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1. Introduction

This chapter introduces the most relevant concepts that motivated our

research. In this regard, it provides an initial insight of our main contri-

butions, and highlights the relationship between the research questions,

publications, and the dissertation chapters.

1.1 Literature and motivation

The concept of Network Function Virtualization (NFV) is to run network

functions as software on standard Virtual Machines (VMs) and through a

virtualization platform. Besides the NFV, Software Defined Networking

(SDN) enables the inter-working of Virtual Network Functions (VNFs)

on different VMs in the same Data Center (DC) or across multiple DCs

to obtain a flexible, mobile, and dynamic network, rapidly deployable in

the cloud [1–5]. Since these networks rely mostly on centralized archi-

tectures, which will not support cost-efficiently the ultra-short latency ex-

pected from fifth generation networks (5G), the idea of Edge Clouds (EC)

has emerged. It consists of distributing cloud capabilities across the net-

work to provide computing resources and network functions (e.g., cloud

Radio Access Network - cRAN) where the traffic is generated; at the edge

of the network.

Indeed, existing conventional mobile networks are not flexible; if there

is a new service, they unfortunately cannot be integrated automatically.

The usage of resources is inefficient, and traffic routing is less optimal;

meaning that user traffic is forwarded to the core network without consid-

ering the optimal path, and induces a high latency to access the desired

service.

Therefore, there is need to configure and permit an optimal VNF Place-

ment (VNFP) and implementation of network functions (i.e., Serving Gate-
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way (SGW), Packet Data Network Gateway (PGW), Mobility Management

Entity (MME), etc.), based on several metrics such as the application type,

users’ location, the load on Physical Machines (PMs), Quality of Service

(QoS), and Quality of Experience (QoE).

Several architectures combining cloud computing and mobile networks

have been discussed in the literature. For instance, a highly dynamic net-

work management architecture was proposed in [6]. It is based on an

orchestrator, and the nodes and links are virtual. This architecture pro-

vides an automatic placement of nodes using a monitoring system that

collects the resource behavior. However, the real challenge is to produce a

complete framework for managing and orchestrating the networks of the

future, with evolving and demanding vertical markets, and diverse ser-

vices (e.g., Internet of Things - IoT, Mobile Broadband - MBB, Unmanned

Aerial Vehicles - UAVs, etc.). Virtual networks need to be configured and

have a life cycle managed, all under software control. In addition, it is nec-

essary that the elements of the virtual network are dynamically allocated

somewhere on the edge of the network by using an optimized placement

algorithm.

For that reason, there is a rich literature proposing algorithms to em-

bed the whole virtualized Evolved Packet Core (EPC) or some of its enti-

ties in a physical infrastructure. For instance, a new architecture dubbed

“Light Evolved Packet Core (Light EPC)" [7] was proposed. This new

architecture combines cloud computing and a mobile network integrat-

ing machine-to-machine communication. This architecture is designed to

cope with the huge increase in the number of machines as well as net-

work overload; operators can create and expand Light EPC instances on

demand. Likewise, in [8], a new architecture is proposed to achieve an

EPC as a service (EPCaaS). The architecture of the Carrier Cloud is di-

vided into two parts: (i) the carrier cloud that has a Cloud Computing

part, characterized by the presence of a set of DCs. The DCs are dis-

tributed geographically on a large or a small scale, and every DC can run

several SGWs or PGWs; (ii) the second part is characterized by the pres-

ence of the RAN, connected through multiple access points (i.e., evolved

Node Bs - eNBs). In a similar fashion, in [9], an architecture is proposed

which is composed of a physical infrastructure containing DCs that are

connected through a public network, and a virtual infrastructure set up

using one or more cloud infrastructure providers.

In this vein, these architectures have motivated the work on the re-
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sources dimensioning and embedding of the virtual EPC (vEPC), and the

design of efficient VNFP solutions; as the main contributions of this dis-

sertation. These solutions will decide where to place mobile network func-

tions, estimate the adequate resources (i.e., compute and storage), and

adapt to mobile service usage. Many aspects are taken into considera-

tion, namely the prediction based on previous service usage patterns, and

the non-uniformity of service request distribution. Moreover, since there

is need for data on users’ mobility and service consumption, a tool is de-

veloped, dubbed “the Network Slice Planner" (NSP) [10]. NSP defines a

complete simulation framework that incorporates a Mobile Edge Cloud

Module (MECM), a Service Usage Module (SUM), and a User Mobility

Module (UMM), enabling the realistic simulation of users’ MBB service

consumption.

1.2 Research environment

The research performed for this dissertation was carried out at the Com-

Net department [11], School of Electrical Engineering, Aalto University,

Finland. The department is equipped with a modern research environ-

ment, laboratory equipment, and advanced telecommunication facilities.

1.3 Scope and structure

The concept of network softwarization is based on i) NFV, which decou-

ples network functions from proprietary hardware enabling them to run

as software on virtualization containers such as VMs, and ii) SDN, which

fully separates control and data planes in network nodes allowing net-

work programmability. Under the network softwarization approach, iso-

lated, fully automated, programmable, flexible, and service-customized

networks known as network slices can be deployed on top of a common

physical infrastructure. This is referred to as network slicing, which will

allow the mobile operators to cover the different market scenarios and

use-cases that demand diverse requirements.

The adoption of network slicing, in 5G mobile networks, requires solu-

tions for planning the slices; optimized for different use-cases. This in-

volves defining the necessary functionalities of the network for each use

case, the dimensioning of resources, embedding the network in a given

infrastructure, and raises the need for optimal VNFP. Furthermore, the
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resource dimensioning and allocation process has to be done in a manner

that ensures QoS for each use case. Also, faced with a decreasing Aver-

age Revenue Per User (ARPU), operators are challenged to i) reflect on

means to reduce/optimize the acquirement and maintenance of the phys-

ical infrastructure (i.e., capital expenditures -CAPEX-) and ii) reduce the

ongoing expenses to operate the network equipment (i.e., operating ex-

penditures -OPEX-).

Since the optimal VNFP is known to be NP-hard [12], several strategies

were proposed. They can be classified into two main categories:

• The general placement: the focus here is to define efficient place-

ment strategies and policies based on chains, replications, forward-

ing graphs, etc.

• The placement of specific network functions, such as PGWs, SGWs,

and transcoders.

This classification is not only motivated by the fact that there is a dif-

ference between the use-cases addressed in the first category, but also be-

cause the solutions, subject to the second category, aim to enhance specific

metrics that are related to specific network functions (e.g., minimizing S-

GW relocations and reducing the cost of the path to PGWs).

The simple process for placing virtual resources can be summarized as

follows [13]:

1. For each server, compute the application resource requirements us-

ing server resource usage statistics over a period of time.

2. Choose a target server with compatible virtualization software, com-

parable CPU types, similar network connectivity, and usage of shared

storage.

3. Place the first VM on the first PM. Place the second VM on the same

PM if it can satisfy the resource requirements. If not, add a new

PM and place the VM on this new machine. Continue this step until

each of the VMs has been placed on a PM, or add a new PM when

required.

4. The set of resulting hosts at the end of step 3 comprises the consoli-

dated server farm.

In most placement algorithms, PMs are partitioned into two sets: (1)

PMs that meet a set of criteria and; (2) PMs that do not meet the criteria.

19



Introduction

Subsequently, the set of PMs that meet the defined criteria are ordered,

and placement attempts are made starting with the first PM on the list,

and continuing until all VMs have been placed, or until the set of qualified

PMs is exhausted. Various criteria have been used to order qualified PMs.

For instance, many researchers, as in [14–16], adopt ordering heuristics

based on online bin packing [17].

Other schemes extended the heuristics by adding specific attributes (e.g.,

CPU usage, network and disk controller usage, and memory usage), sum-

marized into a weighted value used to order PMs or to assign categories

that can be used to order PMs. In some schemes, attributes used to or-

der PMs are determined by individual VM users [18, 19], while in other

schemes attributes are determined by the provider [20,21], or determined

by both (i.e., user and provider) [22–28] and [29–31].

Yet, many aspects of critical importance are neglected, namely the mo-

bility of UEs, the diversity of services consumed, the underlying distributed

cloud environment, and the resources capacity constraints. In this vein,

the dissertation attempts to find acceptable answers to the following re-

search questions:

1. How to deploy efficiently the needed VNFs in order to fulfill service

requests, and QoS and cost requirements?

2. What mechanism can be used to simulate, in the most realistic fash-

ion, the behavior of UEs, their mobility, service usage, and data con-

sumption?

3. How to predict the needed virtual resources, based on previous ser-

vice consumption patterns?

4. How to cope with the non-uniform distribution of service requests?

5. How to perform an integral slice planning of the EPC?

This dissertation uses the concepts, methods, and experimentation re-

sults presented in the associated publications and analyzes the results

achieved from the methods and experiments. Table 1.1 shows the re-

lationship between the research questions, publications, and the disser-

tation chapters. The network slice composition and VNFP techniques,

per se, are discussed in Publication I; an extensive survey on the place-

ment of virtual resources and virtual network functions, and Publication

VIII; a survey that is particularly centered on the traffic steering for Ser-

vice Function Chaining (SFC). The network slice composition and VNFP
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techniques are covered in Chapter 2. Publication II particularly defines

models and different simulation scenarios, within NSP, relevant to UE

mobility, MBB services, and EC environment, discussed in Section 3.1. It

also proposes a prediction-based VNFP scheme, discussed in Section 3.2.

Publications III and IV, cope with the non-uniform distribution of service

requests in an EC environment, subject to Section 3.3. Chapter 4 is di-

vided into two parts. The first part, based on Publication V, focuses on

the integral planning of EPC network slices; Precisely, the MME, SGW,

and PGW of the EPC will be implemented as a set of VNFs that makes up

a network service, hereafter referred to as vEPC. The second part, based

on Publications VI and VII, discusses the optimal placement of vEPC/5G

Core virtual instances needed to meet the requirements of a specific mo-

bile traffic. Finally, Chapter 5 summarizes the achieved objectives and

discusses necessary areas for further research.

Table 1.1. Relationship between research questions, publications, and chapters in this
dissertation.

Question Main theme Publication Chapter/Section

Q1 Network slice composition
and VNFP I and VIII Chapter 2

Q2 Network slice planning
simulator II Section 3.1

Q3 Predictive VNFP II Section 3.2
Q4 Uniform VNFP III and IV Section 3.3

Q5 Integral slice planning of
the EPC V, VI and VII Chapter 4

1.4 Contribution of the dissertation

The research presented in this dissertation is centered on advancing the

current state of knowledge about the integral slice planning of vEPC, and

the placement of VNFs. More precisely, the dissertation focuses on the

dimensioning and embedding of the vEPC, as well as the issues encoun-

tered, when attempting to efficiently place VNFs. The main issues are

the non-uniform nature of service distribution, the predictability of user

behavior in consuming services, and the insurance of QoS and reduced

cost for vEPC/5G core deployment, while maximizing the profit of cloud

operators. The results and findings of this dissertation serve the existing

literature by offering the following specific advancements in the field.

• An innovative network slice planning simulator. To provide a

complete tool to test VNFP algorithms, there is need for: i) a system
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module that is aware of diverse contextual information about UEs,

such as their mobility, means of transportation, and itineraries, vary-

ing according to the geographical location of users (i.e., country and

city); ii) a communication architecture model that allows the sig-

naling messages of any UE to be captured and handled by a radio

access technology; iii) a flexible creation and personalization of EC

configuration, available VM flavors for each VNF, and the positions

and settings of eNBs, Tracking Areas (TAs), etc; and iv) a realis-

tic modeling of widely used services, namely social networks, video

streaming, and instant messaging.

• Predictive placement of VNFs. A scheme is proposed to place

network functions VMs based on the previous decisions and data of

past service activities, namely, the amount of data used, connected

UEs and load of particular regions; regions wherein a placement

decision has to be made for a given EC.

• Conformal-mapping-based VNFP framework. To address the

non-uniform service demand and the irregular nature of the under-

lying network topologies, the Schwartz-Christoffel conformal map-

ping is applied for the first time in an EC environment with the

objectives of reducing the overall cost, end-to-end delay and number

of activated VMs (virtual resources in general).

• Integral slice planning of the EPC This framework consists of

two parts. The first one derives i) an abstraction of the Long Term

Evolution (LTE) workload generation process, ii) a compound traffic

model, iii) performance models of the whole LTE network, and iv)

an algorithm to jointly perform the resource dimensioning and net-

work embedding. The second part defines a VNFP approach based

on coalition formation game, and aims to sustain the QoS while re-

ducing the deployment cost. This is carried out by deriving the op-

timal number of virtual instances of 4G (MME, SGW, and PGW)

or 5G (Access and Mobility management Function - AMF, Session

Management Function - SMF, and Authentication Server Function

- AUSF) core network elements to meet the requirements of a spe-

cific mobile traffic, and placing these virtual instances over a feder-

ated cloud.The federated cloud, also referred to as cloud federation,

consists of deploying and managing multiple cloud environments

of more than one service provider to ensure traffic load balancing,
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meet vertical needs, and avoid both the under-utilization and over-

utilization of resources.

23



2. Network Slice Composition and VNF
Placement

The European Telecommunications Standards Institute (ETSI) established

the concept of NFV and defined the basic architecture and requirements

of VNFs [32]. The NFV framework consists of three main components:

VNFs, NFVI, and the NFV Management and Orchestration (NFV MANO)

architectural framework.

The pressing need for customizing specific applications and services, ac-

cording to the preferences and behavior of end-users in consuming the

services, has motivated a large library of research work, such as the novel

concept of “Follow Me Cloud” (FMC) proposed in [33]. The concept of FMC

is to allow services to migrate and seamlessly follow the mobility of users

by selecting DCs based on the delivery rates in the network and the lo-

cation of users. Two of the key technologies to realize such a concept are

SDN and NFV. NFV offers the ability to change the location of a VM or

a container from a given host to another without interruption, leveraging

SDN, and with a small impact on the network performance.

This has motivated the study of slicing from the perspective of user mo-

bility and service consumption. In this chapter, we will begin by estab-

lishing the context of network slice composition. We will first describe the

main components and use-cases involved within the NFV framework, by

placing emphasis on the placement of VNFs and VMs. In order to answer

the research questions of subsection 1.3, we will describe the architecture

envisioned for virtual network slice planning, and its related challenges

and requirements.

2.1 Network slice composition

Slicing is the general term used when discussing virtualization techniques

utilized to architect, partition and organize the computing and commu-
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nication resources of a physical infrastructure to enable flexible support

for diverse use-cases. This partitioning of resources is meant to be opti-

mized for a specific requirement and/or a specific service in a cost-efficient

manner, and to answer to the diverse requirements of emerging 5G verti-

cals/applications.

Network slicing, believed to be the key ingredient of 5G and beyond net-

works, consists of allowing a multitude of logical networks to be created

on top of a common physical infrastructure, and to share its resources, by

turning traditional structures into customizable elements that can run on

the architecture of choice [34]. Effectively, in 5G, it is anticipated to have

a slice dedicated to streaming services and another dedicated for social

media services, jointly running on top of a shared physical infrastruc-

ture. A logical network slice, in our case, is considered mainly as a logical

combination of network functions and virtual resources, regardless of the

resource isolation among the tenants.

To enable such logical network slices and to accommodate several 5G

use-cases (e.g., mission-critical applications, media personalization, and

MBB), the virtualization capabilities offered by NFV will benefit many

industries. The fast deployment and simple management feature, dynam-

icity, and high availability of VNFs effectively enable the provisioning of a

smart segmentation, customization, and programmability of the network

to meet the needs of each service [34]. These VNF properties depend on

several factors, such as whether they are running over VMs or containers

(i.e. running with DevOps-style for additional flexibility and efficiency of

service applications [35]).

