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Fifth generation (5G) Vehicular Cloud Computing (VCC) systems use heterogeneous network access
technologies to fulfill the requirements of modern services. Multiple services with different Quality of
Service (QoS) constraints could be available in each vehicle, while at the same time, user requirements
and provider policies must be addressed. Therefore, the design of efficient Vertical Handover (VHO)
management schemes for 5G-VCC infrastructures is needed. In this paper, a novel VHO management
scheme for 5G-VCC systems is proposed. Whenever the user satisfaction grade becomes less than a
predefined threshold, VHO is initiated and network selection is performed, considering the velocity of
the vehicle, network characteristic criteria such as throughput, delay, jitter and packet loss, as well
as provider policy criteria such as service reliability, security and price. The proposed scheme uses
linguistic values for VHO criteria attributes represented by Interval Valued Pentagonal Fuzzy Numbers
(IVPENs) to express the information using membership intervals. The VHO scheme is applied to a 5G-
VCC system which includes 3GPP Long Term Evolution (LTE) and IEEE 802.16 Worldwide Interoperability
for Microwave Access (WiMAX) Macrocells and Femtocells, as well as IEEE 802.11p Wireless Access for
Vehicular Environment (WAVE) Road Side Units (RSUs). Performance evaluation shows that the suggested
method ensures the Always Best Connection (ABC) principle, while at the same time outperforms existing
VHO management schemes.
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To support the communication needs of vehicular users, dense
deployments of 5G networks are applied, called also Ultra Dense

1. Introduction

It is widely agreed that Cloud Computing (CC) [1] and Software
Defined Networking (SDN) [2-4] are the key enabling technologies
for the fifth generation (5G) [5] networks. In addition, Vehicular
Cloud Computing (VCC) which combines the operating principles
of both Vehicular Networks and Cloud computing has emerged
widely, inducing the evolution of the 5G approach. In a typical
VCC system, vehicles are equipped with On-Board Units (OBUs)
with computational, storage and communication resources. Vehi-
cles communicate with each other as well as with Road Side Units
(RSUs). Also, each RSU interacts with a Cloud infrastructure which
offers a variety of modern services with strict Quality of Service
(QoS) requirements. Vehicles such as cars, motorcycles, buses and
trains provide a wide variety of cloud services to their passengers.
Each vehicle could serve many passengers with different services
and various requirements.
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Networks (UDN) [6]. UDNs aim at the support of high data rates
produced by an increased number of vehicular users. Accordingly,
a large number of small cells, such as Femtocells, is deployed in-
side the network coverage area in order to increase the overall
capacity of the access network [7][8]. In addition, heterogeneous
network access technologies, such as 3GPP Long Term Evolution
Advanced (LTE-A) [9] or IEEE 802.16 Worldwide Interoperability for
Microwave Access (WiMAX) [10] Macrocells and Femtocells as well
as IEEE 802.11p Wireless Access for Vehicular Environment (WAVE)
[11] RSUs, are used for the interaction between the vehicles and
the Cloud infrastructure.

The 5G architecture could be improved by applying the operat-
ing principles of Mobile Edge Computing (MEC) [12-17], resulting
to the creation of a Fog infrastructure at the edge of the network.
Specifically, LTE and WiMAX Base Stations (BSs), as well as WAVE
RSUs are equipped with additional computational and storage re-
sources and thus they are called micro-datacenter BSs (md-BSs)
and micro-datacenter RSUs (md-RSUs), respectively. Vehicular ser-
vices are provided directly from the access network. Thus, the
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durability and the response latency of the services are improved,
compared with the traditional centralized cloud server approach.

Vehicular users should always obtain connectivity to the most
appropriate network access technology, according to the require-
ments of their services, as well as the operators’ policies. This situ-
ation could be considered as a Multiple Attribute Decision Making
(MADM) problem, due to the high number of parameters that must
be considered, including Signal to Noise plus Interference Ratio
(SINR), throughput, delay, jitter, packet loss ratio, network relia-
bility and price. Therefore, the design of efficient MADM Vertical
Handover (VHO) [18] management schemes is required, to pro-
vide service continuity and ensure Quality of Service (QoS). Fur-
thermore, network operators use Anything as a Service (ANYaaS)
[19] in order to deploy and orchestrate network management al-
gorithms and services using a Cloud infrastructure. Specifically, the
Mobility Management as a Service (MMaaS) [20] [21] subcategory
of ANYaaS, could be applied to accomplish VHO operations by the
Cloud infrastructure. MMaaS allows the creation of a Mobility In-
stance (MI) for each vehicular user, which could be considered
as a mobility management service that interacts with the user
and manipulates his mobility. In this way, the user equipment
resources will have decreased workload and consume reduced en-
ergy.

