruction are

some issues faced by mobile computing

Disconnect: Network failure can cause mobile devices to disconnect, affecting service

quality.
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1.2.3 Cloud Computing

Cloud computing is the core of MCC [9], it is a system for providing IT services via the
internet instead of relying on a traditional in-house infrastructure. The idea of cloud com-
puting involves utilizing a group of external servers, also known as "the cloud,” to store,
manage, and process data and applications. By utilizing cloud computing, individuals
can access their data and applications from any device with internet access, as opposed

to being restricted to a single computer or device.

Based on the NIST definition of cloud computing, the concept enables a group of
adaptable computing resources (such as networks, servers, storage, applications, and ser-
vices) to be shared and deployed rapidly with minimal management effort or service
provider involvement. This cloud model includes three service models, four deployment

models, and five essential characteristics.[10]

1. Essential Characteristics:

(1) Broad network access: The accessibility of functionalities through the network,
and their availability through shared mechanisms, promote their use across a
range of platforms, whether thin or thick clients. These platforms can include

devices such as workstations, laptops, tablets, and mobile phones.

(2) Resource pooling: The multi-tenant cloud computing model involves pooling
the provider’s computing resources to serve multiple consumers, dynamically
assigning and reassigning physical and virtual resources based on consumer
demand. Although customers may be able to specify location at a higher level
of abstraction, they generally need more control or knowledge over the exact

location of the provided resources, resulting in location independence.

(3) Rapid elasticity: In order to quickly increase or decrease in size in response
to the degree of demand, capabilities can be dynamically assigned and deal-
located. The capabilities that are accessible for allocation appear limitless to

the user and are always available in whatever amount.

(4) Measured service: Cloud systems optimize resource usage through automatic
control mechanisms, utilizing metering capabilities appropriate to the service
provided (such as storage, processing, bandwidth, and active user accounts).
This allows for monitoring, control, and reporting resource usage, promoting

transparency for the provider and the service consumer.

10
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(5) On-demand self-service: If needed, a user can autonomously allocate comput-
ing resources, such as server time and network storage, without communicating

with each service provider.
2. Service Models:
(1) Software as a Service (SaasS): Individuals or organizations who depend on cloud

computing for common office or productivity services. (e.g., accounting tasks)

(2) Platform as a Service (PaaS): Individuals who depend on cloud computing to
meet their business intelligence requirements (e.g., application integration and

database management).
(3) Infrastructure as a Service (IaaS): consumers who rely on cloud computing for
Information Technology needs.

3. Deployment Models:

(1) Private cloud: The cloud infrastructure and resources are either hosted lo-
cally by the service provider or remotely by a third party, and are exclusively

accessible to a single customer.

(2) Community cloud: Cloud infrastructure and resources are generally available
to customers within the same sector or with similar security concerns or re-

quirements.

(3) Public cloud: Diverse users, including the general public and multiple sub-

scribers, can utilize most cloud infrastructure and resources.

(4) Hybrid cloud: There are several packaged distribution models available for

accessing cloud infrastructure and resources.

This Figure 3.1 present a general description of the Cloud Computing following NIST:

11
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Deployment Hybrid Clouds
Models

I Private Cloud ' t Community Cloud ' 1 Public Cloud ’
Service

Models
Service (SaaS) Service (Paas) Service (laaS)
Characteristics
Resource Pooling | Measured !ﬁag !

Common
Characteristics

Figure 1.1: Description of Cloud Computing according to NIST.
[11]

The table 1.1 below provides several examples of service-oriented cloud computing

architectures:

Table 1.1: Examples of Service-Oriented Cloud Computing Architectures

Architecture Examples

Infrastructure as | Amazon Web Services (AWS) EC2, Microsoft Azure Virtual
a Service (IaaS) | Machines, Google Compute Engine

Platform as a Microsoft Azure App Service, Google App Engine, Heroku
Service (PaasS)
Software as a Salesforce, Google Workspace, Microsoft Office 365
Service (SaaS)

Therefore, the network is a means of linking the communication between Mobile Com-
puting and Cloud Computing to transfer and consume the resources, data and informa-
tion. This communication has evolved over time from the first generation (1G) to the

fifth generation (5G).

12
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Table 1.2: Evolution of wireless technologies 1G to 5G in mobile communication

Year of appearance

Radio frequency(Hz)

Bandwidth(bps)

Cellular Coverage

Core networks

Service type

Driven technique

1G
1985

400M-
800M

2.4K-3.0K

Large area
Telecom

networks

Voice

Analog
signal

processing

2G

1992

800-900M

9.6K-
14.4K
Medium
area
Telecom

networks

Voice,

SMS

Digital sig-

nal

3G

2002

2G

2M-5M

Small area

Telecom
networks
Voice,
Data, mul-

timedia

Smart
signal

processing

4G

2010-2012

3G-4G

10M-20M

Mini-Area

1P Net-

works

Multimedia

Intelligent
Signal
auto con-

figuration

[12]
oG
Starts  from
2020
Plus than
4.9G

Plus than 1G

IP Networks

Packet

switching

After giving the definition of the main fields evolved in Mobile Cloud Computing, the

latter can be resumed in the figure 1.2:
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Figure 1.2: Mobile Cloud Computing Architecture.
[13]

1.2.4 Advantages of mobile cloud computing

Cloud computing is a feasible substitute for mobile computing due to several factors,
including portability, communication, and mobility. The benefits of mobile cloud com-
puting (MCC) are emphasized in the following explanation of how the cloud can help

overcome the limitations of mobile computing.

1. Extending battery lifetime: The need for enhanced mobile device performance
clashes with the need for extended battery life. A potential solution to this issue is
to transfer computational tasks to powerful servers, which can lessen energy usage
and boost performance for mobile applications. This approach has become feasible
due to the widespread availability of high-speed wireless connections such as 4G

and Wi-Fi, which can help conserve a mobile device’s battery life. [14]

2. Accessibility: Mobile cloud computing enables users to access their data and

applications from any location and device, as long as there is an internet connection.

3. Cost-effectiveness: By using cloud-based services, users can avoid the high costs

associated with maintaining and upgrading on-premise hardware and software.

4. Increased security: With mobile cloud computing, data is stored in highly secure
data centers, protected by multiple layers of security. This reduces the risk of data

loss or theft compared to traditional on-premise solutions.
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5. Improved mobility: Mobile cloud computing enables users to work from anywhere

and on any device, leading to increased productivity and flexibility.

6. Green computing: By reducing the need for on-premise hardware and software,
mobile cloud computing can lead to reduced carbon emissions and a more sustain-

able computing environment [4].
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Figure 1.3: Advantages of mobile cloud computing .

[15]

1.3 Computation Offloading

1.3.1 Definition

Computation offloading refers to a mechanism of executing the whole application (or part
of it), that exceeds the mobile device’s capabilities, on resourceful servers in the Cloud
instead of mobile device. Consequently, the battery life of the device is increased as well

as the difficulties of storage and resource limitations are removed.

Furthermore, computation offloading eliminates the challenges posed by resource limi-
tations on mobile devices. Mobile devices typically have limited processing power, memory
capacity, and other resources. By leveraging the computational capabilities of the Cloud
servers, mobile devices can tap into the vast resources available, enabling them to execute
demanding applications and services that would otherwise be impractical or impossible

to run on the device alone.
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1.3.2 Evolution of Computation Offloading

Researchers have been exploring computation offloading, mainly focusing on deciding
when and developing the necessary infrastructure to enable offloading. Before 2000, the
primary emphasis of researchers was on making computation offloading a viable option[16]
[17]. During the early 2000s, the focus shifted towards developing algorithms that could
determine when offloading was necessary. Advancements have influenced the determi-
nation of whether offloading would be advantageous for mobile users in virtualization
technology, network bandwidths, and cloud computing infrastructures, which have also
altered the course of offloading. [18] The progress in technology has made it more feasible

to implement computation offloading (Fig 1-4) [19].
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Figure 1.4: Enabling technologies for computation offloading.