Indeed, the evolution towards 5G consists of managing highly dynamic

network slices, consisting of several virtual nodes. They can be created or

destroyed depending on service requests, or any objectives defined by mo-

bile operators, such as reducing the cost (e.g., CAPEX/OPEX) and energy

consumption. The need for network slices, which will enable operators

to provide networks in an As A Service (AAS) fashion, proves itself to be

the key concept for future use-cases, such as putting both bandwidth and

latency demands on the network, defining optimal personalized verticals

to fulfill, in a dynamic and flexible fashion, the requirements of users,

specific applications, and services [36–40].
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2.1.1 Virtual machines

With the evolution of virtualization technologies, the use of VMs has be-

come more common to perform some tasks in a way different than if it

was implemented in a PM. VMs, being basically a software implemen-

tation emulating the behavior of a computing environment wherein pro-

grams/operating systems (OSs) can be installed and run, are implemented

by means of hardware virtualization techniques. Indeed, the virtual-

ization stands for creating virtual resources on-demand with the main

objective of managing different workloads and making traditional com-

puting more scalable. VMs can be seen as sets of data files that can be

moved/copied from one PM to another. Unlike the hardware-level virtu-

alization provided by VMs, containers share the kernel of a given host’s

system with other containers, which constitutes an OS-level virtualiza-

tion. Thus, while VMs run applications on their respective guest OS, and

on top of a single hypervisor (which runs on top of the host OS), containers

can be running, for instance, on top of one common Docker engine, run-

ning on top of the host OS. The open-source Docker uses the kernel fea-

tures of Linux relative to control groups, name-spaces, and the creation of

containers on top of an OS.

Many use-cases have been defined for VMs to make the best use of

virtualization systems, namely to enhance workload handling measures,

backup, and migration. It is therefore important to define the steps to

follow in order to make the best use of a VM so that it efficiently accom-

plishes a given task. In the following, we define several VM use-cases;

relevant to our work.

VM Lifecycle Management

Several virtualization products describe the use-cases related to VM life-

cycle management, defining a set of operations to help administrators to

supervise the implementation, operation, and maintenance of VMs. The

objectives of such use-cases are to support the full VM state management,

to define a unified approach for the management of virtual and physical

servers, to monitor VM health and assets, and to enable automatic policy

association. A number of tools implementing such objectives are offered

by several vendors such as VMware Inc, VDIworks, and Virtual Computer

Inc.

Virtual Machine Migration

The inability to migrate physical servers and the implications incurred
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(i.e., on availability and failure recovery) has motivated the migration ca-

pabilities of VMs within and across servers/DCs. The main use-cases for

moving VMs are:

• Achieving better performance by moving VMs from one location to

another, for example by avoiding busy servers and ensuring load

balancing.

• Moving VMs from servers which need upgrades, maintenance, or

any other operation that could take place in normal hours rather

than overnight or during weekends.

• Achieving high availability by instantiating VMs on alternative servers

when their current physical servers are failing or get inadvertently

down.

• Replacing physical servers with no downtime by migrating VMs to

other servers. For example, Vsphere offers various migration mech-

anisms which support such use-cases.

2.1.2 Virtual network functions as main components of network
function virtualization

NFV enables the elastic scaling and rapid deployment of network func-

tions, replacing the need to set up and maintain the correspondent hard-

ware such as firewalls, gateways, and transcoders. The provision of such

VNFs over virtualized infrastructures defined several use-cases and sys-

tem requirements. ETSI has selected a set of relevant ones, such as the

Virtualized Network Functions as a service (VNFaaS), the Virtualization

of mobile base stations, and the virtualization of Content Delivery Net-

works (CDNs). Hereafter, we define the most relevant use-cases to our

work.

Virtual Network Function as a Service

The outsourcing, management and deployment of virtual network layers

for service providers will profit IT companies. The management of virtual

networks, globally and in a distributed environment, requires that they

scale up and down automatically, which many IT companies cannot afford.

Despite this, just a few solutions for security and Application Delivery

Controllers (ADCs) are embedding VNFaaS in their deployments of NFV

[41–43].

Network Function Virtualization as a Service
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NFV came with the promise to reduce costs (i.e., CAPEX and OPEX)

and increase profits. To attain these objectives, communication service

providers and Cloud Service Providers (Cloud SPs) are working on im-

proving their IT infrastructures. They are expected to go beyond VNFaaS

to offer a whole NFV infrastructure as a service which will result in the

expansion of network service classes and types.

Service Function Chaining

SFC is a networking concept that refers to the traversal of network traf-

fic through a set of network services (i.e., any network service from the

OSI layer 2 to 7) or service functions. Mainly for security reasons, a net-

work operator may deploy firewalls and proxies, stitched together in the

edges of the network, to prevent attacks. This process is known as the

static SFC whereby networking services are placed one next to the other

to provide a sophisticated service. Today, large-scale DCs and Internet

Service Providers (ISP), among others, express the need for a dynamic

operation to achieve SFC, to reduce configuration and management com-

plexities. Dynamic SFC is a research area that is developed with the

emergence of new networking technologies such as cloud computing, SDN,

and NFV.

RFC 7665 [44] defines SFC as a three layers architecture; a Data Plane

(DP), an SFC overlay, and a Control Plane (CP). The first is the network

layer composed of networking devices and the corresponding interconnec-

tions. The second is the layer consisting of SFC elements that are involved

in the SFC operations, such as traffic classifiers (CL) and Service Func-

tion Forwarders (SFF), and Service Functions (SFs). The third contains

the policy decision points managing the SFC overlay and data plane. The

purpose of SFC overlay is to guarantee an independence from the under-

lying physical network, thus, avoiding static configurations to achieve the

dynamic service function chaining. Such independence permits network

elasticity and management flexibility. The SFC operation is initiated by

the policy decision points that prepare the Service Function Paths (SFP)

and profiles for a traffic classier. The latter filters the traffic and identifies

the flows and the corresponding service chains. The identified flows are

forwarded to an SFF that routes traffic flows to the corresponding next

SFs. Usually, the connection between SFC elements is built based on net-

work tunneling techniques such as Virtual extensible LAN (VxLAN), and

SFC encapsulation protocols (e.g., Network Service Header - NSH [45]).

Virtualization of Mobile Core services
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To accelerate 5G and support a flexible, rapid, and reliable deployment

of more mobile network services, the network underlying infrastructure

will be improved by virtualizing the mobile core services. We are already

witnessing the use of the virtual IP Multimedia System (vIMS) and vEPC

within NFV frameworks. In addition, it will result in enhancing costs

and speeding the time of service to market. The virtualization of mobile

core functions will also provide the ability to deploy cost-effective network

services even when reaching rural areas.

2.1.3 Placement of VNFs and VMs

To help the reader grasp the relationship between VMs and VNFs, we

depict in Figure 2.1 an example of mapping VNFs and VMs in case of

an OpenStack IaaS. This mapping is accomplished mainly through the

following:

• The VNF Manager (VNFM) which instantiates, scales up/down, up-

dates, and terminates VNFs.

• The Virtual Infrastructure Manager (VIM), responsible for control-

ling and managing the NFVI compute, storage, and network re-

sources.

• Virtual Deployment Units (VDUs), included within VNFs, that mir-

ror the VM hosting the network function.

• Connection points, connecting the internal virtual links or outside

virtual links.

• Virtual links which provide connectivity between VDUs.

Figure 2.1. Example of mapping of VNFs and VMs on an OpenStack IaaS.
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2.2 Vision of our proposed framework

In order to answer the research questions of subsection 1.3, we introduce

the architecture envisioned for virtual network slice planning, and further

discuss the related challenges and requirements.

The envisioned framework must take into consideration the following

important points:

• Support several types of services, widely used by users, and relevant

to 4G/5G use-cases.

• Track users’ mobility and their service data consumption.

• Include the underlying architecture of the mobile edge cloud.

• Enable a standard format of the simulation data, re-usable by any

VNFP algorithm.

• Identify the issues that disrupt the optimal derivation and place-

ment of the needed VNFs and resources (i.e., CPU, RAM, storage,

etc.).

• Enable the resources dimensioning and embedding of the virtual

EPC.

• Propose VNFP solutions to cope with the identified issues.

2.2.1 Challenges and requirements

To be able to meet the specifications of the envisioned architecture, many

identified challenges and directions shall be assessed.

Beyond all question, the main challenge resides in identifying the main

elements that disrupt the efficient placement of VNFs namely the non-

uniform nature of service generation in EC environments, the predictabil-

ity of users’ behavior in consuming services, and the means to find a fair

trade-off of end-user and service provider objectives. However, since data

about users’ activity is not available, we should first find a way to simulate

such data in the most realistic fashion.

In that regard, the first challenge is to simulate the realistic mobility of

users. Many attempts have been carried out to understand and model the

dynamics of human mobility and the transportation evolution based on

different mobility patterns [46,47], with the sole purpose of offering better

QoS and QoE to end users, and, at the same time, make a better usage of
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the underlying network capabilities [48,49]. Most of these studies focus on

small-scale transportation networks or rely only on either mathematical

equations or visualization techniques that fail to reflect accurately the

real mobility of users.

The second challenge lies in simulating service usage and data con-

sumption. Several studies based on real datasets have been able to model

the behavior of users in dealing with several services (e.g., social networks

and video streaming) relying on real activity log files. In [50–52], very

large logs containing entries about users’ video streaming usage, social

network activities, and instant messaging, have been analyzed. Interest-

ing patterns were identified and mathematical models were obtained. If

used and adapted wisely, this could enable both a realistic generation of

service requests for different types of services, and its personalization and

adjustment to accommodate specific use-cases.

The third challenge concerns the simulation of the network itself. One

of the most relevant examples is CloudsimNFV [53]. CloudsimNFV, based

on CloudSim known for having enough extendibility to simulate an NFV

environment, is a NFV cloud framework intended to simulate NFV sce-

narios, proposing several scheduling algorithms for NFV applications. The

toolkit validation and algorithm performance comparison are interesting.

Unfortunately, CloudsimNFV is limited and does not consider the most

vital factor, namely user behavior in terms of service consumption. Many

network simulators, such as NS3, NETSIM, and JSIM, are used to cope

with this issue, e.g., using discrete event models. However, they do not

adequately reflect the reality. Our target framework, however, has the

potential to leverage on the capabilities of these tools to offer complete

and realistic simulation scenarios.

Based on the outcome of the previous challenges, the fourth challenge

consists of employing the generated data in a prediction based algorithm

to be able to decide where to place virtual resources, and ensure a reduced

end-to-end delay and cost, and maximize resource utilization.

The fifth challenge lies in the fact that these requirements are difficult

to jointly meet as the service deployment has a complicated non-uniform

distribution [54, 55]. This makes it difficult to directly decide where to

position VNFs.

Finally, the LTE resources dimensioning and embedding are treated

throughout the literature as separate problems. These two stages of re-

sources allocation are closely related, and performing them in a coordi-
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nated way will bring several benefits. For instance, a satisfying trade-off

can be achieved between the workload balance among a set of candidate

ECs (i.e., propagation delays), and the resources utilization (i.e., process-

ing delays), when the overall delay budget to be met is partitioned among

these two stages. The sixth challenge lies in designing an integral solu-

tion for planning the network slices of the LTE EPC with the objective of

achieving this trade-off. The solution must characterize the LTE signaling

and data traffic workload, design accurate and detailed models to predict

the performance of the LTE networks, and formulate the joint optimiza-

tion problem of resources dimensioning and vEPC embedding for a set of

candidate ECs. In contrast to the formulated joint optimization, the last

challenge consists of finding the suitable optimal number and location of

different instances of VNFs within the vEPC.
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In this chapter, we define the NSP, its framework, components, mod-

ules, and mathematical framework. We present then a benchmark of

several VNFP algorithms based on NSP, and propose two VNFP frame-

works based on prediction and Schwartz-Christoffel conformal mapping,

respectively.

3.1 Network Slice Planner

Figure 3.1. Network Slice Planner framework overview.

As depicted in Figure 3.1, the NSP framework consists of three main

modules: UMM, MECM and SUM. These three modules take into consid-

eration the points discussed in section 2.2.
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3.1.1 Service consumption module

As mentioned in subsection 2.2.1, several studies based on real datasets

have been able to model the behavior of users in consuming several ser-

vices namely, social networks, video streaming, and instant messaging,

based on real activity log files. SUM does things backwards by generating

service sessions and requests based on the mathematical models adapted

and inspired from those studies.

Initially, each UE could access a service Sk with a probability PSk
. The

set of services is composed of the following classes:

• Video streaming

• Social network

• Mobile Instant Messaging

Social network services

Based on [50], SUM models how users behave when they connect to

a social network as follows. A session starts with one of the following

activities:

• Browsing scrapbook

• Browsing profile of friends

• Browsing photos

• Browsing messages

When a user engages in one of these activities, he is likely to repeat the

same activity but can, with a given probability, switch to a new activity

within the same session, if not to a different service. During each ses-

sion, several requests can be triggered. We hereafter present one of these

scenarios:

• A user can access his friends′ profiles with probability 0.64.

• He is more likely to browse other friends′ profiles (0.69).

• He can access messages (0.14).

• He can logout (0.10).

The session durations and request inter-arrival times are given, based

on [50], as follows. The inter-arrival time of the ith and (i+1)th sessions is
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given as the time series a(i) = t(i + 1) − t(i). a(i) is fitted to a log-normal

distribution. The probability distribution function for the log-normal dis-

tribution is given by:

f1(x) =
1

σx
√
2π

e
−(log(x)−μ)2

2σ2 (3.1)

with μ = 2.035 and σ = 1.333 being the location and scale parameters for

the normally distributed ln(x).

Session lengths are highly variable when users connect to social net-

works. The distribution is fitted to a Zipf distribution of the form:

f2(x) = βx−α (3.2)

with β = 3.758 and α = 1.765 being the constant and the law’s exponent,

respectively.

The inter-arrival time between requests within a single session is fitted

to the log-normal distribution with the parameters μ=1.789 and σ = 2.366.

For the data usage, based on [56], SUM assumes the following:

• A single friend page request consumes 1300 kB.

• A messages page request consumes 1 MB.

• A scrapbook page request consumes 2 MB.

• A photo page request consumes 750 kB.

Video streaming services

In the following fashion [52], SUM models the video streaming service.

The inter-arrival times of video streaming sessions follow a log normal

distribution (3.1) with parameters μ = 2.1 and σ = 1.3. Each video has a

given line of vertical resolution and a duration. The line of vertical res-

olution is randomly generated. The available line of vertical resolutions

for SUM are: 1080p, 720p, 480p and 360p, where p stands for the progres-

sive scan, which is the type of video a device display uses. The resolutions

720p and 1080p generally refer to standard HD resolutions with a 1:1 pixel

aspect ratio and a 16:9 display aspect ratio, respectively. The data length

of a video is obtained based on the generated line of vertical resolution

and the video length, which follows a power-law distribution of the form

(3.2), with the parameters β = 4.6 and α = 1.53. As in [56], the video data

consumption is given as shown in TABLE 3.1.
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Table 3.1. Video data consumption

Resolution Duration (min) Data consumption (Mb)

360p 1 3
120 360

480p 1 5
120 600

720p 1 10
120 1200

1080p 1 15
120 2000

Instant messaging services

Based on real traffic measurements on a large scale cellular network

[51], SUM models the mobile instant messaging service as follows:

• The inter-arrival time of messages can be characterized by a log nor-

mal distribution (3.1) with the parameters μ = 2.245 and σ = 1.133.

• The message length can be characterized by a power-law distribu-

tion (3.2) with the parameters β = 4.888 and α = 1.765.

During the mobility of a UE, based on the service models presented

above, SUM records the service usage activity, with a set of traces that

contain the service type name, the amount of consumed data, request du-

ration and include the position given by UMM.

3.1.2 User mobility module

To define the mobility of a user, interchangeably a UE, UMM relies upon

the logic of Google maps. It defines the distribution and mobility of UEs

relying on a set of itineraries. An itinerary is composed of start and des-

tination positions. The destination depends on the popularity of places.

Popular places are known as hotspots (e.g., a university, a Mall, or a

movie theater). The more popular a hotspot is, the more it attracts UEs.

The starting positions and hotspots are randomly generated and can be

edited and personalized manually. The transportation modes of UEs de-

pend on input parameters. In case of a moving user/UE, the itinerary can

be taken in different transportation modes; walking, traveling by bike,

or by car. The mode is generated based on the given mobility parame-

ters (i.e., including the percentage of walking, biking, and driving users,

the geographical simulation area, etc.). Then, the mobility (i.e., direction,

mobility path, and speed) between those two positions is obtained using

Google Maps. For instance, Google Maps assumes that it will take about

36



VNF Placement Mechanisms

15− 30 minutes to walk a mile for a person. Different mobility speeds can

be found in Google Maps.