This paper describes a novel VHO management scheme for 5G-
VCC systems. During the entire vehicle movement its velocity is
monitored and is characterized as Normal, Medium or High. When-
ever the user satisfaction grade becomes less than a predefined
threshold, network selection is executed, while the mobility state
of each vehicle is considered to select the set of possible alterna-
tive networks. Specifically, if the vehicle velocity is Normal, the ve-
hicle considers all the available networks as alternatives, including
both Macrocells and Femtocells. If the vehicle velocity is Medium,
the vehicle skips some Femtocells along its trajectory, to reduce
the handover rate. Finally, if the vehicle velocity is High, only
Macrocells are considered as alternatives. Thereafter, the vehicle
handovers to the most appropriate network, considering network
characteristic criteria such as throughput, delay, jitter and packet
loss, as well as provider policy criteria such as service reliability,
security and price.

The proposed approach includes the following characteristics:

e Considers the velocity of each vehicle, to avoid unnecessary
handovers to Femtocells, since a vehicle moving with high ve-
locity will remain for a limited time inside their range.

e VHO is initiated considering not only the Signal to Noise plus
Interference (SINR) but also the user satisfaction, since users
with good SINR may not be satisfied from the QoS of their
current networks.

e Allows complex relationships using a network model of de-
pendencies, including network QoS and policy characteristics,
by applying the Pentagonal Fuzzy ANP (PF-ANP) method.

e Imprecise information of performance selection criteria for dif-
ferent application types and users’ SLAs is expressed using
linguistic values and interval valued fuzzy numbers.

e Network selection is performed by considering contradictory
selection criteria to promote the provision of high quality ser-
vices, while at the same time satisfies different types of vehi-
cles SLAs. This is achieved through a fuzzy version of TOPSIS,
the Pentagonal interval-valued Fuzzy TOPSIS (PFT), introduced
in this study. PFT also supports the case of having multiple ser-
vices of different QoS constraints running simultaneously on a
terminal, achieving the fulfillment of multiple criteria per user.

e VHO management services including VHO initiation and net-
work selection are performed at the Cloud or at the network
edge to reduce the processing load at the vehicle.

The remainder of the paper is as follows: In section 2 the re-
lated research literature is revised, while section 3 presents the
methods followed in our study including the Pentagonal Fuzzy An-
alytic Network Process (PF-ANP), the Mamdani Pentagonal Fuzzy
Inference System (MPFIS) and the Pentagonal Fuzzy TOPSIS (PFT).
Section 4 describes the proposed scheme while section 5 presents
the simulation setup and the evaluation results. Finally, section 6
concludes the discussed work.

2. Related work

Several VHO management algorithms for heterogeneous access
network environments have been proposed in the literature, defin-
ing methods for both VHO initiation and network selection ma-
nipulation. VHO initiation methods decide when a VHO must be
performed, while network selection methods decide the new ac-
cess network that the user should be connected to, so that the
continuity of his services is ensured.

In general, during the VHO initiation, the value of a network
parameter (or a set of parameters) is monitored. If the monitored
value drops below a threshold, then VHO should be performed.
Several parameters have been proposed in the research literature
to be considered for the VHO initiation.

The Received Signal Strength (RSS) is the most common pa-
rameter. Several studies [22-25] propose RSS-based VHO initiation
methods, since the RSS parameter is easy to be measured, while at
the same time it is directly relevant to the service quality.

Signal to Noise plus Interference (SINR) based VHO initiation
methods [26][27] have also been proposed. Such methods usually
succeed better results than the simple RSS based methods, since
they consider the signal interference and noise levels along with
the signal strength, resulting to an improved estimation of the
quality of the received signal.

Additionally, several schemes consider the network load, as well
as QoS aware criteria such as throughput, delay and packet loss,
as main VHO initiation parameters. Indicatively, in [28] the au-
thors propose a VHO initiation scheme for LTE networks, which
include both Macrocells and Femtocells. A load-aware algorithm is
described, which determines two handover thresholds, namely the
yt’,‘;’ and the ytﬁ, for Macrocells and Femtocells, respectively. Both
thresholds are evaluated, considering the Reference Signal Received
Power (RSRP) threshold defined in LTE [9], as well as network load
information. Accordingly, when the RSRP drops below the corre-
sponding ¥, threshold, a Time-to-Trigger (TTT) timer is activated,
which is initialized to a certain value T, considering parameters
such as the cell transmission power, the distances between the
available cells, the path loss, the carrier frequency, the network
traffic load and the user velocity. During the countdown, if the
RSRP returns above the corresponding ¥4, threshold, the timer is
deactivated. Otherwise, when the timer becomes equal to zero, the
handover is initiated and the user is transferred to the network
with the highest RSRP.