[14]

1.3.3 Computation ofHoading approaches

Over the past 20 years, numerous efforts have been made to minimize the energy usage
of mobile devices by utilizing computation offloading. Generally, these efforts can be

categorized into one of two approaches [19]:

The first approach requires programmers to specify how to partition a program, what

computations should be offloaded, and how to adjust the offoading strategy based on
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changes in network conditions. This approach is considered fine-grained, as it allows
applications only to offload specific sub-parts that would benefit from remote execution,
resulting in significant energy savings. For instance, a video player typically has an energy-
intensive decoder; offloading this decoder can significantly reduce the energy consumption

of the mobile device while playing videos.

The second strategy involves transferring the entire process or virtual machine (VM)
to the infrastructure. For instance, in Android, each application operates in a process that
functions in a particular VM. This approach can reduce the workload on programmers,
as they do not need to modify applications. Instead, their code and program state is
automatically moved to the remote infrastructure. However, this method has the draw-
back of incurring high migration costs, as all program states must be transferred. Most

computation offloading systems aim to accomplish two primary objectives:

o Reduce energy consumption for mobile devices.

o Enhance application performance.

1.3.4 Making Offloading Decisions

Compute A

Compute C

Figure 1.5: Computation process performed using offloading to cloud.

141

To minimize the execution time and energy consumption, computation offloading from
a mobile device to a server machine is performed by applying specific criteria to ensure

that the offloading will be advantageous. [20] [21] [22] The necessary criteria considers
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various parameters, as explained below. To reduce the execution time, the overhead of
runtime activities, which includes the time for data transfer and offloading code, is de-

noted as O,.

O, =Ty+T, (1.1)

Where, T, time of data transfer and 7T, time for offload the code, and T, The time
taken to execute code on the cloud, Ty The time taken to execute code on the mobile
device.Computation offloading is deemed effective in minimizing execution time if the

following conditions are met:

T, + O, < Tp, (1.2)

Likewise, to reduce energy consumption, F,; denotes the energy required for data
transfer, while F, represents the energy required for offloading. FE,, represents the energy
required for the entire application’s execution on the mobile device, and F, denotes the
energy required for runtime activities. Computation offloading is effective in reducing

energy requirements if the following conditions are met:

While E,:

E, =E;+E, (1.4)

1.3.5 The Determinants Impacting the Offloading

The potential of mobile offloading depends mainly on mobile network technologies such
as cellular and Wi-Fi networks. Unlike Wi-Fi, data transmission using the cellular net-
work requires a considerable amount of energy from the mobile device, which offers high-
bandwidth connections. Therefore, computations offloading should only be done when
local execution consumes more time and energy than remote execution.

Many factors can influence the offloading decision and could impact the ofioading process,
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the Table shows these factors:

Table 1.3: Factors affecting the offloading decision

Factor Value

Application Type delay-tolerant, Delay-sensitive
Mobility Distance between server and MD 23]
Mobile Device Specification CPU Speed, RAM, Battery...
Server Specification CPU, RAM, laod...
Wireless Environments 4G, 5G, WIFT ...

1.3.6 Offloading Architectures and Approaches

We can classify computation offloading methods into two categories, static and dynamic,

based on when the decision to offload is made.

1. Static Offloading

Predictions Offline Profiling

Execution

Figure 1.6: Static Offloading Mechanism.
[24]

The use of performance prediction models or offline profiling is employed in the static

offloading approach, as demonstrated in Figure 1.6, to estimate the performance. This
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then results in the application being partitioned into client and server partitions that can

be executed at a later time [20] [21] [25].

2. Dynamic Offloading

Exuction

Partitioning —

e ——

Figure 1.7: Dynamic Offloading Mechanism .
[24]

The dynamic offloading strategies depicted in Figure 1.8 start with a static analysis
of the code and instrumentation, enabling them to conduct dynamic profiling during the
execution phase. The application is subsequently divided into client and server partitions
based on the data obtained from the dynamic profiling. Following this, the execution

resumes with the updated configuration [26][27].

Computation Offloading Process

The process of Computation Offloading consists of three main steps, as follows [28]:

e Application partitioning: Seeks to divide the mobile application into compo-
nents, with some being moved to the cloud server for remote execution and others

remaining on the mobile device for local execution.

o Preparation: The preparation stage accomplishes all the steps necessary for the

dischargeable components to be used in mobile applications. This involves choosing
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a remote server, transferring and installing code, and so on.

« Offload Decision: The final step before remote execution of the offloadable

components begins is to make an offload decision.

1.4 Application Partitioning

1.4.1 Definition

This is a technique that allows the application to be divided into several tasks. These
tasks are classified into two parts: a first part will be executed on the mobile terminal

and a second part that will be executed on Cloud servers [29]:

o Unoffloadable Tasks: Some tasks must be executed locally unconditionally on
the mobile device, either because transferring relevant information takes too much
time and energy or because these tasks need to access local components or sensitive

and confidential tasks.

« OfHoadable Tasks Some components of the application are flexible tasks that can
be processed either locally on the mobile device’s processor or remotely in a cloud

infrastructure. Many tasks fall into this category.

When it comes to components that cannot be offloaded, there is no need to make offloading
decisions. However, when it comes to components that can be offloaded, it’s important
to consider which tasks should be executed locally on the mobile device and which ones
should be offloaded to the remote cloud for execution, taking into account factors such as
available networks, response time, and energy consumption. The mobile device will need

to make an offloading decision based on the outcome of a dynamic optimization problem.

1.4.2 Type of partitioning

In addition to the types of partitioning based on the nature of the application, two broad

categories of partitioning techniques in computation offloading are [19][24]:

o Static partitioning: In this technique, the partitioning of tasks is done before the

application is executed, and the same partitioning is used throughout the execution.
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It is a fixed partitioning that does not adapt to changes in the application or network

conditions during runtime.

e Dynamic partitioning: As the name suggests, in this technique, the partitioning
of tasks is done dynamically during runtime based on the current state of the ap-
plication and network conditions. The partitioning can be adapted to changes in
the application or network, which makes it more flexible and efficient than static

partitioning.

The decision between static and dynamic partitioning techniques in computation offload-
ing depends on various factors such as the application’s characteristics, the available re-
sources, and network conditions. While dynamic partitioning is more flexible and adapt-
able, it comes with additional processing overhead and may lead to latency issues due
to the dynamic nature of the partitioning. Static partitioning, on the other hand, is less

flexible but requires less processing overhead and may result in lower latency.
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1.4.3 Taxonomy of application partitioning algorithms for MCC

Figure 1.8 depicts the thematic taxonomy that is utilized for the classification and com-

parison of APAs, and it involves several classification parameters.

APPLICATION PARTITIONING ALGORITHMS FOR DISTRIBUTED APPLICATION
PROCESSING IN MCC

-

— Allocation-site - Graph — Multiple - Hardware — Offline — Dynamic —  Automatic
_ Bundle L Linear —  Single —  Network —  Online - Static —  Mabual
Programmiing

— Class L Hyprid L Universal L Software L Hybrid L MobileApp L Testimonial
| Component

| Hybrid

I~ Method

I~ Module

I Object

- Task

L Thread

Figure 1.8: The thematic taxonomy pertains to the algorithms used for partitioning

applications in distributed processing within MCC.
[30]

e Granularity:”Indicate the level of granularity for partitioning a mobile application.
Current APAs (Application Partitioning Algorithm) implement the following levels
of granularity for partitioning an application: Module, Method, Object, Thread,

Class, Task, Component, Bundle, Allocation-site.”

o Modele: Shows the type of partitioning model used to model the components of a
mobile application. Current APAs (Application Partitioning Algorithm) implement
the following models:

— Graph: APAs model the entire partitioning process as a graph.

— Linear Programming: APAs formulate a linear equation to represent the par-

titioning of the application.
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— Hybride: APAs combine the graph-based model and the LP model for imple-

menting the partitioning application.

e Programming languages: This shows the programming language type that is
compatible with the partitioning approach.
— Single Programming Language: Programming in a unique language.
— Multi-Languages: Supports multiple programming languages.
— Universal Programming Language: Supports the majority of programming lan-

guages.

o Profiler: The profiler indicates the type of profiling used, current APAs use the

following profilers:

— Hardware Profiler: CPU, RAM, BATTERY

— Software Profiler: 1t collects application information such as size of accessible
data, interdependence between modules, application behavior, performance

cost (execution time, throughput, and latency), and code size.