3.1.3 Edge cloud module

MECM consists of two stages: i) the configuration stage and; ii) the sim-

ulation stage. The configuration stage is when the positions of ECs and

eNBs, their ranges, bandwidths and other parameters are determined. In

the simulation step, the events, such as hand-off operations and Tracking

Area Updates (TAUs), are recorded in log files during the mobility of UEs.

The main configuration stage components are defined as follows.

ECs are the key components of the MECM. Their initial locations are

defined by latitude and longitude coordinates (lat, lon). The locations can

be modified manually in a dedicated page. Each EC has a set of eNBs de-

ployed in its vicinity. Each eNB is characterized by a transmission range

and a bandwidth, and belongs to a unique TA. Each eNB is identified by a

unique ID and unique coordinates. The MME keeps records of the mobil-

ity of UEs in idle mode at the granularity of TA level. A TAU is generated

and transmitted when a UE moves from one TA to another [57].

Initially, NSP defines TAs, whereby each TA consists of eNBs. Formally,

each node is assigned, initially, one TA. Thus, we can assign, initially,

each group of eNBs to a unique TA. A Tracking Area Identifier (TAI) and

a Tracking Area Code (TAC) form the ID of a TA. A TAC is the unique

code that each operator assigns to each of its TAs. A TAI consists of a

Public Land Mobile Network (PLMN) ID and a TAC. A PLMN ID is a

combination of a Mobile Country Code (MCC) and a Mobile Network Code

(MNC). This format makes a TAI, globally, uniquely identifiable.

Networks need to have updated location information about UEs in idle

state to find out in which TA a particular UE is located. Periodically, the

UE in idle state sends a TAU request message to a MME even when the

UE stays within a TA on the TAI list. A location is believed to be new

if the UE is outside of the TAs on the list. The TA configuration can be

personalized in the settings page of the NSP.

Depending on the instances that UE tasks require, different VM flavors

can be selected; each with different options. VM flavors depend on the

type of services and applications launched. In [58], the flavors are divided

into three main families: i) the standard flavors used typically for web ser-

vices and software development, ii) High Performance Computing (HPC)

flavors for scientific applications, and iii) I/O flavors for Hadoop/Spark,
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non-critical databases, and clustered databases. VMs in the NSP can be

classified based on the number of cores activated when a flavor is used

(vCPUs), the VM Disk capacity, and the Random-access memory (RAM)

capacity. The VNFP strategies that shall be embedded in the NSP will

choose the flavors which fit the functional requirements of each respec-

tive VNF [59].

For instance, the work presented in [50] offers a list of configurations

varying from “tiny VM" (i.e., 1 vCPU, 10 GB of VM Disk and 512 MB of

RAM) to “xxlarge VM" (i.e., 8 vCPUs, 160 GB of VM Disk storage and 16

GB of RAM). Similarly, the NSP offers the possibility to define personal-

ized VM configurations.

3.1.4 Outputs

The outputs of the NSP can be defined as follows:

• the total number of service requests.

• the total number of hand-off operations.

• the total number of TAU.

• a detailed log containing all the details of each service request, each

hand-off operation and TAU.

VNFP algorithms can have as inputs the generated logs. The outputs

of these algorithms, on which the comparison results are made, are the

performance metrics induced by the placement decisions (e.g., data over-

load, number of activated VMs, QoS, cost, etc.). Depending on the nature

of events that occurred (i.e., service request, TAU, HO, etc.), the log could

contain positions of UEs, the amount of generated data per service, the

duration of each service session, the EC in which a hand-off operation oc-

curred, the TA affected by the updates, etc. The usage of logs by VNFP

algorithms will be subject to sections 3.2 and 3.3.

3.2 Advanced predictive algorithm

Many algorithms for the placement of Network Functions VMs, based on

prediction, were proposed. For instance, the RPA algorithm considers the

optimal location of application VMs to be the closest site to the majority

of clients issuing requests within a given time window. The algorithm it-

erates through the log that contains entities for client requests, recording
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the origin location and data size. As new requests reach the server, they

are added to the log, a list of the locations of available DCs is maintained

at regular intervals. The RPA iterates through the window counting re-

quests per DC location. A request is counted for a site if that site is clos-

est to the requesting client in terms of geographical distance. The PPA

chooses the best location of a storage VM for a given hour as the location

that was closest to the majority of client accesses for that hour over the

previous several hours. Intuitively, this algorithm splits up a day into

contiguous periods of a given number of hours, moving storage VMs at

the boundary between these periods. As an enhancement to the PPA, we

define our algorithm in the following (see Algorithm 1).

3.2.1 Algorithm description

For each service request, a choice of VM placement is made based on the

best location of EC observed for a given period time. The best location

is the location that was less used and closest to the majority of UEs. A

VM is migrated if the predicted location is different from the last one

observed. Otherwise, it remains the same over the coming hours, the

decision being based on the maximum value of the score Avk(t) that is

calculated as follows:

Avk (t) =
|VMt0,t|∑x=t

x=t0
data(x)k

× α′ +

∑x=t
x=t0

dist(x)connectedue,k

|connecteduet0,t|
× β′ (3.3)

where:

• |VMt0,t| denotes the number of created VMs in the given timespan

(t0, t).

•
∑x=t

x=t0
data(x)k is the total amount of data consumed during the given

timespan (t0, t).

• |connecteduet0,t| denotes the number of connected UEs, in the given

timespan (t0, t), to the given Edge Cloud ECk.

•
∑x=t

x=t0
dist(x)connectedue,k indicates the distance, in the given times-

pan (t0, t), between the UEs and ECk.

The conception of this formula is motivated by the fact that the APPA

scheme bases the decisions on past logs, namely, the amount of data used,

the connected UEs and the load of particular regions; regions wherein a

placement decision has to be made for a given ECk. Hence, APPA calcu-

lates the number of VMs created for ECk, during the time window and
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over the region where the VM placement decision has to be made. Then,

this value is divided by the sum of the last data usage activity observed.

Also, APPA calculates the sum of distances between the given ECk and

the connected UE. The sum is then divided by the number of connected

UEs observed. We assume that there are redundant patterns in terms of

data usage and the mobility of the UEs. α′ and β′ are the weights given

to each objective, namely, data load and QoS.

Algorithm 1 Advanced Predictive Placement Algorithm

Require:
Γ: A set of past log traces.
Ω: A set of tasks.
E: A set of available hosts.
Γ: The input trace for prediction and it contains

service logs and hand off operations that occurred
in the last 24 hours.

Ensure:
H: Set that will handle input traces from a given
t0 to t.
e(t, ω): Host chosen to handle task ω at t.
AvE (t): Set of average score observed in each host of E at t in Γ.
AL: Set of VM allocations.

1: for all ωi ∈ Ω do
2: H = ∅;

// Each time a new request arrives
3: Hωi = Γ(tωi − w, ωi) ;
4: if e(tωi , ωi)! = maxAvE (tωi) then
5: e(tωi , ωi) = maxAvE (tωi) ;
6: KeepChoice(e, tωi , tωi + w) ;
7: AL = createAllocation(tωi , e);
8: ALs = ALs ∪ {AL};
9: end if

10: end for
11: return ALs;

3.2.2 Performance evaluation

We compare the performance results of our proposed APPA scheme against

LBH [6], LUH [6], NAT [6], RP [18], and PPA [18]. The inputs for the

benchmarking of the VNF/VMs placement strategies are the logs of ser-

vice requests recorded by the NSP for 800 mobile UEs, using video stream-

ing, instant messaging and social network services, in the region of Helsinki,

for a duration of 24 hours. Here, we present results recorded during 5

hours varying from low to very high load of service requests. Compar-
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isons and discussions will be presented on the basis of QoS, data overload

and overload of VMs number.

QoS

QoS is based on the cost, in terms of distance and delay, between the host

EC and the target client machine. The objective is to achieve the lowest

cost values as shown in Figure 3.2. When service requests are relatively

low, the gap in terms of QoS performances is not very important. Yet, the

PPA and APPA schemes show slightly better results. During peak hours

when the number of service requests is high, the APPA scheme consider-

ably outperforms the other strategies, with the PPA scheme appearing in

the second position of the lowest cost values.

Figure 3.2. QoS costs of different VNFP strategies.

Data overload

Data overload is defined as the overload of virtual disk storage used in

VMs. The objective is to achieve the lowest data overload values as shown

in Figure 3.3. The LUH and APPA schemes outperform the other place-

ment strategies in terms of data overload, and the gap increases as the

load of services become more important. From one side, LUH gives more

importance to the host that has the least number of VMs, consequently,

the least used in terms of virtual disk storage. On the other side, the

APPA scheme favors the least observed and closest host to most UEs.

Number of VMs overload

As the LUH strategy picks the host with the lowest number of VMs, de-

spite the cost, it achieves the best results in balancing load among VMs

compared to other strategies (see Figure 3.4). NAT comes as the second

best strategy to achieve load balancing among VMs, as it allocates 5 tasks
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Figure 3.3. Data overload of different VNFP strategies.

to each host at a time. NAT becomes more efficient when the number of

service requests is high; its variations become similar to those of LUH.

Figure 3.4. VMs overload in case of different VNFP strategies

3.3 Conformal mapping based framework

Due to the difficult and non-uniform nature of service generation in EC

environments, we propose in this section a framework based on Schwartz-

Christoffel conformal mapping, dubbed “Canonical Domains for Slice Pla-

nning Framework" (CDSP-F). We define its main functions, namely the

mapping transformation functions (i.e., transformation from the physi-

cal domain to the canonical domain and vice-versa), the service density

distribution functions δ and δ′ in the physical domain and the canonical

domain, respectively, and the Voronoi diagram algorithm. In addition, we

define the algorithm of the CDSP-F core function.

As illustrated in Figure 3.5, within the CDSP-F, services are distributed

non-uniformly and ECs are positioned in predefined positions. The spa-

tial transformation function F helps to map every point of the physical
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Figure 3.5. Envisioned CDSP-F framework.

domain to a point in the canonical domain. The service distribution in the

canonical domain is uniform and such a regular distribution makes it eas-

ier to decide where to instantiate VMs and place VNFs. The inverse spa-

tial transformation F−1 helps to map the created VM/VNF positions into

the physical domain, which are finally assigned to the ECs in place, re-

sulting in an optimal virtual resource deployment and an optimal VNFP.

3.3.1 The spatial transformation functions of CDSP-F

A conformal map is the transformation of a complex valued function from

one coordinate system to another. This is accomplished by means of a

transformation function that is applied to the original complex function.

The original complex function defines the physical domain A (i.e., non-

uniform distribution) and the obtained new function (using the given trans-

formation) defines the canonical domain R (i.e., uniform distribution). The

canonical domain which mimics this uniform distribution is depicted in

Figure 3.6. The idea behind this is to translate the non-uniform service

usage/demand (physical domain) distribution using the transformation

function of the Schwartz-christoffel conformal mapping into a canonical

domain, whereby the service demand distribution is uniform. Let (x, y)

and (u, v) denote the physical domain and the canonical domain, respec-

tively. The idea, herein, is when we get the uniform service demand distri-

bution, we uniformly deploy the variant VMs that satisfy these demands

at the required QoS and in the most cost-efficient way. This deployment

of variant VMs in a uniform fashion becomes a straight forward process.

Then, using the inverse function of Schwartz-christoffel, we can get the
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real positions of those VMs (x, y) in the physical domain from their origi-

nal positions in the canonical domain (u, v).

The signaling messages are generated within a circle which has a ra-

dius R while for the sake of efficiency as stated in [55], the targeted

canonical domain is mapped as a rectangle divided into rectangular tiles.

The mapping function that maps every point (u, v) in the circle to a point

(x, y) in the square region and the inverse function must be found. This

function must have derivative equations such that (u, v) = F (x, y) and

(x, y) = F−1(u, v). In other words, F will map each point (u, v) to point

(x, y).

We model the service usage distribution in the simulation area as a rect-

angular grid inside the circle (the radius of the circle is equivalent to the

radius of service deployment R (Figure 3.6). The general form of the map-

ping function F is given as:

F (x+ iy) = u(x, y) + iv(x, y) (3.4)

The choice of the analytic components u and v reflects our spatial ser-

vice demand distribution, which is graphically fitted to a rectangular grid

within a circle (Figure 3.5). x and y are obtained simply by applying the

inverse function, reflected by the incomplete elliptic integral of the first

kind Ef . Thus, using [60], we can write u, v, x and y as follows:

u = Re(
1− i√

2
cn(Ke

1 + i

2
(x+ iy)−Ke,

1√
2
)) (3.5)

v = Im(
1− i√

2
cn(Ke

1 + i

2
(x+ iy)−Ke,

1√
2
)) (3.6)

x = Re(
1− i

−Ke
E(cos−1(

1 + i√
2
(u+ iv)),

1√
2
)) + 1 (3.7)

y = Im(
1− i

−Ke
E(cos−1(

1 + i√
2
(u+ iv)),

1√
2
))− 1 (3.8)

where

• Ke is a constant which depends on the radius R. Its exact value is

the complete Legendre elliptic integral of the 1st kind with modulus

m. This constant arises from Schwarz and Christoffel’s equations for

the specific case when the desired polygonal shape is a square.

• cn is a Jacobi elliptic function.
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• Ef is the incomplete elliptic integral of the first kind:

Ef (z|m) =

∫ z

0

1√
1−msin2(t)

dt (3.9)

The use of Ef is not only motivated by the fact that the incomplete elliptic

integral of the first kind was extensively studied for the development of

the theory of the double periodic functions, called elliptic functions, but

most importantly: i) Ef (z|m) is an analytical function of z and m which

are defined over C2 which allows its use for conformal mapping (i.e., it pre-

serves angles throughout the whole mapping) and ii) through the inverse

Jacobi elliptic functions we have an interesting property:

Ef (cos
−1(z)|m) = cn−1(z|m) (3.10)

where −1 < z < 1 ∧m ∈ R.

Now that the mapping function F is defined, we can obtain the posi-

tions of each signaling message in the canonical domain based on their

positions in the physical domain and use its reverse function to obtain the

positions of VMs in the physical domain, based on their positions in the

canonical domain. The question is about the means to link the service

distribution δ to the mapping function F (physical domain) in order to be

able to deduce the uniform service distribution δ´ obtained using F−1.

3.3.2 Service density distribution

Figure 3.6. Distribution of signaling messages in physical and canonical domains.

In this subsection, we determine the service density distribution δ´ that

will enable the positioning of VMs in the canonical domain. We define the
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service density distribution in the canonical domain as follows.

Considering the physical concept of mass density, an object is dense if

it has an important amount of mass for it is relatively small. Similarly,

we can say that a region is dense if it has a large amount of signaling

messages for it is relatively small. We can start by writing that:

δ̈ =
|Sm|
V̈

(3.11)

where δ̈ is the density (i.e the ratio of the mean of signaling messages and

spatial volume V̈ ) and |Sm| is the mean of the signaling messages. We

can go further and suppose that the region is divided into smaller and

smaller areas and consider the density of each area. Let us think of it as

a continuum which is the case of the physical domain we are considering.

We can take the process to the limit where we are finding the density at

each point in the area. This will result in the following:

δ̈(	V ) = lim
V̈→0

(
|Sm|
V̈

) (3.12)

where the limit reflects the shrinking of the spatial volume under con-

sideration. The reverse process of calculating the mean of the signaling

messages of a given small area a is an integral over the spatial volume:

|Sm|a =

∫∫∫
V
δ̈(	V )dV̈ (3.13)

Using the probability density, we replace “mean of signaling messages"

with “probability" and spatial volume V̈ with volume V in the parame-

ter space considering that our signaling messages follow the log normal

distribution. This will result in the following:

δ =
d

dx
Pr(X ≤ x)

=
d

dx
Pr(ln(X) ≤ ln(x))

= ρ(
ln(x)− Sm

V
)
d

dx
(
ln(x)− Sm

V
)

= ρ(
ln(x)− Sm

V
)

1

Smx

=
1

x

1

Sm

√
2π

e
−(log(x)−V )2

2S2
m

(3.14)

Note that Sm and V depend on the inputs of the simulation (e.g., number

of signaling messages, inter-arrival of sessions, and average duration of a
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session). The analysis in the canonical domain aims at finding the num-

ber of VMs that is required to satisfy the uniformly distributed service

demand with volume V along with their locations. We chose the rectan-

gular tiling for the sake of efficiency. As the service demand is uniformly

distributed in R, the uniform density can be written as follows [55]:

δ′ =
L

H.W
(3.15)

where W and H denote the width and height of the rectangle, respec-

tively. L denotes the number of VM clusters and can be obtained as fol-

lows:

L =
2WH

(W
2

4 + H2

4 )3
√
3

(3.16)

To distribute the VMs uniformly within the rectangular tiles, taking into

consideration the data usage generated in the canonical domain, we de-

note by LArgmin the effective number of VMs needed as follows:

LArgmin(x) = Argmin(
x

VMcapacity
) (3.17)

where x is the variable data usage of the given signaling messages.