In [29] a handover initiation mechanism is proposed, consider-
ing the scenario where both WiFi and WiMAX networks coexist. A
network loads aware algorithm distributes the traffic load to WiFi
and WiMAX networks considering the available bandwidth of each
network. Each user has a set of services with strict QoS constraints.
If the observed QoS drops below a threshold, a handover policy in-
structs the users to perform handover.

Several studies concentrate on the network selection part of the
VHO management procedure. Current network selection schemes
proposed in the literature employ MADM, fuzzy logic, neural net-
works and utility functions. MADM methods select the best al-
ternative among candidate networks given a set of criteria with
different importance weights. Specifically, MADM algorithms are
able to evaluate criteria of different value ranges, sometimes even
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contradictory, using multi-criteria analysis. Widely used methods
include Analytic hierarchy process (AHP) [30] and Analytic network
process (ANP) [31], Technique for order preference by similarity to
ideal solution (TOPSIS) [30][32], Simple additive weighting (SAW)
[30], Multiplicative exponent weighting (MEW) [30], Gray rela-
tional analysis (GRA) [30], Distance to ideal alternative (DIA) [30]
and Weighted Product Method (WPM) [33].

Some network selection schemes make use of utility/cost func-
tions to provide performance metrics for different types of criteria.
In [34] two utility functions are used for network selection, one for
the user and one for the network. The user utility function con-
siders user related parameters such as the user preferences, his
moving velocity and his monetary budget. Accordingly, the net-
work utility function considers network related parameters, such
as the network load, the price and the network QoS which is esti-
mated using the TOPSIS method. In [35] a set of utility functions is
used to quantify selection criteria including the RSS, battery power,
average throughput, network delay, monetary cost and application
type. The relative weights of criteria are calculated according to
the AHP method. Consequently, the candidate networks are ranked
using the WPM method. In [36] the concepts of fuzzy logic, neu-
ral network and utility functions are combined to perform net-
work selection. The proposed method makes use of a fuzzy neural
network which obtains network, user and terminal related input
criteria and evaluates the performance of each access network.
Attributes of criteria are defined through utility functions and pro-
cessed through the fuzzification, interference and defuzzification
layers of the neural network.

Generally, there is a rate of uncertainty in characterizing net-
work performance measurements as well as rates of influence of
performance metrics. Therefore, Fuzzy MADM (FMADM) methods
have received the interest of many researchers in decision the-
ory. In particular, several FMADM network selection methods are
suggested utilizing linguistic variables, triangular fuzzy numbers,
trapezoidal fuzzy numbers etc., to model network attributes and
their respective weights. Such methods include the Fuzzy AHP-
TOPSIS (FAT) [37], the Fuzzy AHP-SAW (FAS) [37], the Fuzzy AHP
Mew (FAM) [37], as well as the Fuzzy AHP-ELECTRE (FAE) [38].

In [22] a two-phase VHO management algorithm is proposed.
Initially, the RSS-based handover initiation mechanism is applied.
Then, during the second phase, a triangular fuzzy MADM algo-
rithm that considers parameters such as the RSS, the delay, the
network load and the battery utilization is used. Additionally, in
[23] a VHO management method is proposed, while a heteroge-
neous network environment that is consisted of LTE and WiMAX
networks is considered. Firstly, the simple RSS based method is
used for the network initiation. Thereafter, a triangular fuzzy ver-
sion of the TOPSIS method is proposed for the network selection.
Network parameters such as the offered data rate and the delay
are considered during the network selection process.

Several studies are introduced for the aim of supporting VHO
management in vehicular environments.

In [39] a VHO management scheme for vehicular networks is
proposed. The authors define two network interface types, namely
the IEEE 802.11p network access technology which is considered
as the primary interface, while the 3GPP LTE is considered as the
secondary. By default, a vehicle is connected to the primary in-
terface. Initially, a QoS aware VHO initiation algorithm is applied,
which instructs the vehicle to perform handover to the secondary
interface in case the observed packet loss of the provided services
exceeds a maximum acceptable threshold. Thereafter, a timer is
activated specifying the time interval that the user remains con-
nected to secondary interface. When the timer expires and the
estimated packet loss ratio of the primary interface is lower than
the maximum acceptable threshold, the vehicle performs handover
back to the primary interface.