— Network Profiler: WiFi, 3G, 4G...

e Allocation Decision: This attribute indicates the decision-making policy of the
APA in allocating components locally or to a remote server. The represented deci-

sion can be:
— Offtine: the decision is made before execution.

— Online: The decision is made at execution.

— Hybrid: A portion of the decision is made by a specification defined by the
programmer or a static analysis tool, and a portion of the decision is made

during the execution of the application.

« Analysis Techniques: The analysis technique of the APA is the technique used for
identifying dependency relationships among the components of a mobile application.

It is classified as (Static and Dynamic)

e Annotation: an annotation is a syntactic metadata that is added to the source
code of the application to provide additional information about its components

or behavior. These annotations are used by the partitioning algorithm to make
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decisions about how to partition the application. They can include information
about the size and dependencies of components, as well as other performance-related
metrics, annotations can be classified into three main types based on how they are

created:

— Manual annotations: are annotations that developers create and add to the
code themselves. While this type of annotation requires more work, it also

offers more precise and comprehensive information about the application.

— Automatic annotations: refer to annotations that are generated through au-
tomated tools or algorithms that analyze the application code. This type of
annotation may be less precise than manual annotations, but it requires less

effort from the developer.

— Testimonial annotations: are added to the code by users or testers of the ap-
plication, who provide feedback based on their experience. While this type of
annotation can be beneficial in providing insight into the application’s perfor-
mance and behavior, it may not be as objective or dependable as manual or

automatic annotations.

1.5 Conclusion

In this chapter, we have explored the concept of Mobile Cloud Computing (MCC) and its
potential benefits, particularly in the realm of Computation Offloading (CO). We began
by defining MCC and highlighting some of its key advantages. MCC is a rapidly growing
field that leverages the power and resources of cloud servers to enhance the performance
of mobile devices. By offloading computation tasks to the cloud, We then introduced
the concept of CO, discussing its architecture and how it can be used to optimize the

performance of mobile devices.

We also discussed the decision-making process involved in CO. Furthermore, we ex-
plored the different types of application partitioning, including static and dynamic par-
titioning, and their associated benefits and drawbacks. Finally, we provided a taxonomy

of application partitioning algorithms for MCC.

In the next chapter, we will delve deeper into this topic and discuss the different
algorithms and techniques that can be used for computation offloading. We will also

explore the various factors that impact the performance of these algorithms, and provide
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insights into the challenges involved in their implementation.

By understanding the fundamentals of Mobile Cloud Computing and computation
offloading, we are better equipped to design energy-efficient and high-performance mobile

applications that can provide a seamless user experience while preserving battery life.
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Chapter 2. Energy Optimization

2.1 Introduction

Optimizing energy consumption is a crucial aspect of mobile computing, as it allows for
longer battery life and improved device performance. Computation Offloading (CO) has
emerged as a promising technique for reducing energy consumption, with cloud servers

providing a powerful resource for mobile devices to utilize.

In this chapter, we will explore different approaches for optimizing energy usage, fo-
cusing specifically on the Application Partitioning Algorithms (APA) that can be used
in CO. We will examine different types of APA algorithms, including graph models, LP
models, and hybrid approaches.

By exploring the potential of APA algorithms and other optimization techniques to re-
duce energy consumption and enhance the performance of mobile devices, we can develop
new strategies and approaches that can transform the way we interact with technology. As
mobile devices continue to play an increasingly important role in our daily lives, the need
for energy-efficient computing will become ever more important, making the exploration

of optimization techniques a critical area of research and development.

2.2 Energy Optimization

The primary goal of offloading systems is to reduce energy consumption on mobile devices,
which can also lead to better application performance by using more powerful cloud
machines. However, many factors can affect energy consumption, such as execution time,

latency, network conditions, bandwidth, and packet drops.

The study’s authors [31] conducted a formative analysis to examine how mobile com-
putation affects performance and energy conservation. They investigated the impact of
input size, bandwidth, and network conditions on offloading performance. The findings
indicate that offloading yields better performance and energy conservation on fast net-
works (like WiFi and LTE). However, the benefits are not as straightforward on slower

networks, as they depend on the complexity of the task being offloaded.

Recently, the use of mobile devices, particularly smartphones, has increased rapidly,
increasing the demand for better Quality of Service (QoS) and Quality of Experience
(QoE). Although mobile devices effectively satisfy user demands, they require method-
ologies to improve their efficiency and battery life. Mobile Cloud Computing (MCC)
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allows for offloading data storage and application execution from mobile devices to cloud
servers. Offloading effectively solves the battery problem, but it is not free and incurs
overhead costs, such as the cost and energy required for communication between mobile
devices and the cloud. Some message transfers are necessary between the cloud and the
mobile device to establish communication with the cloud. These message transfers incur
additional costs and energy consumption, so it is necessary to study the overhead costs
incurred for data storage and application execution [4]. Therefore, to avoid another en-
ergy optimization problem when offloading to the cloud, it is necessary to study energy
optimization algorithms to manipulate offloading better and use it correctly with desirable
results, It is necessary to study energy optimization algorithms to manipulate offloading

better and use it correctly with desirable results.

2.3 Energy Optimization Algorithms

In this part, an overview of the existing APAs is provided, and their implications and
other significant factors are discussed based on the various application partitioning models
presented in the taxonomy. The present APAs can be categorized into three models,

including graph-based, LP-based, and hybrid-based models.

2.3.1 Graph-based application partitioning algorithms

Typically, the components of a graph - vertices and edges - are utilized to depict the
context or parameters of an application. This involves available resources, data size,
communication overhead, computation, and memory costs. APAs employ the graph model

to model execution states, cost models, internal dependency, data flow, and control flow.

« Offloading Inference Engine (OLIE):

Is a Java program designed for mobile devices, which is used to distribute Java
classes without native states . The algorithm functions by dividing Java classes into
groups using customized min-cut heuristic techniques, with the aim of minimizing
component interactions among the partitions. The algorithm partitions a class
graph into potential partition plans based on edge-weight, and selects the optimal
plan by comparing the combined metrics. However, the min-cut heuristic technique

may miss superior partitioning solutions in its candidate partition plans, as most
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of the resource constraints are related to vertex-weights or memory consumption.
The decision criterion is solely based on memory and does not take other factors
into account. This approach also does not consider partitioning constraints like
CloneCloud, resulting in a coarse granularity of partitioning at the class level and

a focus on static partitioning.

o Hybrid Granularity Graph (HGG):

To minimize network overhead, a Hybrid Granularity Graph (HGG) has been pro-
posed. In HGG, a vertex is linked to a configurable subset of objects of a given class
instead of being linked to a single runtime component (object or class). A profiler
collects information on performance cost, memory utilization, and runtime coupling
patterns via bytecode injection, which is then used to create runtime graphs. Com-
pared to an object-level graph, HGG provides a finer level of adaptation and more
effective object topologies without incurring computational overheads. Further-
more, HGG offers finer granularity than a class graph, providing greater flexibility.

HGG is computationally feasible because it is smaller than an object graph.

e Distributed Abstract Class Graph:

Ermyas Abebe and Caspar Ryan [32] proposed an algorithm based on an abstract
class graph. In this algorithm, the devices maintain graph vertices for components
within their memory space, and cloud-vertices, which are abstraction vertices, for
components in remote devices. The algorithm uses a multi-level graph partitioning
heuristic to reduce network, power supply, memory utilization, and performance
cost of adaptive offloading. The algorithm also allows the partitioning result on the
cloud to be loaded back to the client device for utility purposes. The partitions
generated by this algorithm are more effective, and the remote object coupling and

migration costs are reduced as well.