To illustrate this with more clarity, we consider the following example.

We assume that three services are used in three different places of the

canonical domain; namely Position 1, Position 2, and Position 3, whereby

Service 1 generates 600Mb of traffic, Service 2 generates 300Mb of traf-

fic, and Service 3 generates 400Mb of traffic. We assume that each VM

can process up to 100Mb. Thus, using Equation (3.17), LArgmin(1) = 6,

LArgmin(2) = 3, and LArgmin(3) = 4. This corresponds to 6 VMs to process

Service 1, 3 VMs for Service 2 and 4 VMs for Service 3. These VMs are

then positioned on the tiles which are the closest to service generation

(i.e., Position 1, Position 2, and Position 3).

3.3.3 VM clustering using the Voronoi diagram

For the finite set of VM positions p = {p1, p2, ..., pn} in the physical domain,

where each position pk is considered as a point with latitude and longitude

coordinates. A corresponding Voronoi EC position �k consists of every

point in the plane of which the distance to pk is less than or equal to

its distance to any other pi. Each such EC position is obtained from the

intersection of half-spaces. The line segments of the Voronoi diagram are
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Figure 3.7. Illustration of the clustering of VMs using the Voronoi diagram.

all the points in the plane that are equidistant to the two nearest sites.

The Voronoi vertices (nodes) are the points equidistant to three (or more)

sites (Figure 3.7). Formally, given n EC sites {�1, �2, ..., �n} in a distance

space (X, H), the Voronoi partition X into regions {vo1, vo2, ..., von} for VM

positions p = p1, ..., pn is carried out, based on the Haversine distance

function H, such that:

∀pi ∈ p : vok = {x ∈ X|H(x,�i) < H(x,�j),

i 	= j}
(3.18)

H(x,�i) = r × c (3.19)

a = sin2(
Δφ

2
) + cosφ1 × cosφ2 × sin2(

Δα

2
) (3.20)

c = 2× atan2(
√
a,
√
1− a) (3.21)

where

• r is the Earth’s radius (mean radius = 6,371km).

• c is the angular distance in radians.

• a is the square of half the chord length between the points x and �i.

• φ1, α1 are the latitude and longitude values, in radians, of x, respec-

tively.

• φ2, α2 are the latitude and longitude values, in radians, of �i, re-

spectively.

Note that Equations (3.19), (3.20), and (3.21) concern the calculations of

the Haversine method, which is an approach to calculate the great-circle

48



VNF Placement Mechanisms

distance between two points on the basis of a spherical Earth (ignoring

the ellipsoidal effects as the Earth is very slightly ellipsoidal) [61]. This

spherical model gives errors, typically up to 0.3% which we can consider

negligible, and hence the calculations can be assumed accurate.

3.3.4 Algorithm of the core function of CDSP-F

Algorithm 2 CDSP-F core function

Require:
Γ: Signaling messages.
X: A set of x positions in the physical domain

of the signaling messages.
Y : A set of y positions in the physical domain

of the signaling messages.
Xe: A set of x positions in the physical domain

of the edge clouds.
Ye: A set of y positions in the physical domain

of the edge clouds.
Ensure:

U : The set of signaling messages’ u positions
in the canonical domain obtained by F
V : The set of signaling messages’ v positions

in the canonical domain obtained by F
XVM : The set of VMs’ x positions

in the physical domain obtained by F−1

YVM : The set of VMs’ y positions
in the physical domain obtained by F−1

1: for all Γi ∈ Γ do
2: (Ui, Vi) ← F (Xi, Yi); {Calculate position(u,v) in the canonical do-

main}
3: ComputeNeededResources(Γi);
4: if NeededResourcesΓi > VMCapacity(Ui, Vi) then
5: CreateNewVM(NeededResourcesΓi , Ui, Vi) ;
6: else
7: UpdateCurrentVM(NeededResourcesΓi) ;
8: end if
9: end for

10: (Xi, Yi) ← F−1(Ui, Vi) {Calculate position(x,y) in the physical domain}
Cluster VMs of the Physical Domain using Voronoi diagram

11: ALs ← V O(Xe, Ye, X, Y );
12: return ALs;

As defined in Algorithm 2, the first step consists of collecting the po-

sitions where the data were generated in the current snapshot of time.

In the second step, using mapping functions (3.5) and (3.6), which map
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every point of the physical domain to its corresponding one in the canon-

ical domain, we obtain the positions of the signaling messages (i.e., data)

in the canonical domain. In the third step, due to the uniform nature of

the canonical domain, we divide the canonical domain in rectangle tiles

using Equations (3.7) and (3.8), which map every point of the canonical

domain to its corresponding one in the physical domain, and using the

argmin function (3.17), which determines how much resources are needed

in the given rectangle tile. This results in positioning the VMs that could

fulfill the requests generated in each tile of the canonical domain. In the

fourth step, we apply Equations (3.7) and (3.8) to obtain the positions of

generated VMs in the physical domain. In the last step, using the Voronoi

diagram (See Equation (3.18) which determines how the VM clusters for

ECs are defined, and Equations (3.19), (3.20), and (3.21) which measure

the Haversine distance between VM positions in the physical domain for

the Voronoi diagram), we allocate the needed VMs to their corresponding

ECs in place.

3.3.5 Performance evaluation

We evaluate the performance of the proposed CDSP-F and compare it

against the performance of existing baseline approaches, which are i) an

adaptation of the Best Fit Algorithm (BFA) [62, 63] and ii) Random Fit

Algorithm (RFA) [64]. The variant solutions are evaluated in terms of the

following metrics:

• End-to-End delay: This metric is defined as the end-to-end delay be-

tween variant UEs and the VMs handling their requests. Formally,

the end-to-end delay is computed as the maximum Euclidean dis-

tance between the UEs and their respective VMs;

• Cost: This metric is defined as the cost for handling the variant traf-

fic generated from variant UEs. We considered the cost of a solution

as the total number of VMs instantiated in the cloud by each solu-

tion;

• Execution time: This metric is defined as the time needed to exe-

cute each Algorithm. For each solution, we practically subtract its

finishing time from its starting time.

The variant algorithms are evaluated by using our Java-based simulator

that defines a spatio-temporal model of mobile service usage over a partic-
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ular geographical area1. It enables simulation of the behavior of a group

of mobile users, in terms of mobility patterns and mobile service consump-

tion. The output of the tool is the number of handoff operations, tracking

area updates, and service requests issued over a specific geographical area

during a specific time window. Knowing these values and based on the

performance of VNFs of Mobile Networks (e.g., Mobility Management En-

tity and Serving Gateway) when running over specific virtual resources

(e.g., CPU and memory), one can optimally decide where to instantiate

the VMs over the edge cloud and how much virtual resources to use.

All algorithms are executed in the same environment using Ubuntu

16.04 on an Intel Core i5 2 core CPU and 8 GB of RAM. The algorithms

are evaluated by varying the radius of the deployment area and the num-

ber of signaling messages. We conducted two sets of experiments: i) First,

we fixed the radius of the target area to 20 km; ii) Second, we fixed the

radius area to 40 km. In both experiments, we varied the number of sig-

naling messages from 0 to 2600.
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Figure 3.8. Performance evaluation of variant solutions in terms of end-to-end delay.

1Network Slice Planner: http://mosaic-lab.org/implementations.aspx

51



VNF Placement Mechanisms

End-to-end delay

We show the impact of signaling messages on end-to-end delay, Figures

3.8 illustrating the performance of variant solutions in terms of delay.

Figure 3.8(a) shows the end-to-end delay for the network area of 20 km

radius, whereas Figure 3.8(b) shows the end-to-end delay for the network

area of 40 km radius. The first observation that we can draw from these

figures is that the number of signaling messages has a negative impact

on the end-to-end delay. This can be explained as follows: The greater the

number of signaling messages in the network is, the higher the possibility

is for UEs to be far away from their VMs. This increases the end-to-end

delay experienced by end users. From these figures, we also observe that

CDSP-F exhibits better performance in terms of end-to-end delay.

From Figure 3.8(b), the end-to-end delay of CDSP-F does not exceed

2000, while the other baseline solutions exceed 2300.

When the number of signaling messages is low (inferior to 300) the gap

in terms of end-to-end delay is relatively low for all three algorithms. As

the number of signaling messages increases, the analysis in the canonical

domain gives better positions of VMs in terms of distance to where the

signaling messages are triggered, which encourages their usage by the

neighboring UEs and impacts positively the total number of created re-

sources without any negative impact on the delay. Moreover, as CDSP-F

continues to give satisfying results, the gap compared to BFA and RFA

becomes more important, when the number of signaling messages is high

and the deployment area is bigger (i.e., from a 20 km radius area to a

40 km radius area).

Number of activated VMs

We evaluate the variant solutions in terms of cost, defined as the total

number of VMs which should be instantiated across the available ECs.

Figure 3.9 shows the performance of the different solutions in terms of

cost (number of activated VMs). Figure 3.9(a) shows the cost for the net-

work area with a radius of 20 km, whereas Figure 3.9(b) shows the cost

for the network area with a radius of 40 km.

The first observation that can be drawn from these figures is that the

number of signaling messages has a negative impact on the cost, due to

the fact that more virtual resources become needed when the end-users
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Figure 3.9. Performance evaluation of variant solutions in terms of total number of
activated VMs.

generate a higher number of signaling messages. The performance gap

related to the number of activated VMs is very important when the ra-

dius of service deployment area increases; this can be explained by the

need to create resources in the proximity of end-users that generate these

signaling messages. These resources are randomly generated by the RFA

scheme, which is translated into the continuously high number of acti-

vated VMs, while the BFA and CDSP-F schemes have similar numbers

of activated VMs, with better results in favor of the CDSP-F scheme not

exceeding 210 VMs in Figure 3.9(b). On the one hand, the BFA scheme

is known for searching for VMs with the best available resources, which

encourages the reutilization of existing resources. On the other hand,

the analysis in the canonical domain has a positive impact on positioning

VMs closer to UEs, without an impinge on the reutilization of available

resources. The most interesting observation is that in comparison to BFA

and RFA, the clustering of VMs based on their deployment in the canoni-

cal domain helps reducing the number of VMs without negatively impact-

ing the end-to-end delay, especially in case a high number of signaling

messages is generated across a wider area.

53



VNF Placement Mechanisms

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 500

 0  500  1000  1500  2000  2500  3000

Ex
ec

ut
io

n 
tim

e 
(m

s)

Signaling messages

RandomFit

BestFit

CDSP-F

(a) 20 km radius

 0

 100

 200

 300

 400

 500

 600

 0  500  1000  1500  2000  2500  3000

Ex
ec

ut
io

n 
tim

e 
(m

s)

Signaling messages

RandomFit

BestFit

CDSP-F

(b) 40 km radius

Figure 3.10. Performance evaluation of variant solutions in terms of runtime execution.

Execution time

Figure 3.10 shows the impact of the number of signaling messages on

the execution time of each individual solution. While Figure 3.10(a) shows

the performance of the algorithms in the area with a radius of 20 km, Fig-

ure 3.10(b) shows their performance in the area with a radius of 40 km.

The first observation that we can draw from these figures is that the num-

ber of signaling messages has a negative impact on the execution time of

each solution. From the obtained results, we observe that the execution

time of the proposed CDSP-F solution requires more time than the ones of

the baseline approaches. This is due to the complex computation needed

by CDSP-F. Moreover, the gap in execution time between CDSP-F and the

baseline approaches sharply increases along with the growth in the num-

ber of signaling messages. For example, when the number of signaling

messages reaches 2600, the execution time of the baseline approaches does

not exceed 100 ms, while it reaches 600 ms in case of CDSP-F. From Fig-

ures 3.8, 3.9 and 3.10, we observe that CDSP-F outperforms the baseline

approaches in terms of end-to-end delay and the total number of activated

VMs. However, this comes with an inevitable cost, which is in terms of the
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execution time. Based on the observation that these solutions would be

executed off-line and only once, and the new generation of servers have

high computational capacities, the execution time factor can be neglected.
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4. Integral Framework for Planning the
Network Slices of LTE EPC

In this chapter, we design an integrated solution for the network slice

planning of the LTE EPC, which is tailored for the enhanced MBB (eMBB)

use case. To that end, we propose the following components:

• An abstraction of the LTE workload generation process, for both CP

and DP, along with a compound traffic model that includes the most

representative services consumed in current cellular networks. This

is required to estimate the service consumption when there is no

previous knowledge of the workload demand. It is also useful to

generate synthetic workloads for experimentation (e.g., to stress a

virtualized LTE network).

• An enhanced version of NSP, incorporating a system-level LTE net-

work simulator. The LTE network simulator was developed within

the NS3 environment. It implements the messages exchange be-

tween the main LTE network entities. The traces generated from

the NSP are used as inputs of the simulator to emulate the work-

load generation in the LTE network.

• Analytical models to predict the performance of a vEPC. To estimate

the performance, we apply queuing theory and stochastic network

calculus results for CP and DP, respectively. For a given workload

and a set of QoS requirements, our models facilitate resources di-

mensioning.

• The corresponding formulation and heuristic to solve the joint opti-

mization problem of resources dimensioning and embedding of the

vEPC. We suggest a multi-objective optimization problem that min-

imizes the workload imbalances among a set of candidate ECs and

maximizes the resources utilization on the network side, and QoE

on the end user’s side. These objectives are subject to meet a set of
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Figure 4.1. E-UTRAN deployment and ECs sites.

QoS requirements. For the CP, the QoS requirement is defined as

a bound on the average elapsed time to move a UE from IDLE to

ACTIVE states. For the DP, the QoS requirements considered are

the limit on the maximum one-way network delay and a maximum

packet loss probability at the vEPC. Additionally, we impose a condi-

tion to limit the maximum number of CPU cores to be assigned to a

single Virtual Network Function Component (VNFC) instance. That

is to take into account the limitation on the number of CPU cores of

the PMs.

• A solution based on coalition formation game, designed to place the

VNFs of virtual EPC/5G Core in an efficient way over a federated

Cloud Network (CN).

4.1 System model

4.1.1 System architecture

Let us assume an evolved universal terrestrial radio access network (E-

UTRAN), already deployed with I eNBs, which provides connectivity to a

set of J UEs to the LTE EPC (see Figure 4.1). Each UE j is attached to an

eNB i.

Let uji be a binary variable indicating whether the UE j is attached to

the eNB i (uji = 1) or not (uji = 0). We consider the coverage map of this

E-UTRAN as a rectangular area A with height h and width w.
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Figure 4.2. Assumed LTE network architecture.

Within A, there are already deployed K ECs (see Figure 4.1). Let r(eNB)
i =

(x
(eNB)
i , y

(eNB)
i ) ∀ i ∈ N ∩ {1, .., I}, r

(UE)
j = (x

(UE)
j , y

(UE)
j ) ∀ j ∈ N ∩

{1, .., J}, and r
(EC)
k = (x

(EC)
k , y

(EC)
k ) ∀ k ∈ N∩{1, ..,K} denote two dimen-

sional vectors representing the positions of eNBs, UEs, and ECs within A,

respectively.

The MME, SGW, and PGW are the set of VNFs that makes up our vEPC,

and deployed on the candidate ECs. We discard the option of deploying

the vEPC as a single VNF with several components (VNFCs), since, in this

work, we will assume that the LTE EPC internal interfaces such as S11

and S5 will remain unchanged. Other EPC entities, such as the HSS and

the PCRF, might be located outside of the ECs and implemented either as

VNFs or physical network functions (PNFs).

The aggregated workload generated by the J UEs attached to the E-

UTRAN is distributed among the K candidate ECs. This workload distri-

bution is performed at the granularity of eNBs (i.e., each eNB i is assigned

to a candidate EC k). Let vik be a binary variable indicating whether the

eNB i is assigned to the EC k (i.e., vik = 1) or not (i.e., vik = 0). To serve

its corresponding workload, a vEPC is instantiated on each EC.