Some velocity-aware VHO management schemes consider the
users mobility state as a key factor for the VHO initiation phase.
The authors of [40] statistically analyze the mobility state of a
user considering Femtocells density, as well as user’s handover
count measured in a sliding time window, to characterize user’s
mobility as Low, Medium or High. The authors evaluate the accu-
racy of their method considering a network topology with several
small cells and variable user velocities. Simulation results showed
that the mobility state estimation is enhanced when more Fem-
tocells are deployed. The proposed method could be used for the
design of mobility aware VHO management schemes. Indicatively,
in [41], the Velocity Aware Handover (VAH) VHO management
scheme is proposed. The authors define two network tiers, namely
the tier-1 consisted by Macrocells and the tier-2 consisted by Fem-
tocells. Four vertical handover strategies are considered, including
the Best Connected (BC), the Femto Skipping (FS), the Femto Disre-
gard (FD) and the Macro Skipping (MS). The BC strategy is applied
to static users and users with Low mobility, while both Macrocells
and Femtocells are considered as alternatives. The user connects
to a Macrocell if Py - By -R;" > Py - By - R," is satisfied, or to
the nearest Femtocell if P1-By-R," < P,-By-R," is satisfied,
where P is the transmission power, B is the bias factor, R is the
user distance and 7 is the pathloss exponent for each tier. The
FS strategy considers users with Medium mobility and the Fem-
tocells alternatives are skipped to reduce the handover rate, when
P1-Bq- R;" <Py -By- R;”. In the FD strategy, which is applied
to users with High mobility, the user always skips the available
Femtocells and connects only to the available Macrocells. Finally,
in the MS strategy, for users with extremely High mobility, the
user skips the entire Femtocells as well as some of the Macro-
cells.

3. Preliminaries

The proposed VHO management scheme uses Interval Valued
Pentagonal Fuzzy Numbers (IVPFN) for the representation of both
VHO Initiation and Network Selection criteria values. IVPFNs are
created using the Equalized Universe Method (EUM), which pro-
vides a well-defined way for the distribution of the IVPFNs inside
a predefined domain. Additionally, the Pentagonal Fuzzy Analytic
Network Process (PF-ANP) is used for the estimation of the criteria
weights for both VHO Initiation and Network Selection.

During the VHO Initiation, the Mamdani Pentagonal Fuzzy
Inference System (MPFIS) decides when a VHO must be initi-
ated. Additionally, during the Network Selection, the Pentagonal
Fuzzy TOPSIS (PFT) selects the most appropriate network accord-
ing to vehicle’s velocity, vehicular user service constraints and
SLA.

In the following section, each one of the aforementioned meth-
ods is analyzed, while the design of the proposed VHO manage-
ment scheme is presented in Section 4.

3.1. The Interval-Valued Pentagonal Fuzzy Numbers (IVPFN)

The concept of fuzzy logic was introduced in [42] and is used
to make a decision from indeterminate and approximate infor-
mation. A fuzzy number is represented by a set of real values
representing an uncertain quantity and a convex normalized con-
tinuous function which estimates the degree of membership for
each value in the subset. Triangular, trapezoidal or pentagonal
fuzzy numbers are frequently used to represent uncertain infor-
mation. A pentagonal fuzzy number can be defined as a vector
X=(X1,X2,X3,X4,X5, V3, Viqs Vip) with membership function:
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X2 X3 !

N X—X1 3 .
Vit xoar ifx1 <x<xy;
- R L)L XX i .
Vi— (i —vi) pow— if xo <x <x3;
Vs, if x =x3;
M(X) = iq . X—X3 f < . (1)
vi—(vy VAz)'ﬁ’ ifx3 <x < xy4;
.. XX5 i .
Vis X ifxg <x<xs;
0, otherwise,

where x1 <X <x3 <X4< x5 and vy, v, vy €[0,1]

An Interval-valued fuzzy number (IVFN) introduced in [43] is
defined as A = [AL, AY] consisting of the lower Al and the upper
AU fuzzy numbers. IVFNs replace the crisp membership values by
intervals in [0, 1]. They were proposed due to the fact that fuzzy
information can be better expressed by intervals than by single
values. Also, IVENs are useful in multiple criteria decision making
(MCDM) problems and particularly in cases where attribute val-
ues are in the form of linguistic expressions [44][45]. Particularly,
in [46] an extension of the fuzzy TOPSIS method using interval-
valued triangular fuzzy numbers is proposed. Moreover, in [44]
a decision making method is proposed, using weighted geomet-
ric aggregation operators on attribute values expressed in the form
of interval-valued trapezoidal fuzzy numbers. According to the def-
inition in [46] an IVFS A is defined as follows:

A={(x, [h(X), ug (D} (
ph (), 1Y () X — [0, 11Vx € X, nh(x) < u§ ) (
fa®) = [uh ), ui®] (4
A={(x, 1a(x))}, x € (—00, 00) (