2.3.2 Linear programming-based application partitioning algo-

rithms

Linear programming (LP) is a mathematical approach that aims to find the best possible
outcome given a set of constraints expressed as linear equations in a mathematical model.
It is a method to optimize a linear objective function, subject to linear equality and linear

inequality constraints, and is commonly used for solving challenging problems. The main
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benefit of LP is that it always produces optimal results for a specific objective function.

Nevertheless, solving LP problems can take time due to a large amount of computation

33].

Mobile Augmentation Cloud Services (MACS):

Dejan Kovachev and Ralf Klamma|[34] proposed a middleware called Mobile Aug-
mentation Cloud Services (MACS) to reduce local execution time and battery power
consumption. MACS allows Android applications to be extended into the cloud
adaptively. It is responsible for application partitioning, resource monitoring, and
computation offloading. The Elastic applications function like regular mobile ap-
plications but can use remote computing resources. MACS can offload multiple
Android services within a single application by determining the allocation from
the resource monitor. MACS uses a dynamic partitioning scheme and lightweight

profiling during runtime for adaptive partitioning decisions [33].

RCMCPP:

Lei Yang, Jiannong Cao, Hui Cheng, and Yusheng Ji [35] conducted a study on the
problem of application partitioning to ensure the benefits of service providers by
evaluating constraints on cloud resources. The researchers first considered a problem
of partitioning computation for a single user, known as the single-user computation
partitioning problem (SCPP). Then they derived the resource-constrained multi-
user computation partitioning problem (RCMCPP). To minimize the total execution
time, the RCMCPP was formulated as a mixed-integer linear programming (MILP)
problem. To make a tradeoff between application performance and the cost of cloud
resources, application providers used the performance-resource-load (PRL) model
to design a resource provisioning mechanism to improve the utilization of cloud

resources [33].
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2.3.3 Hybrid application partitioning algorithms

The hybrid application partitioning algorithms (APAs) integrate the characteristics of
both graph-based and LP-based techniques. They aim to extract the essential features of
both methods to enhance the performance of APAs.

« Mobile Assistance Using Infrastructure (MAUI):

Eduardo Cuervo et al [36] proposed a method for solving graph optimization in
application partitioning by representing the application as a call graph and using
0-1LP. This approach allows for fine-grained code offloading to optimize energy
usage with minimal involvement from the programmer. Conversely, MAUI enables
programmers to produce an initial partitioning of the application by annotating its
local and remote components. A key feature of MAUI is its use of managed codes
to ease the burden on programmers when dealing with program partitioning while

maximizing energy savings during computation offloading [33].

¢ CloneCloud:

CloneCloud employs a control flow graph to model the application, which is opti-
mized using ILP. It conducts an offline static analysis of various running scenarios
of the process binary on both a smartphone and the cloud. The analysis results
are utilized to create a database containing pre-computed partitions of the binary,
determining which sections should be offloaded to the cloud. CloneCloud is an
effective tool for dynamically partitioning Java code based on static analysis. How-
ever, it is limited to the input and environmental conditions that are used during
the offline pre-processing. To use it with a new application, the analysis must be
repeated. Additionally, ordinary users may need help to customize the application’s
functionality as it requires the support of programmers to annotate the components

33)].

« Wishbone:

Wishbone is an APA that adopts a profile-based strategy to partition applications.
It models the application as a data flow graph of operators to facilitate execution
on multiple and diverse devices in a sensor network. It prioritizes high-rate data
processing applications and uses a static approach to minimize network bandwidth

and CPU load during compilation by solving an ILP problem. On the other hand,
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Wishbone utilizes WaveScript to define the data processing pipeline, allowing for

adaptable responses to modifications in the operating environment.

2.4 Exceptional application partitioning algorithms

Exceptional APAs differ from other types of application partitioning algorithms in that
they do not model the application as a graph or LP equation. Instead, these algorithms
prioritize either manual or automatic annotation before carrying out application partition-
ing. They require a relatively higher level of input effort from application developers to
produce effective partitioning solutions. Despite this, exceptional APAs can still generate

optimal results similar to other APA types.

e Cyber foraging solution:

The Cyber foraging solution introduces an adaptive runtime system that utilizes
Vivendi [37], a little language, to provide application partitioning. Programmers
analyze the application’s source code and create a tactics file that outlines the
function prototype of each procedure that can be executed remotely. This file
also specifies how these procedures are combined to generate the partition result.
However, it is essential to note that the application developers must create a tactics

file for each application, which can be time-consuming and error-prone [33].

¢ J-Orchestra:

J-Orchestra is a system that automates the partitioning of Java programs, dividing
them into distributed applications that run on separate Java virtual machines. By
utilizing bytecode rewriting, J-Orchestra replaces method calls with remote method
calls and converts direct object references into proxy references. Programmers need
only specify the network location of hardware and software resources, along with the
corresponding application classes, requiring minimal effort. JOrchestra recognizes
the potential impact of annotation errors on the efficiency and accuracy of dis-
tributed applications. To address this concern, J-Orchestra supplies two tools—a
profiler and a classifier—to ensure precise and efficient partitioning. When com-
pared to previous approaches, J-Orchestra offers significant benefits in terms of

adaptability, flexibility, and automation [33].
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2.5 Comparison of application partitioning algorithms

by using thematic taxonomy

Table 3.1 displayed a comparison among various APAs that we went through for MCC
using the parameters outlined in Figure 1.8. One of these parameters is the Partition-
ing Granularity (PG) attribute, which denotes the level of granularity for partitioning

computational-intensive mobile applications.

Table 2.1: Comparison of application partitioning algorithms.

[33]

OLIE [38] Class Graph Single software, Online | Dynamic Manual

Network
ft

HGG [39] Hybrid Graph Single Software, Online Static Automatic
Hardware

gizz:lz;rt:sh‘?;;]t ract Class Graph Single N/A Offline | Dynamic N/A

ff

MACS [34] Bundle LP Single Software, Online | Dynamic | Automatic
hardware
Network

RCMCPP [40] Module LP N/A CPWOLS | Online | Dynamic | Automatic
Hardware

MAUI [41] Method Hybrid Single All Online | Dynamic Manual
Network

CloneCloud [42] Thread Hybrid Multiple S Online Static Automatic
Hardware

Wishbone [43] Thread Hybrid Multiple Network, Offline Static Manual
Hardware

Simplifying  Cyber . . . .

. Module | Exceptional | Universal | N/A Offline Static Manual
Foraging [37]
J-Orchestra [44] Object | Exceptional Single Software Offline | Dynamic Manual

Note: PG: Partitioning Granularity, PM: Partitioning Model, PLS: Programming Language Support, PR:

Profiler, AD: Allocation Decision, AT: Analysis Technique, AN: Annotation

2.6 Conclusion

In conclusion, Chapter 2 has highlighted the significance of energy optimization in mobile
cloud computing and its impact on improving the performance of MCC systems. The
review of various application partitioning algorithms and their effectiveness in reducing
energy consumption has provided a comprehensive understanding of the current state of
research in this area. Overall, the insights and analysis presented in this chapter have
significant implications for the development of MCC systems that are energy-efficient,

high-performing, and sustainable.

34



Part 11

Approach Design and Realization

35



Chapter 3

Proposed Approach

36
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3.1 Introduction

Mobile Cloud Computing leverages the power of cloud servers to process data and complex
computational tasks, eliminating the need for mobile devices to have high-end configu-
rations like fast processors and large memory capacities. By offloading these tasks to
the cloud, the performance of mobile devices is enhanced, and energy consumption is

optimized.

To achieve optimal energy consumption while offloading mobile application tasks, it is
crucial to accurately determine which tasks should be offloaded. This presents a significant

challenge.

In this chapter, we present a dynamic partitioning mechanism as a solution. This
mechanism aids in making informed decisions regarding offloading computational tasks,
resulting in efficient energy management for energy-intensive applications. By dynami-
cally partitioning tasks between mobile devices and cloud servers, our approach ensures

the best utilization of resources and maximizes energy efficiency.