The LTE network architecture deemed in this work is depicted in Fig-

ure 4.2. We consider that the CP and DP of the vEPC are fully decoupled.

Also, we assume the interfaces, between the CP functional entities, as

the ones defined in the 3GPP LTE standards. Consequently, each CP en-

tity (e.g., the MME, and the control functionalities of the SGW and PGW

-cSGW and cPGW-) is implemented separately as a single VNF with a sin-

gle component (VNFC). The DP functionalities of the SGW and PGW are

integrated on a single VNF, with only one VNFC, that exposes the LTE S1-

U and SGi interfaces. We assume that all the VNFCs of the vEPC execute

CPU-intensive tasks. Each VNFC might have multiple instances. Consid-
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Figure 4.3. Workload generation model.

ering the ETSI NFV architectural framework and terminology [65] [66]

and without loss of generality, each VNFC instance is supposedly running

on an isolated virtualization container such as a VM. Let m(c)
l denote the

number of dedicated physical CPU cores allocated to the instance l of the

VNFC c ∈ C = {MME, cSGW, cPGW, dPGW}. Since the number of CPU

cores of a physical server is finite and the latter are shared among several

VMs, we consider that m(c)
l is limited to mmax (i.e., m(c)

l ≤ mmax).

4.1.2 Workload generation model

In this subsection, we address the eMBB use case. In this context, the

UEs run applications that generate and consume DP traffic. We consider

the abstraction for such a process depicted in Figure 4.3.

A session with duration Tsd is defined as the user’s activity beginning

from the time an application is launched to the time it closes. A session

consists of N application activity periods (AAPs) of length Ton separated

by N − 1 reading times of duration D. An AAP is a time period in which

the application generates or consumes all necessary network traffic to per-

form a given task (e.g., download the profile of a friend, send an instant

message, or stream a video with a given quality). A reading time is the

temporal interval during which the user performs any action that does not

require to generate network traffic such as reading a message or deciding

which friend’s profile to visit next.

Regarding the signaling workload, the users’ activity and mobility trig-

ger the LTE CP procedures. In this work, we only consider the UE-

triggered service request (SR), S1-Release (S1R), X2-based Handover (HO),

and tracking area update (TAU) procedures. Although other procedures

such as attach and S1-based handover are heavier in terms of computa-
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tional resources consumption, they do not occur frequently in LTE net-

works [67].

Once the UE is registered in the network, an SR procedure is triggered

during its idle-to-connected (i.e., IDLE to ACTIVE) transitions. Then,

whenever an AAP starts while the UE is in idle mode, an SR procedure

takes place (see Figure 4.3). Conversely, an S1R procedure occurs dur-

ing UE’s connected-to-idle transitions during which the network releases

the UE’s resources. We also take into account the effects of an inactivity

timer. Its value is denoted as tI . The network waits tI units of time af-

ter that an AAP finishes before triggering an S1R (see Figure 4.3). A HO

procedure is triggered when a UE is in connected mode and performs a

cell change, but the target cell is attached to the same MME as the source

cell’s. Finally, we assume that a TAU procedure is triggered whenever a

UE carries out a Tracking Area (TA) change. These TAs are predefined

and are the same for any UE.

4.1.3 Performance requirements

The LTE network has to meet a set of performance requirements in terms

of latency and packet loss probability [68]. For the CP, the considered per-

formance requirement is a bound on the mean CP latency T
(CP )
budget defined

by the 3GPP, i.e., the average elapsed time to move an UE from IDLE

state to ACTIVE state [68]. In this work, we translate this specification

as the required average time to carry out a service request procedure.

Moreover, we consider the worst-case scenario for the service request pro-

cedure, where the UE authentication, NAS (Non-Access Stratum) security

setup, and the EPS (Evolved Packet System) session modification steps

occur during the SR.

Let T e and T if denote, respectively, the mean response times of the

CP entity e ∈ E = {UE, eNB,MME, cSGW, cPGW,HSS, PCRF} and the

LTE interface if ∈ IF = {Uu, S1 − C, S11, S6a, S5, Gx}. The mean time

required to carry out an SR, T (SR), in the worst-case scenario can be com-

puted as:

T
(SR)

= 5 · TUE + 8 · T eNB + 5 · TMME + 2 · T cSGW

+ 2 · T cPGW + THSS + TPCRF + 8 · TUu + 7 · TS1−C

+ 2 · TS11 + 2 · TS6a + 2 · TS5 + 2 · TGx

(4.1)
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The above equation means that during an SR call flow in the worst case

scenario the UE, eNB, MME, cSGW, cPGW, HSS, and PCRF entities have

to process, respectively, 5, 8, 5, 2, 2, 1, and 1 control messages. Also,

8, 7, 2, 2, 2, and 2 control messages have to traverse, respectively, the

LTE Uu, S1-C, S11, S6a, S5, and Gx interfaces [69]. Then, the CP delay

requirement can be expressed as T
(SR) ≤ T

(CP )
budget.

For the DP, the performance requirements considered are the maxi-

mum DP delay budget T (DP )
budget and the packet loss probability at the vEPC

P
(EPC)
budget . We consider T

(DP )
budget as the maximum time it takes for a packet

to travel from the SGi interface at the SGW/PGW VNFC to the UE appli-

cation. The P
(EPC)
budget is the maximum allowable packet loss at the dPGW

VNFC receive buffer.

Let T
(DP )
max and P (EPC) denote the actual maximum delay of the DP and

the packet lost probability of the EPC, respectively. We can compute T
(DP )
max

as:

T (DP )
max = T

(max)
UE + T

(max)
eNB + T

(max)
dPGW + T

(max)
Uu + T

(max)
S1−U (4.2)

where: T (max)
UE , T (max)

eNB , and T
(max)
dPGW are respectively the actual maximum

DP packet processing delay at the UE, eNB, and dPGW. And T
(max)
Uu and

T
(max)
S1−U are the actual maximum delays for the DP radio and backhaul

interfaces, respectively.

Then, the DP requirements can be expressed as T
(DP )
max ≤ T

(DP )
budget and

P (EPC) ≤ P
(EPC)
budget .

4.2 Problem formulation

In this section, we formulate the joint optimization problem to distribute

the aggregated workload generated by the E-UTRAN among the candi-

date ECs and to perform the dimensioning of the required resources for

each vEPC instance. Taking into account the defined system model, it can

be formulated as follows:

Objectives :

minimize

⎛
⎝ |K|∑

k=1

∣∣∣∣∣∣
|I|∑
i=1

|J |∑
j=1

vikuij −
|J |
|K|

∣∣∣∣∣∣
⎞
⎠ (4.3a)

minimize

⎛
⎝ |K|∑

k=1

|I|∑
i=1

vik · dik

⎞
⎠ (4.3b)
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minimize

⎛
⎝ |K|∑

k=1

∑
c∈C

∑
l

m
(c)
l

⎞
⎠ m

(c)
l ∈ N (4.3c)

Where dik = ||r(eNB)
i − r

(EC)
k || is the euclidean distance between eNB i and

EC k.

Constraints :

CP :

C1 : T
(SR)
k ≤ T

(CP )
budget, (4.3d)

DP :

C2 : max
(
T (DP )

)
≤ T

(DP )
budget, (4.3e)

C3 : P (EPC) ≤ P
(EPC)
budget , (4.3f)

Others

C4 : m
(c)
l ≤ mmax ∀ k ∈ [1, |K|] ∩ N (4.3g)

C5 :

|K|∑
k=1

|I|∑
i=1

vik = |I|, vik ∈ {0, 1} (4.3h)

The decision variables of the optimization problem are vik and m
(c)
l . Ob-

jective (4.3a) aims to distribute the workload as equally as possible or to

minimize the workload imbalances across the candidate ECs. The goal is

optimally achieved when the same number of users (|J |/|K|) is assigned

to every EC k ∈ K. Objective (4.3b) aims to minimize the propagation de-

lays. The corresponding objective function is minimized when every eNB

i ∈ I is assigned to the nearest EC k∗ ∈ K, where k∗ = argmink∈K(dik).

Last, objective (4.3c) intends to minimize the total number of CPU in-

stances allocated to the vEPC or, equivalently, to maximize the utilization

of the computational resources.

Constraints (4.3d), (4.3e), and (4.3f) guarantee that the QoS require-

ments are fulfilled. Specifically, constraint (4.3d) ensures that the ac-

tual mean delay to carry out a service request for the vEPC k (i.e., vEPC

instance running on EC k) is lower or equal than the mean CP latency

T
(CP )
budget. Constraint (4.3e) and (4.3f) ensure that the maximum DP delay

budget and the packet loss probability at the EPC are met, respectively.

Constraint (4.3g) limits the maximum number of physical cores requested

for a single VNFC instance. Having a single VNFC instance would be op-

timal for minimizing the amount of required resources (statistical multi-

plexing). However, each physical server has a maximum number of phys-

ical cores, i.e., the number of physical cores we can request per VNFC
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Figure 4.4. LTE control plane model.

instance is limited. Moreover, in general, the higher is the number of

physical cores requested for a VNFC instance, the lower is its availabil-

ity. Finally, constraint (4.3h) guarantees that all eNBs are assigned to a

candidate EC k (or vEPC instance k).

4.3 Analysis and modeling

4.3.1 LTE CP modeling

We model the CP of the LTE as an open network of G/G/m1 queues (see

Figure 4.4), where each queuing node represents an instance of a given

entity of the LTE network. The MME, cSGW, and cPGW might have sev-

eral instances, each of which is modeled as a G/G/m queuing node with

m
(c)
l servers. The servers of a queuing node represent the CPU instances,

allocated to the entity instance, processing control messages in parallel.

As stated in section 4.1.1, m(C)
l ≤ mmax. For the sake of simplicity, only

one instance is considered for the rest of LTE CP entities (e.g., UE, eNB,

HSS, and PCRF). The corresponding G/G/m queuing node that models the

instance of these entities might have an arbitrary number of servers as

they might be deployed as PNFs.

The traffic sources are located at the eNB and the UE, since the LTE

signaling procedures considered in this work (e.g., SR, S1R, HO, and TAU)

are triggered by these entities. Specifically, the TAU and SR procedures

1In Kendall’s notation, a G/G/m queue is a queuing node with m servers, arbi-
trary arrival and service processes, FCFS (First-Come, First-Served) discipline,
and infinite capacity and calling population.
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are triggered by the UE and the S1R and HO procedures are triggered

by the eNB. In the same way, the traffic sinks are placed at the MME

instances.

To solve the network of queues, we employ the QNA method [70]. This

technique was applied and validated in [71] to estimate the mean re-

sponse time of a VNF with several VNFCs. In this work, we use the

QNA method to estimate the mean response times of the LTE CP enti-

ties T e ∀ e ∈ E. To that end, the QNA method uses a reduced set of the

following input parameters:

• The steady state transition probabilities matrix P = [pki]. Where

pki denotes the probability of a packet to leave node k to node i and

p0k = 1−∑
i pki denotes the probability of a packet at node k to leave

the network. In this work, we provide the expressions to compute P

for the LTE CP (refer to the Appendix of Publication V).

• The mean and squared coefficient of variation (SCV) of the exter-

nal arrival processes at node k, λ0k, and c20k. Please note that only

the UE and the eNB have external arrival processes in our model

(see Figure 4.4). Considering the abstraction described in section

4.1.2 for the signaling generation process, we found that these ar-

rival processes are Poissonian (see Section 4.6.1). Then, c20k = 1∀ k.

• The mean and the SCV of the service processes at each queue k, μk

and c2sk.

The QNA method is described in the Appendix of Publication V.

4.3.2 LTE DP modeling

For the considered architecture, the LTE DP consists of three network

entities namely, UE, eNB, and dPGW, which are connected in tandem.

Since the focus is on the vEPC dimensioning, we assume that the UE and

eNB entities have constant maximum delays.

The same methodology as applied to model the LTE CP cannot be used to

model the vEPC DP as it can only provide overall mean performance met-

rics of a queuing network, but not the performance bounds such as those

defined in Section 4.1.3 (e.g., T (DP )
max and P (EPC)) for the DP. Moreover, the

stochastic characterization of the aggregated DP traffic carried out in this

work (see Section 4.6.1) shows that the vEPC DP workload arrival process

exhibits self-similarity (SS) and long-range dependence (LRD) features.
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Conventional queuing theory does not comprise such kind of arrival pro-

cess. Then, we model the dPGW as a single queue fed by a fBm process.

More precisely, we use the model that was first reported in [72] and also

derived in [73] from stochastic network calculus results. This model can

provide the performance bounds of a tandem of queues with SS and LRD

input in an effective and simple way.

To characterize the arrival process, we adopt the model proposed in [72].

Let At denote the cumulating arrival process to the dPGW queue, i.e., the

cumulative amount of traffic (i.e., in number of packets) arriving at the

dPGW in the time interval [0, t]. The following model is considered for

At [72]:

At = λ · t+
√
λ · α · Zt (4.4)

where Zt is a normalized fBm parameter with Hurst parameter H ∈
(1/2, 1], λ > 0 is the mean input rate, and α > 0 is a variance coefficient.

Under the above packet arrival model and considering a constant rate

server with capacity C, the violation probability ε = P [B > b] of a backlog

bound b can be approximated as [72], [73]:

ε ≈ exp

(
− (C − λ)2H

2 · κ(H)2 · λ · αb2−2H

)
(4.5)

where κ(H) = HH(1 − H)1−H . The above equation gives us an approx-

imation for the probability of saturation of a buffer of size b packets or

equivalently the packet loss probability at a queue fed with a fBm arrival

process.

Finally, the maximum response time of a queuing node with buffer size

b and constant rate server with capacity C can be computed as:

T (max) =
b+ 1

C
(4.6)

By using (4.5) and (4.6), we can perform the dimensioning of the re-

quired capacity of the dPGW.

4.4 PES: Planner for the EPC as a Service

In this section, we propose a heuristic method to find a sub-optimal so-

lution of the problem formulated in Section 4.2. To achieve a method with

low-complexity, we decouple the process of workload distribution among

the candidate ECs and the resources dimensioning of the vEPC at each

65



Integral Framework for Planning the Network Slices of LTE EPC

Algorithm 3 PES Algorithm

Require: eNBs positions r
(eNB)
i along with the number of UEs they serve

NUE
eNB(i) =

∑
j uji, and the QoS specs T

(DP )
budget, P

(EPC)
budget , and T

(CP )
budget.

Ensure: eNBs assigment (i.e., vik), and total number of processing in-
stances allocated to each vEPC entity per EC (e.g., mMME , mcSGW ,
mcPGW , and mdPGW ).

1: [NUE
EC , vik] ⇐ Partitioning(r(eNB),NUE

eNB)
2: for each k ∈ K do
3: Compute the processing delay budgets for the vEPC CP and DP,

T
(CP )
proc−budget and T

(DP )
proc−budget, by using (4.7) and (4.8).

4: For NU = NUE
EC(k), estimate the external arrival processes (λ(CP ),

λ(DP ), α(DP ), and H(DP )) by using (4.9), (4.10), (4.11), (4.12), (4.13),
(4.14), and (4.15).

5: [mMME(k), mcSGW (k), mcPGW (k), mdPGW (k)] ⇐
Dimensioning(λ(CP ), λ(DP ), α(DP ), H(DP ), T

(CP )
proc−budget, T

(DP )
proc−budget,

P
(EPC)
budget )

6: end for

EC. The heuristic method, depicted in Algorithm 3, proceeds as follows.

Initially, the partitioning algorithm assigns each eNB to a candidate EC

(see Algorithm 4). The idea in this algorithm is to distribute the workload

as equally as possible among the candidate ECs, while guaranteeing a

maximum propagation delay for the backhaul network t
(max)
prop−backhaul. The

algorithm initializes the workload assigned to each EC k NUE
EC(k), which

is measured as the number of assigned UEs, to zero. Then, it iteratively

finds the candidate EC k∗ with the lowest workload allocated and its near-

est eNB i∗ being not assigned yet. If the propagation delay limit between

the EC k∗ and the eNB i∗ is not violated, then, the eNB i∗ is attached to

the EC k∗ (vi∗k∗ = 1). Otherwise, the EC k∗ is excluded from the set of

candidate ECs K. The algorithm ends when all the eNBs are allocated.