The interval-valued pentagonal fuzzy number is the most general
IVEN case (Fig. 1) defined as: A = [AL, AV} = [(x}, x5, x5, xL XL,
L ,L L .
vE vE vEo) GV xS xS XY kY vE v vYo))] where: AL c AY,
0<xh <xb <l <Xl <k <1, 0 <A <R <X <l <
U L u L L L LU U U L
XSL < 2 vfbguvA,UvA] S Vi S Vi Vi SV, < vy and vy,
Va1 Vaz:Vas Vai» Vay €10, 1]. The operational _rules of the interval-
valued pentagonal fuzzy numbers are defined in [47].

3.2. The Equalized Universe Method (EUM)

The Equalized Universe Method (EUM) [48] [49] creates IVFNs
with their centroids equally spaced along a predefined domain of
values. Specifically, the values of the ith IVPFN are calculated using
formula (6), where Upjn and Upmgx are the minimum and maxi-
mum value of the domain and c represents the number of the
IVPFNs created. Also, the vL,, v§,, vk, and vY, are defined by the
user.

U _,U _ Unox—Unin ,L _ ,U L U
Xi1=Xio a1 X1 =X (Var/vay)
U _yU _ Unx=Unmin L _,U (L U
Xi2=%Xi3 2=t X2 =Xio - (Vag/Vay)

IVPEN; = { X3t = Upniy + YmeUnmin i 1) (6)

u _,U Umax—Umin L _ ,U L U
Xig=Xi3+ 500 o Xia=Xia (Var/Vyo)

u _,U Unax=Umin ,L _ LU (L U
Xis =X 4+ =401 Xis =Xi5 (Vaa/Vao)

3.3. The Pentagonal Fuzzy Analytic Network Process (PF-ANP)

The Pentagonal Fuzzy Analytic Network Process (PF-ANP) meth-
od is the IVPEN version of the typical ANP [50] method, used for
the calculation of the criteria weights. PF-ANP allows complex re-
lationships within and among clusters of selection criteria using a
network model of dependencies. A decision problem that is ana-
lyzed with the PF-ANP can be represented as a network of nodes.
Each node represents a component (or cluster) of the system while
arcs denote interactions between them. Interactions and feedbacks
within clusters are called inner dependencies, while interactions
and feedbacks between clusters are called outer dependencies. In-
dicatively, we could consider one cluster with network character-
istics criteria such as throughput, delay, jitter and packet loss, as
well as one cluster with operator policy criteria such as service
reliability, security and price. In this situation, the PF-ANP will con-
sider two clusters. The PF-ANP is composed of five major steps of
selection criteria:

e Model construction and problem structuring During this step the
problem is analyzed and decomposed into a rational system, con-
sisting of a network of nodes.

e Pairwise comparison matrices and priority vectors Initially the
fuzzy pairwise comparison matrix A is derived for each cluster us-
ing the linguistic terms presented in Table 1, which are calculated
using the EUM method and correspond to the nine-point impor-
tance scale introduced in [50]. The standard form of the A matrix
is expressed as follows:

1 aU ... Q1n
A= 1/ay 1 ... G (7)
1/d1n 1/dm ... 1

while n denotes the number of the cluster elements.

Subsequently, the geometric mean T, of each row i in A is
calculated according to formula (8), where ® denotes the multipli-
cation operator of two fuzzy numbers as defined in [51].

- ~ ~ 1
3, =01 ®2 ® ... @ in) ™ (8)

Following, the priority vector Q; of each cluster element is con-
structed as follows:
Qi=[a1 @ @n ] 9)
where each @; = [0}, 0y, oY, 0], 0¥, vY, v4, vD); (@}, 0}, i,
wg, wt, vE, vl vE)] is calculated using formula (10). The & indi-
cates the addition operator of two fuzzy numbers as defined in
[51].

D=1 [y, ®T3, ® .. OT; ... ) (10)
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Table 1
The lingustic terms that used for criteria pairwise comparisons.