3.2 General description of the proposed approach

Our approach takes advantage of a clever combination of LP and graph models, resulting
in a hybrid algorithm that offers several benefits. By incorporating an intelligent selection
mechanism, we enhance the likelihood of generating a correct solution that can effectively
partition and offload tasks to the Cloud. This selection mechanism allows us to explore
various possibilities and find feasible solutions based on informed criteria or optimized

algorithms.

The primary goal of our approach is to reduce the execution time of different tasks
within a mobile application. By doing so, we optimize the energy consumption of the
mobile device. This is achieved through strategic task offloading to the Cloud, which
provides access to powerful and energy-efficient computational resources, surpassing the

limitations of mobile devices.

To achieve optimal and dynamic results, we consider multiple factors, including local
costs on the mobile device, remote costs in the Cloud, and communication costs between
the device and the Cloud. These costs play a vital role in determining the most efficient

approach to task partitioning and offloading.
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To facilitate the decision-making process, our approach incorporates various modules
such as the profiler, analyzer, and solver. The profiler module gathers essential information
about the tasks and their specific resource requirements. The analyzer module then
evaluates this information, taking into account the aforementioned costs. Finally, the
solver module utilizes the analyses performed by the previous modules to determine the

best possible partitioning result.

In summary, our proposed approach closely follows the task offloading steps outlined

in the previous chapter.

e Application Decomposition:

Decompose the Android application into individual methods using a specified algo-
rithm. This step involves determining which methods are invoked by each method.
In parallel, establish a weighting scale for each method based on its dependencies

with other methods within the application.

e Performance Profiling:

Conduct a performance profiling of the application, focusing on three major re-
sources: CPU, battery, and network. The aim is to derive the execution time for

both mobile and cloud environments.

» Offloading Decision:

Based on the information acquired from the previous steps, make a strategic decision
regarding method offloading. Determine which methods are to be offloaded for

remote execution and which ones are to remain for local execution.

The titles are intended to provide a quick and clear understanding of each step’s

purpose and activities.
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Mobile Application
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Figure 3.1: Schematic Representation of Application Decomposition and Offloading

3.3 Objectives of the proposed approach

As with the majority of studies conducted in the realm of computational offloading, our
proposed approach is centered on optimizing energy consumption by reducing the runtime

of the mobile application.

e Minimizing Execution Time: The primary objective of this approach is to
reduce the time it takes for the mobile application to run. By decomposing the
application into individual methods and offloading certain methods for remote ex-
ecution, the overall processing load on the mobile device is lessened. This decrease
in load can lead to faster execution times as the mobile device can process local
tasks more swiftly and remote tasks can run concurrently. The decision to offload a
method is influenced by several factors, including the method’s dependency on other
methods, execution time in different environments, and the available resources (like

CPU, battery, and network).

e Optimizing Energy Consumption: Energy optimization is a primary objective
of our approach, achieved through intelligent task offloading. By considering the
energy consumption of both local execution and remote computation, we aim to
strike a balance that results in net energy savings. The offloading decisions take

into account the energy costs associated with data transfer and remote computation.
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Our approach targets scenarios where the mobile device’s resources (CPU, RAM,
battery) may be insufficient for the application’s computational demands. In such
cases, computationally intensive tasks are dynamically offloaded to the cloud during
runtime. This ofoading strategy alleviates the strain on the mobile device’s battery,

contributing to energy conservation.

Through profiling and understanding the energy footprint of different methods, we
optimize the offloading process to minimize energy consumption. By intelligently
distributing tasks between the mobile device and the cloud, we achieve energy sav-

ings while ensuring efficient execution of the application.

In reference to the thematic taxonomy of algorithms in Figure 1.8, as presented in
Chapter Two, my research contribution can be visualized and compared using the follow-
ing table. This table will illustrate the unique attributes of my work, providing a distinct

representation within the established taxonomy:

Table 3.1: Characteristics of the Proposed Approach in MCC Partitioning

Allocation Analysis

Granularity Model Language Profiler . . . Annotation
Decision Technique
APA Hardware,
Pro- Method Hybrid Single Network, Online Static Automatic
posed Software

e Granularity: Partitioning by method is highly suitable for an object-oriented
programming language like Java. This is due to the inherent structure of object-
oriented languages, where code is organized into methods that represent actions an
object can take. By partitioning at the method level, you can effectively manage
and offload individual tasks, enabling more flexibility and potentially finer control

over performance optimization.

o Supported Language: Java was chosen due to its wide adoption in mobile
application development, particularly for Android. Java’s object-oriented nature,
robustness, and established libraries make it a logical choice for tackling complex

tasks like application partitioning.

o Partitioning Model: The hybrid model combines a general representation
through a method call graph with problem formulation in LP (Linear Program-
ming). This approach provides a visual, structured understanding of method in-
teractions, while LP offers a mathematical way to optimize the offloading decisions

considering multiple factors and constraints.
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o Profile: Profiling is crucial as it provides the necessary data about the hardware,
software, and network state. It helps in making informed decisions about which
methods to offload, based on the current state and capabilities of both the mobile

device and the cloud server.

o Allocation Decision: Making allocation decisions online, in real time, allows
for greater responsiveness to changes in the application context. This could include
changes in device state, network conditions, or user behavior, allowing for more

dynamic and efficient method offloading.

o Analysis and Annotation Techniques: Automating this process increases the
efficiency and accuracy of identifying suitable methods for offloading. By analyzing
method dependencies and selecting the most appropriate ones based on conditions
and constraints, this approach ensures that only those methods that stand to benefit
most from offloading are selected, maximizing the effectiveness of the offloading

strategy.

All of these elements contribute to the overall goals of minimizing application execution
time and optimizing energy consumption, making the strategy responsive, flexible, and

effective.

3.4 Detailed description of the approach

We propose an architecture that aims to minimize execution time and, consequently,
optimize energy consumption. The architecture is based on three modules that determine

which methods should remain on the mobile device and which ones should be offloaded:

3.4.1 Profiling module

The module actively monitors hardware, software, and network components, employing
a specific profiling technique to gather information for monitoring purposes. It ensures
comprehensive tracking of system performance by focusing on the underlying hardware

infrastructure, software processes, and network activity as follow:
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Hardware Profiling:

The objective of this module is to gather comprehensive information about the physical
hardware resources (mobile and cloud devices), such as RAM, processor, and battery
capacity. It focuses on collecting data related to the hardware components to better

understand their capabilities and optimize resource allocation.

Software Profiling:

This module is responsible for gathering information about the mobile application, such
as code size, memory usage, and other software-related metrics. Its role is to analyze the
characteristics and resource requirements of the application to inform decision-making
processes, such as method allocation and offloading. By profiling the software aspects, it

helps optimize resource utilization and enhance overall performance.

Network Profiling:

The network profiling module gathers data on the network environment, such as band-
width, 3G, 4G, and 5G connectivity, as well as Wi-Fi connectivity. Its primary objective
is to obtain information about network conditions and capabilities, enabling informed
decision-making regarding method allocation and offloading. By analyzing network pa-

rameters.

3.4.2 Analyzer module

The” Analyzer” is designed to analyze source code of an application and provide valuable
insights about its methods, including local execution time LFE;, remote execution time
RE;, and communication cost CC. By examining the code line by line, first we build
a matrix that captures crucial information about each method. This matrix serves as a
comprehensive representation of the application’s functionality and performance charac-

teristics, the algorithm 1 provided gives a general description about how it works:
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Algorithm 1: Analyzer

Input: Source code of the application
Output: Matrix of methods, local execution time for each method,

remote execution time for each method ,communication cost

[uny

if the code is compiled then
2 Recompile the code
3 else

4 Read the code

5 for (each code line) do

6 Matrix < Matrix + get_ Method

7 for (Matrix) do

8 Calculate local execution time

9 Matrix < Matrix + local execution_time
10 Calculate remote execution time

11 Matrix < Matrix + remote execution time
12 Calculate communication cost

13 Matrix < Matrix + communication cost

14 return Matrix

The formula for calculating execution time based on the information taken from the

previous module can be reformulated as follows:

Number of Instructi
Execution Time = — _O oTRenone Cycle Time (3.1)
Instructions per Cycle

In this reformulated formula, we first divide the number of instructions by the instruc-
tions per cycle to determine the number of cycles needed to execute all the instructions.