It should be noted that, in the worst case scenario, the algorithm requires

NeNB +NEC iterations to assign all the eNBs.

Please note that the number of UEs attached to each eNB is assumed to

be known. On the one hand, if the E-UTRAN is in the operation phase,

the operator can know accurately the average number of UEs attached

to each eNB. On the other hand, if the E-UTRAN is not in the operation

phase, the operator can estimate the average number of UEs attached to

each eNB from the population density map of the coverage geographical

area and the expected market shares.

Once the eNBs assignment is carried out, the processing time budgets

for the vEPC CP T
(CP )
proc−budget and DP T

(DP )
proc−budget can be computed. To

that end, we can evaluate T
(SR) and T

(DP )
max , in (4.1) and (4.2), for TMME ,
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Algorithm 4 E-UTRAN Partitioning Algorithm
Require: All eNBs of the set I have to be assigned to an EC of the set K.
Require: eNBs positions r

(eNB)
i along with the number of UEs they serve

NUE
eNB(i) =

∑
j uji, the ECs positions r

(EC)
k , and the maximum propa-

gation time for the backhaul network t
(max)
prop−backhaul.

Ensure: eNBs assigment, i.e., vik
1: Initialization NUE

EC =
−→
0 , vik = 0

2: while I 	= ∅ do
3: k∗ = argmin

k∈K
(NUE

EC(k))

4: i∗ = argmin
i∈I

||r(EC)
k∗ − r(eNB)

i ||

5: if ||r(EC)
k∗ − r(eNB)

i∗ || ≤ t
(max)
prop−backhaul · c then

6: I ⇐ I\i∗, vi∗k∗ = 1
7: NUE

EC(k
∗) ⇐ NUE

EC(k
∗) + NUE

eNB(i
∗)

8: else
9: K ⇐ K\k∗

10: end if
11: end while

T cSGW , T cPGW , and T
(max)
dPGW , equal to zero, respectively. Formally, T (SR)

0 =

T
(SR)

(TMME = 0, T cSGW = 0, T cPGW = 0) and T
(DP )
max0 = T

(DP )
max (T

(max)
dPGW = 0).

Then,

T
(CP )
proc−budget = T

(CP )
budget − T

(SR)
0 (4.7)

T
(DP )
proc−budget = T

(DP )
bugdet − T

(DP )
max0 (4.8)

Then, once there is an estimation of the number of UEs to be served by

each EC, we can also estimate the aggregated external arrival processes,

for both the LTE CP and DP, which are inputs to the resources dimen-

sioning algorithm. We use an abstraction of the LTE workload generation

process, along with a compound traffic model, to perform such an esti-

mation. We characterize stochastically these arrival processes in section

4.6.1, where the curve fittings are provided to estimate the main parame-

ters to model them as a function of the users’ number.

Finally, the resources dimensioning is carried out (see Algorithm 5). The

dimensioning of the vEPC CP and DP is performed separately. Since we

are considering only one VNFC for the vEPC DP, its dimensioning simply

requires solving numerically (4.5). For the CP, we propose a novel algo-

rithm which searches for the minimum number of processing instances to

be allocated to the vEPC CP for a given EC so that a processing delay bud-

get T
(CP )
proc−budget is met. The algorithm iterates until the processing delay

budget is fulfilled. At each iteration, it increments by one the number of

processing instances MCP allocated to the vEPC CP. For a given MCP , the

67



Integral Framework for Planning the Network Slices of LTE EPC

Algorithm 5 Dimensioning Algorithm

Require: Processing delay budgets for the vEPC CP T
(CP )
proc−budget and DP

T
(DP )
proc−budget; P

(EPC)
budget ; External arrival processes characterization for CP

and DP (λ(CP ), λ(DP ), α(DP ), and H(DP )).
Ensure: number of physical cores allocated to each vEPC entity mMME ,

mcSGW , mcPGW , and mdPGW

1: {DATA PLANE:}
2: Solve (4.5) numerically for b ≤ T

(DP )
proc−budget · C − 1 and ε ≈ P

(EPC)
budget

to obtain the required DP processing capacity C. Then, mdPGW =
�C/μdPGW �.

3: {CONTROL PLANE:}
4: Initialization mMME = �λMME/μMME�, mcSGW = �λcSGW /μcSGW �,

mcPGW = �λcPGW /μcPGW �, MCP = mMME+mcSGW +mcPGW , T (CP )
proc =

8 · TMME(mMME) + 3 · TcSGW (mcSGW ) + 2 · TcPGW (mcPGW );
5: while T

(CP )
proc > T

(CP )
proc−budget do

6: MCP ⇐ MCP + 1
7: for each m ∈ {mMME , ...,MCP −mcSGW −mcPGW } ∩ N do
8: for each n ∈ {mcSGW , ...,MCP −mMME −mcPGW } ∩ N do
9: l = MCP −m− n

10: Taux = 8 · TMME(m) + 3 · TcSGW (n) + 2 · TcPGW (l)

11: if T
(CP )
proc > Taux then

12: T
(CP )
proc ⇐ Taux, mMME ⇐ m, mcSGW ⇐ n, mcPGW ⇐ l

13: end if
14: end for
15: end for
16: end while
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algorithm explores different combinations to distribute these instances

among the different VNFCs to be dimensioned (e.g., MME, cSGW, cPGW),

and choose the one providing the lowest processing delay. To achieve the

linear complexity, the search space is limited at each iteration (see line 12

of Algorithm 5). In the algorithm, Tmme(m), TcSGW (n), and TcPGW (l) de-

note, respectively, the mean response times of the MME, cSGW, and cPGW

for a given number of allocated processing instances m, n, and l. These

mean response times are estimated by using the QNA method. Please

note that, although it is not explicitly included in Algorithm 5, for each

‘processing instances allocation (m, n, l), it is necessary to re-estimate

both the internal flow parameters at each queue, and the transition prob-

ability matrix.

The number of instances or, equivalently, the number of virtualization

containers for each vEPC entity at a given EC can be simply computed as

follows:

�mMME/mmax�, �mcSGW /mmax�, and �mcPGW /mmax�, and �mdPGW /mmax�.

4.5 Experimental setup

To validate the models developed in this work and to assess our solution

for EPC slices planning, we employed the NSP, and a system-level simu-

lator of an LTE network.

4.5.1 Usage of the Network Slice Planner

We used the NSP to generate the synthetic signaling and data traffic in

an LTE network. We extended the compound traffic model of this tool by

including the traffic models employed in [74]. The setup for each service

type (see Figure 4.5 and Figure 4.6) is based on models taken from the

literature, which are derived from real traces. Specifically, the social net-

working, Mobile Instant Messaging, and video streaming model in SUM;

and the video calls model used in [75] and [76]. According to [77], the ser-

vices considered account for more than 70% of the peak aggregate traffic

in the American mobile access networks.

The output traces of the NSP were used to characterize the aggregate

packet arrival processes at the LTE CP and DP. These traces are also used

as inputs for our system-level LTE network simulator.
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Figure 4.5. Compound traffic model for Mobile Broadband users.

4.5.2 LTE network simulator

The system-level LTE network simulator was developed within the NS3

environment. It implements the messages exchange between the main

LTE network entities. The traces generated from the NSP are used as

inputs of the simulator to emulate the workload generation in the LTE

network. To distribute the users through the coverage area of the E-

UTRAN, we employed the model presented in [78]. To generate RAN

deployment (i.e., the distribution of the eNBs), we adapted the heuris-

tic proposed in [79]. Figure 4.8 show the synthetic E-UTRAN scenario

considered in this work for a population density of 1000 UEs/km2. The

scenario consists of three urban zones where most of the population is

concentrated. Additionally, four candidate ECs are considered, and their

positions are randomly generated.

Each LTE functionality deployed as a VNFC of the vEPC is simulated

as a First Come First Served (FCFS) queue with multiple generic servers.

The rest of the LTE entities (e.g., UE, eNB, HSS, and PCRF) and the

network delays (e.g., transmission, propagation, and switches processing),

among any couple of EPC entities, are simulated as infinite servers (i.e.,

constant processing delay without a queuing waiting time). Figure 4.7

includes the configuration of the main parameters for the simulator. The

distribution of the service time for each entity to be deployed was obtained

experimentally.
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Figure 4.6. Markov chain based model for social networking.

4.6 Numerical results

In this section, some numerical results are reported to assess the proposed

solution for the LTE EPC slices planning.

4.6.1 Workload Characterization

By using NSP, we generated signaling and data traffic traces for 100000

UEs and different population densities. The simulated measurement pe-

riod was set to 10000 seconds. Following the analysis of the traces in [80],

we depicted the rate process on 6 different time scales for both CP and

DP traffics. The chosen time scales were 1 ms, 10 ms, 100 ms, 1 s, 10 s,

and 100 s. From these representations, we concluded that the DP traf-

fic showed self-similarity (i.e., statistically indistinguishable on different

time scales). The same phenomenon was not observed for CP traces.

Based on the aforementioned observations, we measured λ(DP ), α(DP ),

and H(DP ) parameters of the traffic model introduced in Section 4.3.2 for

the DP traces (see Figure 4.9).

To estimate the mean rate λ(DP ), we simply counted the number of pack-

ets collected in the trace and divided it by the simulated measurement pe-

riod. We obtained that in average, each UE generates around 5.1121 pack-

ets per second considering the compound traffic model for MBBs users

defined in Figure 4.5. This measurement was repeated considering dif-

ferent number of users NU and we got the same result for the data rate

generated in average per user. Consequently, λ(DP ) = 5.1121 ·NU .

To measure α(DP ) and H(DP ) we followed the same procedure as in [72];

we performed a linear regression from the logarithms of the sample vari-
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Figure 4.7. Parameters Configuration

ances of the increments of At for the 6 different time scales considered.

Note that it is supposed that At defined in (4.4) has stationary incre-

ments [72], and V AR[At] = λ · α · t2H . The measurement of α(DP ) and

H(DP ) was also repeated for different number of users (see Figure 4.9).

The measured values for H(DP ) versus NU range from 0.7 to 0.93 con-

firming the the long-range dependence of the DP traffic and the fBm

process is suitable to model the aggregated DP traffic generation pro-

cess. The H(DP ) versus NU curve was fitted by the function H(DP ) =

(H
(DP )
0 −H

(DP )
max ) · e−δ·NU +H

(DP )
max within the range of NU studied. Where

H
(DP )
max = limNU→∞H(DP ), H(DP )

0 = H(DP )(NU = 0), and k is a rate con-

stant. This function is appropriate to fit H(DP ) because it is bounded (we
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Figure 4.8. Scenario realization with a population density of 1000 users per km2.

know beforehand that 0 ≤ H(DP ) ≤ 1) and its shape fits the experimental

data (we obtained an R-squared of 96.82%).

Regarding α(DP ), the slope of α(DP ) versus NU decreases when NU in-

creases, though the rate of change of this slope tends to zero in the range

of NU observed. Then, it seems reasonable to estimate α(DP ) at any NU

by using the linear function defined from the last two points of measure-

ments (e.g., NU = 75000 and NU = 100000).

In summary, for a given number of users NU , we can estimate the main

parameters of the fBm process that models the aggregated data traffic for

our compound traffic model as the following:

λ(DP ) = 5.1121 ·NU packets/second (4.9)

α(DP ) = 0.00216 ·NU + 1637.7 packets · second (4.10)

H(DP ) = 0.9172− 0.2025 · e−6.9430·10−5·NU (4.11)

For the CP, we measured the mean S
(CP )
0 = 1/λ

(CP )
0 and the standard de-

viation σ
(CP )
0s of the control procedures inter-generation times S

(CP )
0 and

observed that S
(CP )
0 ≈ σ

(CP )
0s . This result suggests that the generation

process of LTE signaling procedures is Poissonian. Then, we computed

the empirical cumulative distribution of the S
(CP )
0 and fitted S

(CP )
0 into

an exponential distribution. As it is shown in Figure 4.11, both curves

are overlapped. Additionally, we performed a Kolmogorov-Smirnov test to

check whether the S
(CP )
0 samples come from an exponential distribution.

The test failed to reject the null hypothesis at the 1% significance level.

The same experiment was conducted for different values of NU and the

73



Integral Framework for Planning the Network Slices of LTE EPC

Figure 4.9. Variance coefficient α and Hurst parameter H measurements versus the
number of users NU for the aggregated DP arrival process.

same result was obtained. Specifically, we swept NU from 100 to 100000.

Consequently, the LTE CP workload generation process, under the as-

sumption that it follows the abstraction described in Section 4.1.2, follows

a Poisson distribution. Then, the aggregated arrival process at CP is fully

characterized by the signaling generation rate.

Finally, following the same procedure to measure λ(DP ), we estimated

the signaling rates per control procedure for different population densities

(see Figure 4.10). It is observed that, unlike the SRs and S1Rs rates

per user, the HOs and TAUs rates per user depends on the population

densities. This fact is due to the increase in the E-UTRAN density (i.e.,

number of eNBs per km2) when the population density increases.

Let λSR, λS1R, λHO, and λTAU be respectively the aggregated generation

rate of the SR, S1R, HO, TAU procedures. For our setup and a given

number of users NU , these rates can be estimated as:

λSR = λS1R = 0.0044 ·NU (4.12)

λHO = 4.2466 · 10−6 ·N2
U/(w · h) + 0.003272 ·NU (4.13)

λTAU = 2.6281 · 10−6 ·N2
U/(w · h) + 0.002025 ·NU (4.14)

And the aggregated signaling procedure generation rate λ(CP ) as

λ(CP ) = λSR + λS1R + λHO + λTAU (4.15)

4.6.2 EPC network slices planning

To gauge the performance of our solution, we considered the scenario

which consists of the rural and urban zones layout and the ECs positions

depicted in Figure 4.8. The assessment metrics are the algorithm run-
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Figure 4.11. CDF of the inter-arrival signaling procedures for a population density of
500 habs/km2.

time, the dimensioning of the network and computational resources, and

the network QoS requirements defined in Section 4.1.3. These metrics

were measured for different population densities. Additionally, we com-

pared our solution with two baseline approaches for the workload parti-

tioning:

• Workload partitioning based on proximity: each eNB is assigned to

the closest EC using Voronoi diagram. This approach is labeled as

“Voronoi" in the figures.

• A fully centralized approach: eNBs are assigned to the same EC.

The chosen EC is the nearest to the largest concentration of users.

This approach is labeled as “Centralized" in the figures.

First, we assessed the computational complexity of our algorithm. Fig-

ure 4.12 shows the runtime of our solution versus the number of eNBs

deployed at each considered population density. We repeated each mea-

surement five times and calculated the average. The dimensioning algo-

rithm (labeled as “Dim. alg.”) and, more specifically, the CP dimensioning

was the heaviest part of the full algorithm in terms of complexity. Thanks

to the limitation of the search space at each iteration, the CP dimension-
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Figure 4.12. Algorithm execution time of the distributed approach.

ing algorithm was able to achieve a linear complexity. The partitioning

algorithm (labeled as “Part. alg.”) took a linear time, as it was expected,

since that in the worst case, it requires I +K iterations to assign all the

eNBs.
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Figure 4.13. PES validation for the vEPC control plane: a) Total number of CP
dedicated CPU instances. b) Mean time to move a UE from IDLE state to
ACTIVE state. c) 95 percentile of the CP workload for the most loaded EC.
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Figure 4.14. PES validation for the vEPC data plane: a) Total number of DP dedicated
CPU instances. b) QoS of the vEPC DP. c) Maximum DP workload for the

most loaded EC.

Second, we analyzed the computational resources estimated by PES as

depicted in Figs. 4.13(a) and 4.14(a). The CP has a higher demand of

computational resources than DP in the considered scenario, though the

throughput demand is three orders of magnitude higher for DP (see Figs.

4.13(c) and 4.14(c)), owing to the fact that the processing of the control

messages is heavier than that one required for a data packet (see Fig-

ure 4.7). It is worth mentioning that the computational resources al-

located to the CP depend quadratically on the population density (see

Figure 4.13(a)). For the reason that the HO and TAU procedures per

user increase proportionally with the density of the RAN, as shown in

(4.13) and (4.14). Moreover, since the MME has the highest visit ratio

(VMME = 2.4196, while VcSGW = 1.3585 and VcPGW = 0.7170), it was

observed that PES allocated most of the CP computational resources to

76



Integral Framework for Planning the Network Slices of LTE EPC

MME entity, followed by cSGW, and so forth. Third, we validated the

proper operation of PES. Figures 4.13(b) and 4.14(b) show the values

of the QoS metrics obtained via simulation for the different population

densities studied. As it can be observed, the target performance metrics

(T (CP )
budget = 25ms, T (DP )

budget = 1ms, and P
(EPC)
budget = 10−6) are always met, thus

validating the proper operation of PES.