Linguistic term Interval-valued pentagonal fuzzy

number

[(0.043, 0.062, 0.1, 0.137, 0.156, 0.8,
0.6, 0.6),

(0.025, 0.05, 0.1, 0.15, 0.175, 1.0, 0.8,
0.8)]

[(0.143, 0.162, 0.2, 0.237, 0.256, 0.8,
0.6, 0.6),

(0125, 0.15, 0.2, 0.25, 0.275, 1.0, 0.8,
0.8)]

[(0.243, 0.262, 0.3, 0.337, 0.356, 0.8,
0.6, 0.6),

(0.225, 0.25, 0.3, 0.35, 0.375, 1.0, 0.8,
0.8)]

[(0.343, 0.362, 0.4, 0.437, 0.456, 0.8,
0.6, 0.6),

(0325, 0.35, 0.4, 0.45, 0.475, 1.0, 0.8,
0.8)]

[(0.443, 0.462, 0.5, 0.537, 0.556, 0.8,
0.6, 0.6),

(0.425, 0.45, 0.5, 0.55, 0.575, 1.0, 0.8,
0.8)]

[(0.543, 0.562, 0.6, 0.637, 0.656, 0.3,
0.6, 0.6),

(0.525, 0.55, 0.6, 0.65, 0.675, 1.0, 0.8,
0.8)]

[(0.643, 0.662, 0.7, 0.737, 0.756, 0.8,
0.6, 0.6),

(0.625, 0.65, 0.7, 0.75, 0.775, 1.0, 0.8,
0.8)]

[(0.743, 0.762, 0.8, 0.837, 0.856, 0.8,
0.6, 0.6),

(0.725, 0.75, 0.8, 0.85, 0.875, 1.0, 0.8,
0.8)]

[(0.843, 0.862, 0.9, 0.937, 0.956, 0.8,
0.6, 0.6),

(0.825, 0.85, 0.9, 0.95, 0.975, 1.0, 0.8,
0.8)]

Equally Important (EI)

More than Equally Important (MEI)

Moderately More Important (MMI)

More than Moderately More Important
(MMMI)

Strongly More Important (SMI)

More than Strongly More Important
(MSMI)

Very Strongly More Important (VSMI)

More than Very Strongly More
Important (MVSMI)

Extremely More Important (EMI)

e Construction of the supermatrix In this step, the fuzzy superma-
trix W of the PF-ANP model is constructed representing the inner
and outer dependencies of the PF-ANP network. This is a parti-
tioned matrix, with each matrix segment representing the rela-
tionship between two clusters of the network. To construct the
supermatrix, the local priority vectors  are grouped and placed
in the appropriate positions in the supermatrix based on the flow
of influence from one cluster to another. For example if we assume
a network of q clusters, where each cluster Cy, k=[1,2,...,q] has
ny elements, denoted as ey, €y, ..., €kn,, then the supermatrix is
expressed as:

C1 Ck Cq
€11---€1nq €k1---Ckny eql...eqnq
1 [ T
Cq : W11 W1j qu
elﬂ1
~ €K1
W = )
Ck . Wi ij qu
ekﬂk
eq‘l
Cq War Wej Weq
€qng L J

e Construction of the weighted supermatrix During this step, the su-
permatrix is transformed to a stochastic one, the Weighted Super-
matrix W’ using formula (12).

Wy ;=W j/q (12)

o Calculation of the limited supermatrix In this step, initially the def-
fuzified Weighted Supermatrix W is estimated by applying the
Weighted Average method using formula (13). The parameters v
and d represent the height and the centroid of each V~V[<q j pen-
tagon respectively. Subsequently, W is raised to limiting powers
until all the entries converge. In this way the overall priorities are
calculated, and thus the cumulative influence of each element on
every other interacting element is obtained [52]. At this point, all
the columns of the produced Limited Supermatrix, are the same
and their values show the global priority of each element of the
network.

VU~dU+VL-dL

Wi =g q

(13)

3.4. The Mamdani Pentagonal Fuzzy Inference System (MPFIS)

Fuzzy Inference (FI) [53-55] involves the mapping of a given
input to an output using fuzzy logic. In particular, the Mamdani
Pentagonal Fuzzy Inference System (MPFIS) considers two inputs
(Input; and Input;) to estimate the value of the Output. Both
Input; and Input; obtain normalized values within the range
[0, 1]. Also, the MFnpu¢;» MFinput,» MFoutpye membership func-
tions (MF) are defined, indicating the linguistic terms and the
corresponding Interval Valued Pentagonal Fuzzy Numbers (IVPFN)
for the fuzzy representation of the Inputy, Input, and Output, re-
spectively. Thus, for each crisp value, two membership degrees are
determined in the corresponding MF, one for the upper pentagon
and one for the lower pentagon. The Mamdani FIS implements the
following methods:

e Membership functions definition The Membership Functions (MF)
for Inputy, Input; and Output parameters are defined.

e Fuzzy rule (or knowledge) base A set R of fuzzy rules is defined,
where each rule r € R is a simple if-then statement with a con-
dition and a conclusion. The rule’s condition consists of MFnpyt,
and MF pypye, membership functions, while its conclusion indicates
an MFgytpye membership function.