Then, we multiply this by the cycle time to obtain the total execution time.

Data Size
Transfer Time = ————— 2
ransfer Time = &—— - (3.2)

In this formula, we divide the data size by the available bandwidth to determine the

time it would take to transfer the given amount of data.
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After extracting all the necessary data using the previous algorithm, the next step is
to construct a graph that we will use for the next module. The graph will capture the

methods, their dependencies, and the associated execution and communication costs.

The algorithm begins by initializing an empty graph object. It then creates two special
nodes: a source node (representing the mobile device) and a sink node (representing the

cloud). These nodes serve as the starting and ending points of the graph.

Next, the algorithm iterates over each method, representing a method that can be
offloaded to the cloud. For each method, a corresponding node is created and added to

the graph. The algorithm sets the weights of two edges connected to the method node.

The first edge connects the source node to the method node, representing the local
execution of the task on the mobile device. The weight of this edge is set to the local

execution time of the method.

The second edge connects the method node to the sink node, representing the remote
execution of the task in the cloud, including the communication cost. The weight of this
edge is set to the sum of the remote execution time and the communication cost associated

with the method.

Additionally, the algorithm considers the data dependencies between methods. For
each method, it iterates over its dependencies and creates edges between the method node
and the nodes representing its dependent methods. These edges capture the data transfer

time between the tasks.

Once all the nodes and edges have been created and weighted according to the ex-
tracted data, the algorithm returns the constructed graph, along with the source and sink

nodes.

The resulting graph can then be used for further analysis and energy optimization ,
such as applying a mincut algorithm to determine the optimal partitioning of methods be-
tween local and remote execution, minimizing the overall execution time while considering

the communication costs in mobile cloud computing.

In this given algorithm 2, we will proceed with the previous steps to construct the

graph:
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Algorithm 2: Creating Graph

10

11

12

13

14

15

16

17

Input: methods, local execution time, remote execution time,
communication cost, data_dependencies
Output: Graph
Define the graph
graph <— new Graph()
Create new node: node_source
Create new node: node_ sink
graph.addNode(node__source)
graph.addNode(node_ sink)
for each method € methods do
method node < new Node(method)
graph.addNode(method_ node)

Set Edge Weights
add edge between node source and method node with weight =
local__execution_time[method]
add edge between method node and node_sink with weight =
(remote execution time[method] + communication cost[method])
for each method € methods do
for each dependency in data__dependencies/method] do
dependent_ method <« findNode(dependency)
graph.addEdge(method_ node, dependent_ method, weight =

data_ transfer time[dependency))

return Graph, source, sink
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In summary, the provided figure3.4 illustrates a simulated representation of the final

graph:

— Edge for local execution time

~— Edge for (Remote execution time + communication cost)
— Edge for Dependencies between methods

() Methods

Figure 3.2: Weighted Graph Visualization

3.4.3 Solver

The main module "Solver” gathers information from different modules: profiler and ana-

lyzer, and uses them as inputs for a global optimization of the solution.

In our approach we chose the MinCut Algorithm, also known as the Minimum Cut
Algorithm, is a graph-based algorithm used to find the minimum cut in a graph. A cut
in a graph divides the vertices into two disjoint sets, and the weight of the cut is the sum
of the weights of the edges crossing the cut. The MinCut Algorithm aims to find the cut
with the minimum weight, which represents the least costly way to separate the graph

into two components.

The chosen model for the MinCut Algorithm is the Edmonds-Karp Algorithm! . The
Edmonds-Karp Algorithm is a specific implementation of the Ford-Fulkerson? method

for finding the maximum flow in a network. It efficiently computes the minimum cut

!The Edmonds-Karp algorithm is a realization of the Ford-Fulkerson method used to calculate the

maximum flow in a flow network.[45]
2The Ford-Fulkerson algorithm is a solution for the max-flow min-cut problem, which deals with

finding the maximum flow in a network consisting of vertices and weighted edges connecting them.[46]
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by repeatedly finding augmenting paths in the residual graph until no more augmenting

paths can be found.

By using the Edmonds-Karp Algorithm as the underlying model for the MinCut Algo-
rithm, we can effectively determine the minimum cut that minimizes energy consumption.
This algorithm guarantees an efficient and reliable partitioning solution that optimizes

energy usage.

The Edmonds-Karp Algorithm has been chosen due to its favorable time complexity
compared to other algorithms, as highlighted in the study conducted in the TPcoder web-
site [47]. The study presented in the following table that compared the time complexities
O(n*m) of different algorithms:

Table 3.2: Comparison of all the algorithms for maximum flow

[47]
Number of Vertices Ford-Fulkerson- Edmond-Karp Goldberg-Tarjan
Karp
100 12.4008 3.10001 11.8008
550 1476.08 360.021 1378.78
1000 9118.72 2062.02 9568.05

MillieSeconds
Ford-Fulkerson-Karp = Edmond-Karp = Goldberg-Tarjan
10,000

7,500

5,000

2,500

0 S —.
550

100

. Number of

vertices
1000

Figure 3.3: Graph of comparison of all the algorithms for maximum flow
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As mentioned earlier, the Edmonds-Karp Algorithm is primarily used for finding the

maximum flow in a network. However, after the maximum flow is calculated, the algorithm
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then iterates through all methods (graph edges from the source and to the sink). For each
method, it calculates the flow on the device F,; and the cloud F,.. The aim is to balance
the total execution time on the device and the cloud, so the target flow T, on the device

is set to half of the total flow on the cloud.

Next, the algorithm iterates through all the methods again. If adding the flow of a
method to the current flow on the device cFy doesn’t exceed the target flow, this method
is selected for execution on the device D, and the flow of this method f(s,m) is added to

the current flow on the device cFy. Otherwise, the method is offloaded to the cloud C.

The provided algorithm serves as a general framework for the Solver module:

Algorithm 3: Solver
Input: Graph

Output: Methods to offload, Methods for local execution

1 ' < Apply Edmonds Karp Algorithm(G, source, sink);
2 Fy+0

3 for each method € methods do

4 t Fy <+ Fy+ f(s,m);

5 [+ 0

6 for each method € methods do

| Foe Fot f(m)

8 Ty + %

9 F.+0
10 D+ ]
11 C |
12 cb;+ 0

13 for each method € methods do

14 if cFy+ f(s,m) < T, then
15 D+~ D+m

16 cFy  cFy+ f(s,m)

17 else

18 C <+ C+m;

19 return D, C;
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3.5 Scenario of interaction between modules

Here is the sequence diagram that represents the interactions between the different mod-

ules of the proposed approach.
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Figure 3.4: Sequence diagram of the proposed approach

49




Chapter 3. Proposed Approach

3.6 Conclusion

In this chapter, we provided a general overview of our proposed approach, followed by a
detailed architecture diagram illustrating the flow of actions and the various modules that
constitute it. We further depicted their interactions through a comprehensive sequence

diagram.

The next chapter will delve into the implementation and evaluation of the proposed
approach, providing a thorough analysis and examination of its practical application. By
exploring the implementation details, we aim to validate the effectiveness and efficiency

of our approach in addressing the identified challenges.
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4.1 Introduction

In this chapter, we implemented our proposed approach to optimize energy consumption
and execution time in mobile computing. Specifically, we focused on a facial recognition

application developed for the Android platform.

We will discuss the chosen domain, the tools and languages used for development,
and present the execution results obtained. This analysis will provide insights into the

practical applicability and effectiveness of our method partitioning strategy.

The results obtained from the application’s execution, including metrics such as energy
consumption, execution time, and overall performance, will be presented and analyzed.
These findings will allow us to evaluate the efficiency and effectiveness of our approach in

achieving its objectives.

Overall, this chapter serves as a crucial step in assessing the real-world feasibility and

performance of our proposed approach in the context of mobile computing.