Finally, we compared the three approaches to distribute the workload

among the candidate ECs. In general, the Voronoi approach offers the

best performance in terms of delay, see Figs. 4.13(b) and 4.14(b), owing

to its minimization of the propagation delays. Regarding the centralized

approach, it requires the lowest amount of computational resources, see

Figs. 4.13(a) and 4.14(a). That is because it consolidates the workload in a

single EC, which leads to a better resources utilization and facilitates the

statistical multiplexing of the computational resources (i.e., a lower num-

ber of virtualization containers are required as shown in Figure 4.13(a)).

Moreover, the distributed approach (see Algorithm 4) minimizes the

workload imbalances among the candidate ECs as shown in Figs. 4.13(c)

and 4.14(c). In scenarios where the candidate ECs have a limited capacity,

the distributed approach, included in PES, would improve the request ac-

ceptance and infrastructure utilization. It is also appropriate for the pla-

nning of large geographical areas where the centralized approach could

not meet the delay constraints, due to the high propagation delays.

4.7 Coalition game based framework

In this section, we define an efficient approach for the placement of vEPC

VNFs, and sustain QoS while reducing deployment costs. It derives the

optimal number and locations of vEPC virtual instances over the feder-

ated cloud. The proposed algorithm is based on a coalition formation

game, wherein the aim is to build optimal coalitions of CN s to host the

virtual instances of the vEPC elements.

For enabling the VIM functionality, CN s run different virtualization

technologies (e.g., KVM, XEN or Containers) that allow the management

of different virtual resources on top of hardware resources (e.g., Compute,

Storage, Network) [81]. VIM allows the instantiation of different VMs

with different virtual resources using pre-stored VM images. Different

resources in a CN are defined through a set of flavors LCN , whereby each

flavor � ∈ LCN represents the amount of virtual resources (i.e., number of

77



Integral Framework for Planning the Network Slices of LTE EPC

virtual cores - CPU, memory, storage) that would be dedicated to a speci-

fied VM in CN . The Service Instance Manager (SIM) enables the VNFM

to monitor and manage a set of VNFs that belong to different CN s. Mean-

while, the NFVO is responsible for creating and orchestrating all the com-

ponents including VNFs and VNFMs in different CN s. The descriptions of

different components are defined in the Service Instance Descriptor (SID)

that defines the Service Instance Graph (SIG), presented through two cat-

alogues: i) the VNF Catalogue, and ii) the NFV Service Catalogue.

As mentioned before, we consider that the RAN consists of a number

of eNBs, organized in TAs, and that the MME keeps record of the loca-

tions of UEs in idle mode at a TA granularity [82, 83]. As per Release

8 of the 3GPP mobile network specifications, the S1-MME and S1-U in-

terfaces are changed by the S1-Flex interface that allows each TA to be

serviced by multiple MMEs and SGWs within a pool area. The set of TAs,

served by the same MME/SGW node, forms an MME/SGW pool/service

area, respectively.

Formally, an MME pool area is defined as a set of TAs where a UE may

be served without the need to change the serving MME. MME pool areas

may overlap with each other [84]. On the other side, the SGW service area

is also defined as a set of TAs where a UE does need to change its SGW

while moving within the same service area. SGW Service Areas (i.e., SA)

may also overlap with each other. Knowing that the traffic generated by

UEs (i.e., at both control and data plane levels) could be aggregated at

the TA, the first part of the virtual-EPC framework consists in devising

algorithms that compute the optimal number of instances of deployment

for each VNF ϑ (i.e. HSS, MME, SGW or PGW) to handle the expected

mobile traffic. In addition, the algorithms should associate each TA with

its respective MME/SGW pool.

4.7.1 Virtual-EPC mechanism

In this subsection, we present the basic concept of the coalitional game

and the different mechanisms used for instantiating vEPCs. In what fol-

lows, the VNF ϑ of the vEPC will be instantiated, one by one, using the

coalitional game mechanism. Let v(S) denote the characteristic function

of the coalitional game, which is defined as follows:
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v(S) =

⎧⎨
⎩0 If |S| = 0 or QoS is not ensured.

Pϑ − θϑ Otherwise
(4.16)

where Pϑ is the price that the operator is willing to pay for deploying VNF

ϑ, whereas θϑ is the price for deploying ϑ in variant CN s.

4.7.2 Coalitional game for building one vEPC instance

The type of coalitional games we used belongs to the coalition formation

game which aims to form the different coalitions, such that the profit of

the individual players (CN ) is increased. The coalition formation would

be defined according to the gain and the cost from the cooperation. Many

ways are proposed in the literature to share the profit v(S) among the

different players (CN ) in the same coalition S. The shapely value [85] is

used in the literature to fairly share the profit among the different play-

ers. An easy way to share the profit among different players is the use

of an equal-sharing method. Due to the simplicity of its implementation,

this method is widely used in the literature [85]. Additionally, we use the

equal-sharing method to define the payoff of different players in the coali-

tion. However, any other method (i.e., shapely value or nucleolus) can

be also used in our framework with a slight modification. Based on the

above-mentioned remarks, the payoff of each player CN in a coalition S is

defined as follows:

ΠS(CN ) =
v(S)
|S| (4.17)

In what follows, we define the two main rules for the coalition formation

game [86]; the merge and split. We define two comparison relations �m

and �s for the merge and split, respectively. Note that CN s are selfish as

each of them aims to increase its payoff without caring about the other

players. The merge �m and split �s relations are defined as follows:

Cm �m Cs ⇔{(∀S ∈ Cs, ∀CN ∈ S :

ΠCm(CN ) ≥ ΠS(CN ))

∧ (∃S ′ ∈ Cs, ∃CN ∈ S ′ :

ΠCm(CN ) > ΠS′(CN ))} (4.18)
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Cs �s Cm ⇔{∃S ∈ Cs :

(∀CN ∈ S : ΠS(CN ) ≥ ΠCm(CN )∧

∃CN ∈ S : ΠS(CN ) > ΠCm(CN ))} (4.19)

We consider two coalitions S1 and S2, where S1∩S2 = ∅. Based on (4.18),

S1 and S2 would be merged into Sm = {S1,S2} iff the following conditions

are fulfilled:

1. The two following conditions are correct:

(a) ∀CN ∈ S1 : ΠSm(CN ) ≥ ΠS1(CN )

(b) ∀CN ∈ S2 : ΠSm(CN ) ≥ ΠS2(CN )

2. One of the following conditions is correct:

(a) ∃CN ∈ S1 : ΠSm(CN ) > ΠS1(CN )

(b) ∃CN ∈ S2 : ΠSm(CN ) > ΠS2(CN )

The instanceVNF(ϑ,Γ,Φ) function will merge two coalitions S1 and S2

iff, at least, the profit of one player in this coalition will increase, while

the profits of all the other players will remain unaffected. For the split

mechanism, a coalition Sm = {S1,S2} would split into two coalitions S1

and S2, iff the conditions in (4.19) are met. S1 (resp., S2) will split from

Sm, iff at least one player in S1 (resp., S2) enhances its payoff while the

payoffs of the other players in S1 (resp., S2) are not affected. Formally,

Sm = {S1,S2} will split into two coalitions S1 and S2 iff one of the following

conditions are fulfilled:

1. The two following conditions are correct:

(a) ∀CN ∈ S1 : ΠS1(CN ) ≥ ΠSm(CN )

(b) ∃CN ∈ S1 : ΠS1(CN ) > ΠSm(CN )

2. The two following conditions are correct:

(a) ∀CN ∈ S2 : ΠS2(CN ) ≥ ΠSm(CN )
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(b) ∃CN ∈ S2 : ΠS2(CN ) > ΠSm(CN )

The instanceVNF(ϑ,Γ,Φ) function will split any coalition Sm if the above-

mentioned conditions are met. Note that in the split process, the QoS

would be ensured as the players would not accept to split if their profits

are reduced. As stated earlier, only the best coalition from the collection

returned by instanceVNF(ϑ,Γ,Φ) will hold the instances of ϑ. The split

process does not affect the best coalition, as a coalition S would split from

another coalition Sm iff all the profits of its players are not reduced and

at least one of them should increase its payoff. Another important feature

of a coalitional game is stability. In a coalitional game, a collection Ξ is

IDp-stable if no player has the intention to leave its respective coalition.

IDp-stable can be also defined as the set of coalitions in Ξ that do not have

the intention to merge or split any further.

4.7.3 Algorithm description for building one vEPC instance

In this subsection, we explain the instanceVNF(ϑ,Γ,Φ) function that uses

the coalitional game to deploy the instances of ϑ across different CN s. In

this function, we assume that the QoS desired for a TA A can be assured

by every CN . Algorithm 6 is used to explain the general functionality of

instanceVNF(ϑ,Γ,Φ).

The function instanceVNF(ϑ,Γ,Φ) first starts by forming a collection Ξ

by putting every player CN in a separate coalition (Algorithm 6: Line

1). Then, a variable visited is initialized by ∅ (Algorithm 6: Line 2). The

variable visited is used to keep track of every pair of coalitions which was

already visited for the merge. Every visited pair of coalitions will be put in

the set visited. Then, a while loop is executed where the merge and split

processes are executed repetitively until achieving the IDp-stable collec-

tion (Algorithm 6: Lines 3−44). instanceVNF(ϑ,Γ,Φ) computes the values

of v(S) (Algorithm 6: Lines 5− 9). To prevent the redundancy in the com-

putation, the vector Ψ is used to store the values of v(S).
In instanceVNF(ϑ,Γ,Φ), the merge and split processes are executed one

after the other. In other words, only one merge (Algorithm 6: Lines 10−20)

would be executed, and then only one split (Algorithm 6: Lines 21 − 40)

would be executed until achieving the IDp-stable collection. In the merg-

ing process, every pair of coalitions Si and Sj , which are not yet visited, are

tested whether they can be merged or not (Algorithm 6: Line 10). These
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pairs of coalitions are put in the vector visited to prevent redundancy

checks (Algorithm 6: Line 11). To prevent the computation of the function

v(.) twice, the value of v(Si ∪ Sj) will be put in the vector Ψ (Algorithm

6: Lines 12 − 14). If the merging condition ({Si ∪ Sj} �m {{Si} ∪ {Sj}}) is

verified, we merge these coalitions in the same coalition, and then exit the

merging process to execute the split process (Algorithm 6: Lines 15− 19).

Otherwise, another pair of coalitions which was not yet visited, will be

tested. Meanwhile, in the split process, we will consider every coalition S
that has more than one player CN (Algorithm 6: Line 21). We try to split

every two sub-coalitions Si and Sj of S that satisfy the following condi-

tions: i) Si∪Sj = S; ii) Si∩Sj = ∅ (Algorithm 6: Line 23). The partitioning

of the coalition S is done through the partitioning of an integer into two

parts [87]. For example, the coalition {CN 1, CN 2, CN 3} can be presented

with a number 7 (i.e., 111), whereas the coalitions {CN 1, CN 3} and {CN 2}
would be presented with the numbers 5 (i.e., 101) and 2 (i.e., 010), respec-

tively. Enumerating all the possible two sub-coalitions of S that satisfy

the condition in Algorithm 6: Line 23 is equivalent to finding all the two

numbers whereby the sum of these numbers equals to the number that

represents S. Using the same approach, the redundancy in the compu-

tation of v(.) is also prevented in the split process (Algorithm 6: Lines

24− 29). Then, the function instanceVNF(ϑ,Γ,Φ) splits S if it is better for

the collection Ξ (Algorithm 6: Lines 30− 35). If one split succeeds, we exit

the split process and re-initiate the merge process. Note that the variable

stop will be set to false if only one merge or one split is carried out, and

then the algorithm keeps repeating the loop (Algorithm 6: Lines 3 − 44)

until achieving the IDp-stable collection. Then, no further merge or split

processes will be carried out. Later, for the VNF ϑ, the coalition C is se-

lected from the collection Ξ that has the highest payoff value. Then, the

VNF ϑ will be instantiated in C.

4.7.4 Performance evaluation

We evaluate the performance of the proposed scheme to instantiate vEPC

instances over a federated cloud of CN s. The proposed algorithm is eval-

uated in terms of the following metrics:

• Payoff of individual CN : is defined as the average value of individ-

ual payoffs for each player in the selected coalitions of different in-

stances of each VNF ϑ;
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Figure 4.15. Performance evaluation of the proposed virtual-EPC scheme for a varying
number of TAs.

• Number of merge and split: is defined as the average number of merge

and split operations needed to deploy each VNF ϑ. This metric shows

the complexity of the underlying scheme virtual-EPC;

• Number of CN s in the selected coalition: is defined as the average

number of players in the selected coalition for each instance of each

VNF ϑ.

The algorithms are evaluated using the python programming language

and an extended package for graph theory called networkx [88]. We imple-

ment the proposed virtual-EPC scheme using IBM ILOG CPLEX version

12.6.1, using the branch-and-bound method to solve the optimization prob-

lems. We used historical data from a real-life mobile operator network to

evaluate the different solutions; i.e., the different events generated in the

network, such as the attach or detach operation of a UE, the executed

procedure and the number of generated messages. In the simulation re-

sults, each plotted point represents the average of 10 executions. The plots

are presented with 95% confidence interval. The different algorithms are

evaluated by varying the number of TAs and the number of CN s. We con-

duct two sets of experiments. Firstly, we vary the number of TAs and fix

the number of CN s to 15. In the second scenario, we vary the number of
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CN s while fixing the number of TAs to 50. The value of P – the price that

a vEPC operator is willing to pay – is set proportional to the number of

TAs in the network.

Figure 4.15 shows the performance of the proposed solution for a vary-

ing number of TAs. Figure 4.15(a) depicts the impact of the number of

TAs on individual payoffs of each CN . We clearly observe that an increase

in the number of TAs has a positive impact on the individual payoffs. For

100 TAs, the proposed virtual-EPC solution achieves an individual payoff

of 140000. Indeed, the proposed virtual-EPC solution succeeds in forming

the optimal coalition for each instance among all the players CN s, which

reduces the cost, hence increasing the profit of each player in the selected

coalition. In Figure 4.15(b), we notice that the number of involved CN s

increases proportionally with the number of TAs in the network; from

which we conclude that the proposed virtual-EPC solution uses the aver-

age number of CN s to form vEPC instances. On the other hand, we ob-

serve from Figure 4.15(c) that the number of merge and split operations

in the proposed solution does not exceed 20. This means that the proposed

solution converges to the optimal solution within reasonable time. From

this figure, we also observe that the number of TAs has a negative impact

on the number of merge and split operations.
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Figure 4.16. Performance evaluation of virtual-EPC for varying numbers of CN s.
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Figure 4.16 depicts the performance of the virtual-EPC for varying num-

bers of players CN s. In Figure 4.16(a), we illustrate the evaluation of the

individual payoff of each CN . From this figure, we remark that an in-

crease in the number of players has a positive impact on the individual

payoff of each player in the selected coalitions formed by the proposed so-

lution. The proposed virtual-EPC solution selects the coalitions in an effi-

cient way, such that the profit of the players is increased as much as pos-

sible. Figure 4.16(b) shows that the number of CN s in the selected coali-

tions increases proportionally with the number of CN s in the network.

The higher the number of CN s in the network is, the higher the likelihood

to select them in the best coalition becomes. Figure 4.16(c) shows that the

number of merge and split operations in the proposed solution increases

proportionally with the number of players CN s. An increase in the num-

ber of players leads to an increase in the number of possible combinations,

which intuitively has a negative impact on the number of merge and split

operations. Finally, we observe from this figure that the number of merge

and split operations still does not exceed 25; meaning that the proposed

solution would converge to the optimal solution within reasonable time.
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In this chapter, we will summarize our main contributions, and discuss

the main challenges and requirements behind the design of the virtual

network slice planning framework. In this vein, we will highlight pending

challenges, and suggest future venues of research.