e Fuzzification The Inputy and Input, crisp values are converted
to degrees of membership indicated as Input] and Input, by a
lookup in MFypye, and MFippye, membership functions respec-
tively.

e Combining the fuzzified inputs (fuzzy operations) A Z| degree is
calculated considering the rule’s condition, indicating the strength
of the r rule. Furthermore, in case that a rule’s condition has mul-
tiple parts, the fuzzy operators ‘AND’ and ‘OR’ may be used to
combine more than one conditions. The ‘Algebraic product’ and the
‘Algebraic sum’ are applied for the ‘AND’ and the ‘OR’ operators re-
spectively. In our study, the ‘Algebraic product’ is calculated using
formula (14), while the ‘Algebraic sum’ is calculated using formula
(15).

!
u,i,r

Z,, i = (Input’ + Inputy) — (Input] - Inputy) (15)

= Input}“Inputy = Input} - Input), (14)
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o Implication method The implication method estimates the conse-
quence MFoygyc of the rule conclusion, considering both the rule
conclusion MFoygpy:, and the rule strength Z;. More specifically,
the MFoutput, height is trimmed with respect to the Z, degree, us-
ing formula (16), which applies the Min method.

.27 (16)

1\'/”:Output§ml_g = min{M Foytput

THeight ’

e Aggregation method The aggregation method combines the R
rules’ consequences to calculate the Output?® fuzzy set, using for-
mula (17), which applies the Max method.

Output™ = MFoyepyc UM Foygpues U .. U MFoygpurs (17)
o Defuzzification During the defuzzification, the Output? fuzzy set
is transformed to the crisp value Output. Formula (18) that applies
the Weighted Average method is used, where p; is the height and
h, is the centroid of each rule obtained from the Output?. Also,

symbols U and L represent the upper and the lower pentagon of
each rule respectively.

R

55 (1Y - hY + ek -
Output = =1

R
Y (hY +hb)
r=1

3.5. The Pentagonal Fuzzy TOPSIS (PFT)

The Pentagonal Fuzzy TOPSIS (PFT) algorithm is an improved
version of the TOPSIS using interval-valued pentagonal fuzzy num-
bers. In general, TOPSIS introduced in [56], is based on the concept
that the best alternative should have the shortest distance from the
positive ideal solution and the longest distance from the negative
ideal solution. The PFT method assumes that the linguistic values
of criteria attributes are represented by IVPFN numbers.

Suppose A ={A1, Ay, ..., Ap} is the set of possible alternatives,
C={C1,Cy,...,Cp} is the set of criteria and wq, w2,..., wy, are
the weights of each criterion. The steps of the method are as fol-
lows:

Step 1. Construction of the decision matrix: Each x;; element of the
n x m decision matrix D is an interval-valued pentagonal
fuzzy number which expresses the performance of alterna-
tive i for criterion j. Thus

| Ci1 ... Cp

A1lx11 ... Xim
D= | . . . (19)

An Xn] e Xnm
where: Xij = [(xlﬂ’ 1]2’xu3’xu4’x1]5’v11’Vl]l’ 112) (xlﬂ’
xU XU XU kU YU vY ,.jz)]. In case there are Q de-

ij2°> *ij3° “ij4> “ij5° Vij Vij1e
cision makers the decision matrix and the criteria weights
include the average of the performance values and weights
respectively, of the decision makers. Hence, assuming that
for the k-th decision maker x;j is the performance of alter-
native i for criterion j, and w is the importance weight
for criterion j, the average of the performance values and
weights are given by

Ly
— ) Xijk (20)
Q.5

Xij =

and

P2
= — W k. (21)
Q k=1

Step 2. Normalization of the decision matrix: Consider that £2, is the
set of benefits attributes and £2; is the set of costs at-
tributes. Then, the elements of the normalized decision
matrix are computed as

L L L L L
Xijn Xij2 Xij3 Xija Xijs 1|
=1, 2 22 B B vE v v,
bj bj bj bj bj
U 0] U 0] U
(Xijl X1]2 XuB X1]4 Xl]5 VU U )] (22)
ul’ 1]2

o T T ij>
bj  bj  bj  bj b]
U .
where bj = max; Xija for each j € §2, or
ci Ci Cij Cj
j j j i L L
rll_[(XL XL b Vi Vi Ul)
ij5 ij4 “ij3 ij2 ij1
ci Ci Ci Cj Cj
T Y R L N B
)] (23)

XU U U 0 s Vi Vi V m

1]5 X1]4 xl]3 qu xl]l
where c;j = min; x;;, for each j € §2c.