4.2 The use case

In our project, our primary focus is on optimizing energy consumption in the context of
mobile cloud computing through data offloading. To illustrate and evaluate our approach,

we have chosen to develop a facial recognition Android application.

Facial recognition applications are widely used and offer potential for studying energy

optimization in mobile cloud computing.

There are several reasons why we specifically chose a facial recognition application for

our project, shown in this follow table 4.1

Table 4.1: Reasons for Facial Recognition

Reasons for Selection

1. Facial recognition involves complex algorithms and computa-
tional tasks, making it suitable for energy optimization in mobile
cloud computing.

2. Facial recognition applications are widely used and relevant in
various industries.

3. Evaluating energy optimization in a practical and tangible use
case.

Figure 4.1 refers to the application logo that is symbolizes three key aspects: the
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phone positioned behind the cloud, representing the cloud’s role in supporting mobile
devices; and the face enclosed within the logo, representing our specific use case of facial
recognition. This logo design illustrates the concept of the cloud taking care of mobile
devices while highlighting our focus on facial recognition technology. By incorporating
these elements, the logo visually communicates the central theme of the thesis in a concise

and meaningful manner.

MCCFR

Figure 4.1: MCC Facial Recognition Android application logo

4.3 Technical Tools and Frameworks:

4.3.1 Development Environment

For configuring the development environment, I opted to utilize a personal laptop to set
up the cloud infrastructure, this table4.2 summarizing the development environment for

the client-side (Pixel 6 Pro) and server-side (HP laptop Elite-Book):

Table 4.2: Development environment tools

Client-side Server-side

Device Laptop
Pixel 6 Pro HP EliteBook
CPU CPU
Google Tensor G1 | Ryzen 5 PRO 3500U
RAM RAM
8GB 16GB 2666mhz
Storage Storage
128GB 250GB SSD NVMe
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4.3.2 Programming Languages

Java

Java is a popular programming language known for its”write once, run anywhere” prin-
ciple. It is object-oriented, platform-independent, and has a vast ecosystem of libraries

and frameworks. It is widely used for mobile development. [48]

Why Java:

Java is the predominant language used for creating Android applications. Given the
widespread usage of Android devices in the mobile market, opting for Java simplifies
the integration of your mobile cloud computing solution with the Android platform. By
utilizing established Android development practices, libraries, and APIs, you can develop

resilient and scalable applications.

Java

Figure 4.2: Java Logo
[49]

Python

Python is an interpreted, high-level programming language developed by Guido van
Rossum and introduced in 1991. It is renowned for its emphasis on code readability
and simplicity, making it widely favored by both novice and experienced programmers.
Python’s design philosophy revolves around providing a clear and concise syntax, enabling

developers to write code that is easily comprehensible and maintainable. [50]
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Why Python:

Python is highly regarded for its simplicity and rapid development capabilities, partly due
to the extensive range of third-party libraries and frameworks available. Python boasts
popular frameworks such as Django and Flask (the one we used), which come equipped
with pre-built components and abstractions that expedite server-side development. These
frameworks streamline tasks like managing HT'TP requests, handling databases, and im-

plementing authentication and security functionalities.

python’

Figure 4.3: Python Logo
[51]

4.3.3 Frameworks and libraries

In this folowing table 4.3 frameworks, and libraries that were used to develop MCCFR.

This comprises the technology stack for both the client and server sides:
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Table 4.3: Frameworks and Libraries

Library Definition

Flask is a popular Python web framework that
provides tools and functionalities for building web
applications. It simplifies tasks such as routing,
handling HT'TP requests, and managing sessions.

[52]
N r\ TensorFlow Lite is a lightweight version of the
TensorFlow deep learning framework designed for
Tensor mobile and embedded devices. It enables efficient

execution of machine learning models on
resource-constrained platforms. [53]

@

_-_:-"::’. Y JGraphT is a Java library for graph data structures
‘:*..:JE.J.I" aphT and algorithms. It provides a wide range of
W graph-related functionalities, including graph
creation, manipulation, traversal, and path finding.

[54]

4.3.4 Development Tools

The tools we used to develop the system are briefly described here:

Android Studio

Android Studio is a specialized integrated development environment (IDE) specifically
crafted for creating Android applications. It is constructed upon the foundation of In-
telliJ IDEA and offers an extensive range of tools and functionalities that streamline the
entire app development process. There are several compelling reasons to opt for Android
Studio. Firstly, it serves as the official IDE for Android app development, ensuring com-
patibility and optimal support. Additionally, it equips developers with all the essential
resources, documentation, and tools required for constructing Android applications. The
versatility of Android Studio allows developers to utilize either Java or Kotlin to develop
native Android apps. Moreover, Android Studio provides robust debugging and profiling
capabilities to facilitate the identification and resolution of issues within your application.
It encompasses features like breakpoints, step-by-step debugging, and advanced profiling

tools that aid in analyzing performance bottlenecks, memory consumption, and CPU
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usage.[55]
android
studio
Figure 4.4: Android studio Logo
[55]
PyCharm

PyCharm is an efficient integrated development environment (IDE) meticulously crafted
for Python programming. It is a powerful software developed by JetBrains that facil-
itates the writing of Python code with greater ease. Specifically designed for Python
programming, it encompasses a range of features that expedite coding and reduce the
errors. PyCharm provides helpful tools like code suggestions, highlighting important

syntax, formatting code neatly, and catching mistakes.

Moreover, PyCharm has a large and active community of Python developers who
share knowledge and resources, making it a great choice for beginners and experienced
programmers alike. With PyCharm, Python development becomes more efficient and

enjoyable [56].

PC

Figure 4.5: PyCharm Logo
[57]

4.4 The architecture of the project

For the implementation of our approach, we followed the architecture proposed in Chapter
3. We started by developing the first two modules, profiler and analyzer, in order to use

their results in the implementation of the final module, solver.
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cerecognition

oadingDecisions

 face_net.tflite

Figure 4.6: The architecture of the project in Android Studio

4.4.1 Profileur H/N/S

As presented in Chapter 3, the profiler consists of three sub-modules (in Android, these
are services that execute their methods and store the results): the Hardware Profiler,
Network Profiler, and Software Profiler. In this section, we present code snippets from

each module along with the necessary explanations.

Hardware Profiler

Code to retrieve the current battery percentage (using a BroadcastReceiver!).

Figure 4.7: Code to get the battery level of the mobile device

!BroadcastReceiver : In order to receive intents, Android allows the creation of a class that imple-
ments BroadcastReceiver. These objects are designed to receive intents and perform specific behaviors.

The BroadcastReceiver interface has only one method, onReceive().
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Figure 4.9: Code to retrieve the available RAM

The following code runs on the server side of a mobile application. It retrieves CPU
capacity information from the cloud using HTTP methods through the OkHttp? library.
The specific method used is "GET” to fetch the CPU capacity from the cloud. We have

two main purposes for obtaining this information.

Firstly, we want to display the CPU usage result on the mobile app’s User Interface.
To achieve this, we have a button illustrated in Figure 4.21 of the User Interface section.

When the user clicks this button, a toast message will be shown on the mobile app,

20kHttp, developed by Square, is a Java and Android HTTP client that aims to enhance resource
loading speed and reduce bandwidth consumption. It enjoys extensive usage in open-source projects and

serves as a fundamental component in libraries like Retrofit, Picasso, and numerous others.[58]
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presenting the CPU usage of the cloud.

Additionally, the CPU capacity information is utilized to calculate the execution time
on the cloud. This calculation is important for measuring performance and optimizing

the application’s functionality in the cloud environment.

Figure 4.10: Code to retrieve the CPU capacity from the Cloud

Network Profiler

Below, I will present the collection of code snippets that are relevant to this module:

Figure 4.12: Get the network type "4G or WIFI”
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Figure 4.13: Code to Get the SignalStrengh

Software Profiler

Code to determine the existing dependencies between methods: (This code needs to be

dynamically injected into all methods using invoke by adding this”logCallerInfo()”)

Figure 4.15: Code to get all the class methods

4.4.2 Analyzer

In this module, we constructed the graph using the JGraphT library in Java within the
Android Studio environment, as illustrated in Chapter 3, I set it in the OfoadingDecisions

class as it shown in the code provided in this figure 4.16:
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Figure 4.16: Code to construct the weighted graph

4.4.3 Solver

In the solver module, we have chosen to use the JGraphT library, which provides the
Edmonds-Karp algorithm for calculating the maximum flow. The specific implementation
of the Edmonds-Karp algorithm in JGraphT is represented by the EdmondsKarpMFImpl
3 class and then we finish the process of the Algorithm 3 of the third chapter .