5.1 Discussion

The key concepts of this dissertation were evolving around the design of

an integral solution for planning the network slices of the LTE EPC and

the efficient placement of VNFs. This placement must cope with the non-

uniform distribution of service requests, predictability of users’ behavior

in consuming services, and the objectives of improving the cost and QoS.

Since the data on users’ activity and the compound traffic is quasi-

inexistent, a simulation framework is needed to provide the realistic sim-

ulation of MBB usage, mobility of users, interchangeably UEs, their ser-

vice usage and behavior, while considering the deployment of ECs and the

underlying architecture requirements.

The design and development of such solutions require overcoming many

challenges. The initial challenge may concern finding the suitable math-

ematical models that shall mimic the realistic mobility of users. This re-

quires the modeling of their destinations, depending on popular places

such as, universities, shopping malls, etc., their means of transportation,

whether they are walking or driving for instance, and how the latter im-

pacts their speed and itinerary. Also, their remains the need to track and

record their mobility without impacting the complexity of the simulator.

In addition, to mimic each user’s service usage, many challenges may

be entailed such as i) what types of services are adopted by users, ii)

how often and in which way (e.g., session lengths, requests inter-arrival,
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etc.) and iii) how to select a specific service, rather than another, and

perform the delivery of the needed activity within the selected service.

Meanwhile, a proper deployment of ECs, eNBs, TAs, and the needed vir-

tual resources, must be taken into consideration. Indeed, in the emerging

5G environment, whereby mobile services are, mostly, hosted in the cloud,

and demands for these services are constantly varying, the evaluation

of resource management policies in the cloud is very challenging, espe-

cially, when it involves other parameters, such as differing configurations

of physical resources, different software stacks, users’ profiles, their con-

stantly changing preferences, and QoS requirements. To efficiently provi-

sion and manage such cloud resources, its simulated components (i.e., EC,

eNB, TA, TAU, Handoff operations, etc.) must, not only, reflect the reality,

but at the same time, follow a standard that will allow it to be reusable

by VNFP solutions.

Leveraging on the solutions to these challenges comes the main chal-

lenge of identifying the main elements that disrupt the efficient place-

ment of VNFs, namely the nonuniform nature of service generation in EC

environments, the predictability of users’ service consumption, and the

means to find a fair trade-off of end-user and service provider objectives.

Furthermore, another challenge lies in characterizing the LTE signaling

and data traffic workload, designing accurate and detailed models to pre-

dict the performance of the LTE networks, and formulating the joint opti-

mization problem of resources dimensioning and vEPC embedding.

This dissertation was developed to seek answers to these challenges in

order to offer a complete framework destined to the optimal placement

of virtual resources, and propose an efficient tool for the evaluation and

benchmarking of VNFP solutions. Different chapters of the dissertation

have contributed to the current state of knowledge about the planning

of network slices of the LTE EPC, the placement of VNFs, and network

simulation, with the following achievements.

Chapter 2 introduced the main works on the placement of virtual re-

sources and virtual network functions. It discussed the enabling tech-

nologies for network slice composition algorithms namely, NFV and SDN,

and also highlighted the potential of network slicing to accommodate sev-

eral 5G use-cases. It introduced and defined the main vision of our inte-

gral framework, which will benefit the academic and industrial research

community, as well as service providers (i.e., Cloud SPs and network op-

erators).
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In order to address the challenges and envisaged specifications of such a

framework, Section 3.1 delineated the main modules and respective math-

ematical models, behind the NSP. NSP is a simulation framework that

relies on three key modules; Service Consumption Module, User Mobility

Module, and Edge Cloud Module. These modules permit providing a de-

tailed set of collected data on the usage of social networks, video stream-

ing, and instant messaging by driving, walking, and biking users, taking

into account their preferred hotspots, and reflecting the actual state of

knowledge on the usage of mobile services. Moreover, many events are

tracked and logged, during the mobility of users, from the network-setting

perspective namely, Handoffs operations, TAU, Attach/Detach events, and

naturally the service requests themselves.

Relying on the data provided by the NSP, several baseline VNFP algo-

rithms were evaluated, and novel solutions were proposed in Section 3.2

and Section 3.3 in order to cope with the aforementioned issues.

Firstly, we developed an advanced predictive algorithm and compared

its performance against other reactive and predictive placement algorithms.

Our scheme relies on traces from previous chunks of time and makes the

placement decision based on a calculated score. The score function relies

on the observed data used, the connected UEs and the load of particular

regions; regions wherein a placement decision has to be made for a given

ECk. Hence, the APPA scheme calculates the number of VMs created for

ECk, during the given time window, and over the region where the VM

placement decision has to be made. Also, the APPA scheme calculates the

delay induced between the given ECk and connected UE. The best score

determines where the needed VM shall be placed.

Secondly, as it was observed that the data in hand must overcome the

non-uniform barrier of service distribution, the conformal mapping had

proven to be the most suitable solution to cope with this challenge. Due

to the dynamic and constantly changing characteristics of mobile edge

clouds, the analysis of service usage and VM deployment is carried out

in the canonical domain, using Schwartz-Christoffel conformal mapping.

The transformation functions of such mapping helped to obtain a uni-

form distribution of service consumption over a specific geographical area,

thus ushering efficient ways to quantify and define the needed virtual re-

sources in ECs to meet the needs of users’ service consumption. Our ini-

tial modeling gave satisfying results and showed the interesting features

of the usage of conformal mapping, as it enhanced the end-to-end delay
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and reduced the total number of activated VMs.

Finally, a new framework for building virtual core network slices as a

service was presented in Chapter 4. This framework consists of: i) an

abstraction of the LTE workload generation process, ii) an enhanced ver-

sion of NSP leveraging on the capabilities of NS3, iii) a compound traf-

fic model, vi) performance models of the whole LTE network, and v) an

algorithm to jointly perform the resource dimensioning and network em-

bedding. Our results show that the aggregated signaling generation is

a Poisson process and the data traffic exhibits self-similarity and long-

range-dependence features. The proposed performance models for the

LTE network rely on these results. We formulated the joint optimization

problem of resources dimensioning and embedding of a virtualized EPC

and propose a heuristic to solve it. By using an enhanced version of NSP;

incorporating a system-level LTE network simulator based on NS3, we

validated the proper operation of our solution. In addition, we developed

a solution for the placement of VNFs of the virtual EPC/5G Core in an

efficient way over a federated CN . To achieve that, two algorithms were

proposed. The first one uses MILP to devise the optimal number of virtual

resource instances of the different VNFs of the vEPC/5G Core that should

be deployed in the network. The second algorithm uses a coalitional game

to place these instances across different CN s, such that the QoS is ensured

and the profit of each CN is maximized. The obtained results clearly indi-

cate the advantages of the proposed algorithms in ensuring QoS given a

fixed cost for vEPC/5G Core deployment, while maximizing the profits of

cloud operators.

5.2 Conclusion

The research presented in this dissertation aimed to advance the current

state of knowledge about the network slices planning of the LTE EPC,

tailored for the eMBB use case, and the efficient placement of virtual

resources (i.e., VNFP and VMP). Thus, the dissertation developed ac-

ceptable answers to the following research questions, concerning 1) the

efficient deployment of the needed virtual resources, in order to satisfy

service requests, in a QoS-aware and time-efficient manner, 2) the speci-

ficities of a comprehensive user-centric simulator for the delivery of MBB

services 3) means to predict the needed virtual resources in given areas,

based on previous service consumption patterns, 4) cope with the com-
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plex and non-uniform distribution of service requests, and 5) deriving and

placing the optimal set of vEPC/5G virtual instances needed to meet the

requirements of a specific mobile traffic, within an integral slice planning

framework of the EPC.

To answer the first research question, Chapter 2 introduced the main

concepts behind network slicing; tailoring the network to fulfill the needs

of both service providers and end users. It also showcased the relevant

research works carried out in the placement of VNFs and VMs, their map-

ping, requirements, and use-cases, and defined the main vision of our in-

tegral framework. The facilitation of designing our proposed approaches,

and developing the NSP relies on Publication I; an extensive survey on the

placement of virtual resources and virtual network functions, and Publi-

cation VIII; a survey that is particularly centered on the traffic steering

for SFC.

Chapter 3 depicted the architecture of NSP and the VNFP solutions

based on prediction and Schwartz-Christoffel conformal mapping. Sec-

tion 3.1 answered the second research question by defining the NSP ar-

chitecture composed of three key modules: i) Service Consumption Mod-

ule: responsible for the generation of the needed service sessions and re-

quests, related to social networks, video streaming, and instant messag-

ing, ii) User Mobility Module: responsible for defining the mobility char-

acteristics of real users, when moving in particular areas, and providing

positions, speed, means of transportation, and destinations (i.e., hotspot-

based), and iii) Edge Cloud Module: responsible for managing the net-

work settings of the VM flavors configuration, eNBs and ECs positions,

range, bandwidth, etc.

Sections 3.2 and 3.3 answered the third and fourth research questions,

respectively. It proposed two VNFP solutions: APPA and CDSP-F. The

APPA scheme bases the choice of needed VMs on a calculated score for

the ECs wherein placement decisions need to be made, fulfilling the re-

quirements of UEs. The score takes into consideration the delay, data

used, connected UEs, and the load of each EC. The priority to have a VM

placed is then given to the EC with the best score. The APPA scheme has

shown better results, against the performance of several VNFP strate-

gies, in terms of QoS (i.e., delay and distance costs), data overload and

VM overload. Section 3.3 proposed CDSP-F as an answer to the fourth re-

search question. CDSP-F applied the proposed analysis of service usage

and network functions’ deployment in the canonical domain, and ensured
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a uniform distribution, by means of Schwartz-Christoffel conformal map-

pings, of the signaling messages generated in the vicinity of ECs, which

permits deciding the placement location of the needed VMs. CDSP-F also

applied the inverse transformation functions to map their positions in the

physical domain. Finally, by applying the Voronoi Diagram, the virtual

resources are assigned to their respective ECs. CDSP-F gave satisfying

results and showed the interesting features of using the conformal map-

ping, by reducing the end-to-end delay and the number of activated VMs,

in comparison to baseline algorithms. Also, the transformation functions

of such mapping ushered efficient ways to quantify and define the needed

virtual resources in an EC environment, particularly to fulfill the service

requirements of UEs.

To answer the last research question, we proposed in Chapter 4 an inte-

gral solution for planning the network slices of the LTE EPC. We charac-

terized stochastically the LTE signaling and data traffic workload, incor-

porated an enhanced version of NSP, and formulated the joint optimiza-

tion problem of resources dimensioning and vEPC embedding for a set of

candidate ECs. Using this framework, a heuristic for planning the vEPC

was proposed, dubbed PES.

Regarding the LTE workload characterization, we described an abstrac-

tion for the workload generation process and designed a compound traffic

model which includes the most representative services in current LTE

networks. We enhanced the NSP simulation tool by including the pro-

posed compound traffic model and generated synthetic signaling and data

LTE traces. From these traces, a stochastic characterization of the ag-

gregated arrival processes at LTE CP and DP has been carried out. The

results show that the aggregated signaling generation process is roughly

Poissonian and the DP workload exhibits self-similarity and long-range

dependence features. Based on the workload characterization results, we

modeled the vEPC DP as a queue fed by a fBm process and the LTE CP

as a network of queues following a similar technique to the one proposed

in [71].

The planning of the EPC network slices has been formulated as a multi-

objective optimization problem that minimizes the workload imbalances

among a set of candidate ECs, and maximizes the resources utilization

and the end user QoE, while ensuring a set of QoS requirements. These

requirements follow the 3GPP LTE specs. Finally, a system-level LTE

network simulator was developed to validate the proper operation of PES
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and was compared with other baseline approaches to perform the vEPC

embedding.

In the same context, the virtual-EPC solution based on coalitional for-

mation game was proposed. The solution named virtual-EPC scheme

places the VNFs of virtual EPC/5G Core in an efficient way over a feder-

ated CN . Within the framework, two algorithms were proposed. The first

algorithm uses MILP to devise the optimal number of virtual resource in-

stances of the different VNFs of the vEPC/5G Core to be deployed in the

network. The second algorithm uses a coalitional game to place these in-

stances across different CN s, such that the QoS is ensured and the profit

of each CN is maximized. The obtained results confirmed the efficiency of

the proposed framework in achieving its key design objectives.

5.3 Future research

Network slicing is gaining much momentum as it is expected to be the

key enabling technology for 5G (and beyond) networks. It is expected that

data about users’ service consumption will be much needed in the deci-

sion making of resources deployment, both for service providers and re-

searchers. However, the acquisition of such sensitive data is challenging

and poses privacy issues. This dissertation has proposed a new framework

tool that will permit the simulation of user behavior, in terms of mobility

and service consumption, in any geographical area. Although, the follow-

ing challenges for future research should be highlighted. An important

challenge relates to the consideration of many factors that can affect the

connection among the network components namely, ECs and eNBs, and

with the end user. For instance, incidents, signal disturbance, dysfunction

of connected devices, machine failure, air interference, out of range users,

and so on and so forth, must be properly modeled to mirror real use-cases.

Indeed, several lab-based simulations lack realistic data and means to

mimic the important workload, dependencies, and conditions which could

permit the proposal of efficient policies and solutions for the provisioning,

placement, recovery and maintenance of virtual resources. One exam-

ple is Verizon. In collaboration with Red Hat and Big Switch, Verizon

was able to successfully deploy large-scale network functions [89]. How-

ever, the director of NFV planning at Verizon mentioned that they had to

face many challenges with “one size does not fit all for all NFV workload

connectivity" being the main issue, along with the need for high avail-
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ability, scale testing, and data about the needed services. Moreover, in

the NSP, we considered that users browse one service session at a time,

while in reality, they can use many services simultaneously. Addition-

ally, in this dissertation we considered only the case of mobile broadband

usage. However, many other services exist such as, UAVs, IoT, driveless

cars, smart home appliances, etc. Therefore, efficient methods and math-

ematical models would successfully enrich the simulation experience and

provide a more complete set of data.

Furthermore, We believe that there is still need for more sophisticated

VNFP strategies that could leverage on the capabilities of the proposed

integral framework. For instance, we can start by merging the uniformity

permitted by the conformal mapping and the prediction, enabled by ad-

vanced machine-learning techniques. Also, these placement algorithms

can be personalized to optimize the requirements and metrics of specific

VNFs, in large-scale experimentation setups.

Beyond the initial placement of VNFs, significant network slicing issues

are yet to be addressed. The first point pertains to the life-cycle manage-

ment of network slices. In the era of Industry 4.0, the dynamic allocation

of resources within a slice and across several slices, their adaptation to

the vertical needs, along with the real-time optimization of slice opera-

tion, urged for considering the automation of network slice life-cycle man-

agement, and the emergence of the “Zero-touch End-to-end management

and orchestration of network slicing" [90]. In this regard, the following

aspects must be tackled:

• The diversity of network characteristics for each network slice [91];

• The complicated structure of the underlying network infrastructure;

• The high frequency of needed re-allocations for network functions to

meet the needs of network slices;

• The complexity of analysing slice users’ and verticals’ requirements;

• Monitoring and scaling up/down of network resources to not only

meet these needs but also to improve the network performance.

Recently, ZTE launched their Carrier DevOps Builder (CDP) for enabling

the automatic end-to-end slice orchestration and management [92]. The

main features of CDP include a user-friendly graphical interface for slice

management, E2E orchestration with minute-level launch, and an AI-

driven orchestration system.
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The second point, which also relates to the aforementioned challenge,

amounts to the security and isolation properties of slices. Several threats

can be enumerated in this context; within the logical centralization pro-

vided by the SDN-NFV, there is an increased risk of capturing the entire

network, illegal monitoring, intrusion, vulnerabilities raised by the in-

teraction of multi-vendors software, software unreliability management,

dependent failures, etc.

The last point puts emphasis on the requirements to improve the in-

teractions of NFV orchestration and SDN-enabled control. Indeed, NFV

and SDN are two of the most important enabling technologies that will

constitute the keystone for 5G systems [93]. However, mainly in multi-

administrative-domain setups, more work is needed in the following as-

pects [94]:

• Continuous and dynamic adaptation to different evolving workloads

and services.

• Impact of network malfunctioning in critical use-cases, and preven-

tion of management and orchestration failures.

• Logical fault tolerance mechanisms.

• Provision of compound services resulting from the cooperation of

multiple vector markets, and utilization of common physical infras-

tructures.

• Management and orchestration complexity.
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