Figure 4.17: Code to make the offloading decision

3EdmondsKarpMFImpl is a JGraphT class that implements the Edmonds-Karp algorithm to solve
the maximum flow problem in a flow network. The network is represented by a weighted directed or
undirected graph G(V, E'). The goal is to find the maximum feasible flow from a source vertex s to a sink
vertex t while respecting capacity and flow conservation constraints. The algorithm efficiently computes

the maximum flow in the given network. [59]
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Figure 4.18: The rest of Code of Solver module

4.5 User Interface

Figure 4.19 illustrates the MCCFR interface, showcasing the face recognition process and

providing a simplified overview of the application’s functionality.

s @r@O - 918 @ @O -

&
l&
- Recognize face - To Add new face
RECOGNIZE ADD FACE

Add the face

MCCFR Logo

Flip the Camera

Camera View

Face Detected Result of recognition

LOCAL EXECUTION OFFLOAD LOCAL EXECUTION OFFLOAD

Figure 4.19: MCCFR User Interface

Figure 4.20 shows two scenarios for offloading decisions: the user choosing between
Offloading Computation Process mode or remaining in Local Execution mode. Initially,

the application operates in Local Execution mode. However, if the user selects Offload-
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ing, the availability of the server is checked. If the server is accessible, the application
initiates the offloading process and button of OFFLOAD becomes green. If the server is
unavailable, an alert dialogue prompts the user to establish a connection, the OFFLOAD
button becomes red and the application continues with local execution until the server

becomes available.

Case connected to cloud Case not-connected to cloud

9208 2 @MO - MR o2EO -

ADD FACE

Server is not connected!

Please connect to the server to start the Alert m essage If not
computation offloading process. connected to cloud

0K

In case user want
local execution

User decide the Offload

Computation Offloading is ON Toast Offload is ON

Figure 4.20: Cases of Offoloading decision by the user

Figure 4.21 displays two key components. Firstly, it presents a list of actions primarily
associated with the facial recognition process. One notable action is the connectivity
check with the server, without clicking the 'OFFLOAD’ button. If the server connection
is established, the user receives a 'Request received’ toast message. In case of a failed
connection, a 'Request failed” message is displayed. Additionally, the figure showcases
the 'Get Profiler Information’ action, which leads to another layout. This layout exhibits
profiling data obtained from the initial Profiler modal. Furthermore, the figure includes
a 'Cloud CPU Usage’ button, which, when clicked, shows the CPU usage of the cloud

through a toast message.
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Layout of Profiler Information
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Figure 4.21: MCCFR Actions list and Profiler layout

4.6 Results

The graph is obtained by implementing the code for extraction within the analyzer mod-

ule, and its visual representation can be observed in this figure 4.22:
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Figure 4.22: Extracted Graph” Visual Representation of Analyzed Data ”

After implementing the Solver module in the code of Figure 4.18, we derived our final

results.

To validate these results, we compared the total local execution time without offload-
ing against the results with offloading. Figure 4.23 presents the code used to obtain
these results, which were logged in Android Studio’s Logcat. The satisfactory results

demonstrated that the Solver module achieved the optimal execution time.

Figure 4.23: Code of getting total execution time in mobile and with offloading
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Figure 4.25: Results in the Logcat of Android Studio

The following graph represents the outcome achieved by applying the Edmonds-Karp
algorithm, which is a practical application of the Ford-Fulkerson method. It demonstrates

the final result of implementing this algorithm with potential improvements.
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Figure 4.26: Final graph of the application of Edmonds-Karp algorithm

In the following chart, I aimed to visually represent the results that were displayed
in the Logcat of Android Studio (see Figure 4.26) by three sequences, allowing for easier

analysis and understanding the performance of our algorithm.
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Figure 4.27: Bar chart display the results

Following the implementation of our approach and the utilization of two profilers, our
battery profiler and the Android Studio energy profiler, we proceeded to evaluate the
energy consumption of the application. Initially, during the short-term usage, we did not
observe any noticeable changes in energy consumption. However, over a longer period of
time, we noticed a substantial improvement. This improvement is visually represented a

bar chart (see Figure 4.29).
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Figure 4.28: Android studio battery profiler
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Figure 4.29: Battery consumption Bar Chart

The results clearly indicate a reduction in energy consumption, also indicating the
effectiveness of our approach. It is important to note that these results may vary in
cases of a very powerful cloud services. In such scenarios, even a short-term usage of the

application could yield noticeable changes in energy consumption.

In the end, our analysis validates the effectiveness of our module in reducing energy
consumption and optimizing the application’s performance. These positive results en-
courage further exploration and implementation of energy-saving techniques in future

projects.

4.7 Conclusion

In this final chapter of my manuscript, I dedicated my efforts to the implementation of
the proposed approach discussed in the third chapter. For this purpose, I developed a
mobile application called MCCFR, which is a facial recognition application. I extensively
described the various tools and technologies employed to realize the approach. Moreover,
I explained the different modules in detail, supported by relevant screenshots of both the

implementation code and the application interface.
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In the last stage, I tested the approach and thoroughly discussed the outcomes ob-
tained. Through comprehensive evaluation and analysis, I observed significant advance-
ments and improvements in the performance and efficiency of the MCCFR application.
The results obtained from the tests reinforce the effectiveness of the proposed approach,
showcasing its ability to achieve accurate facial recognition while optimizing energy con-

sumption.
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Synthesis

The increasing demand for mobile computing has transformed how tasks are performed,
with constant connectivity to the Internet playing a crucial role. Computation offloading
to the Cloud has emerged as a solution for tackling performance challenges on mobile

devices.

Mobile Cloud Computing leverages computation offloading to reduce task execution
time and enhance battery life. The core principle involves transferring resource-intensive

computations from mobile devices to cloud servers.

This dissertation presents a comprehensive project encompassing a literature review,
exploring relevant research areas, and investigating the concept of Mobile Cloud Com-

puting, with a specific emphasis on energy consumption.

To address application partitioning in mobile environments, we propose a novel algo-
rithm that optimally partitions applications under different cost models. Our approach
aims to strike the best balance between time and energy efficiency, achieved through the

construction of weighted call graphs for the applications.

The experimental results demonstrate that the proposed algorithm can achieve optimal
partitioning results in terms of time and energy efficiency, depending on the environmental
factors such as bandwidth and server speed. Computation offloading greatly benefits from
high bandwidth and significant acceleration factors, while low bandwidth favors the non-

offloading scheme.

In conclusion, this final project has provided me with the opportunity to delve into
various aspects of computing, including Cloud Computing, Mobile Computing, Mobile
Cloud Computing, computation offloading, partitioning algorithms, and programming.
This experience has been immensely valuable, enabling me to acquire in-depth program-
ming skills and enhance my abilities in analysis and synthesis. I am confident that these
acquired concepts and skills will significantly contribute to my professional growth and

SucCcess.

Perspectives

Given the nature of the field of computer science, achieving a perfect and limitation-free

solution is impossible, and the same holds true for our approach and implementation.
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Therefore, there are several potential avenues for future work to further improve our

research:

- Further improvements can be made to enhance the security aspects of computation

offloading, ensuring the protection of sensitive data during the offloading process.

- Exploring energy-efficient strategies for workload allocation and task scheduling in

the Mobile Cloud Computing environment.

- Add a historical module that makes the solver avoid taking a new decision for same

situation.
- Make parallel execution of some methods on the clouds servers.

By addressing these areas, future research can contribute to advancing the field of
Mobile Cloud Computing and optimizing energy consumption, resource utilization, and

overall system performance.
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