Step 3. Construction of the welghted normalized decision matrix: The
weighted normalized decision matrix is constructed by
multiplying each element of the normalized decision ma-
trix rjj with the respective weight w; according to the
formula

ol A O AN AR
uij = [(rijy - Wj, Tijp - Wi Tij3 - Wi, Tiig - Wi, Tiis - W, Vi,
L L U U U LU .
Vijts Vija)s (Tijp - Wi Tijp - Wi, Tijs - Wi Tijg - Wi,
U U U U
Tijs = Wi Vij» Vij1» Vijo)] (24)

Step 4. Determination of the positive and negative ideal solution: The
positive ideal solution is defined

+L +L +L +L +L .,+L +L
_[(Xul’ 1]2’Xij3’xij4’xij5’vij ’ 1]1’ 112)
+U +U +U +U +U , +U
(xul’ 1]2’X1]3’X1]4’X1]5’Vij ’ 1]1’ 1]2 )]_

L L L L L L L L
(A Ao iz A tiza s vy Vig i),
i i i i i
U u u u 0] u U u
Auij Az A\ iz N igar [\ s vig: Vigrs Vi)
i i i i i

(25)
where /\ = max; in case j € £, and /\ = min; in case
i i
j € $2.
The negative ideal solutions are defined accordingly

s B R AN A
_[(Xul’ X2 Xij3> Xijao Xijs > Vij > Vi1 uz)

—U -u ,-Uu ,-U ,—-U
ij1 > 1]2 ’Xij3 ’Xij4 1 Xjjs 2 V

ij5° "ij 1]1 ’ 1]2 )] =
L L L L L L L L
[\ i, Vi Vs, \ wiza \ s viy, Vi, Vi),
i i i i i

0] 9] U u u u U u
NV uij \V wiip, \ uigs, N wiga, \/ s, vig, vigy, vip)]
i i i i i
(26)

where \/; = min; in case j € §2, and \/; = max; in case
je$2.

(x
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Step 5. Measurement of the distance of each alternative from the
ideal solutions: The distances of each alternative from the
positive ideal solution are evaluated as follows

,] = Z{ [(u,]] _xu1) + (u1]2 _XuZ)

2 2 1
1]3) + (u1]4 - Xz]4) + (ul]5 - Xz]S) 1}2
(27)

+ (uiLj3

Z{ [(uu] _Xul ) + (”1]2 _Xuz )
+(u,-‘,’-3 X))+ (ujjy — X507 + (Wis — x5 1)
(28)

Likewise the distances of each alternative from the nega-
tive ideal solution are estimated

m
dﬁ = 2{15[(111]1 1]1) + (u1]2 1]2)
=1
L 1
+ (uij3 113) + (u1]4 - X1]4) + (uuS - XUS) 132
(29)
1
— 0] —U\2 0] —U\2
dpp = Z{g[(“iﬂ = X1 )™+ Wijp — X))
j=1
_ _ — 1
+ @lly — x5 + Wl — x5 + Wl —xpd)2)

(30)

Consequently, similarly to [46] the distance of the alter-
natives from the positive and negative ideal solutions are
expressed by intervals such as [d”,dl?;] and [d;;,d], in
stead of single values. In this way less information is lost.
Step 6. Calculation of the relative closeness: The relative closeness of
the distances from the ideal solutions are computed as

RCiy = +d“ (31)
dij +dj
and
as
RCipp = —=— T (32)
d; +dy,

The compound relative closeness is obtained from the av-
erage of the above values
RC;; +RCy

2

Step 7. Alternatives ranking: The alternatives are ranked according
to their RC; values. The best alternative is that with the
higher RC; value.

RC; = (33)

4. The proposed VHO management scheme

The proposed VHO management scheme uses the methods de-
scribed in the previous section (Section 3). Its design has been op-
timized to be applied in 5G network architectures where both Fog
and Cloud infrastructures are available. The VHO process includes
the VHO Initiation, the Velocity Monitoring, the Network Selection
and the VHO Execution subprocesses as presented in Fig. 2.

Initially, the VHO Initiation is executed in the Fog considering
the Quality of Service (QoS) and the Signal to Noise plus Inter-
ference Ratio (SINR) that the vehicle perceives from its current

g T T MMaa$
Vehicle u - ™~ " Cloud “~
7 Current /
( . ) ( SDN Controller )
N \Networklx/ — N P

A. VHO initiation ==
Monitoring of
Quiand SINRy;

When Qi< Qe or
SINRy; < SINR:
Status_Information
—  (Qui,SINRu,  —=
Available_Networks,)

Obtain Sy, (Qus SINR,)

1f Sui < S
Status_Information

(Qu; SINR,, Available_Networks,) C. Network selection

ObtainVelocity(Ncry, Tcrmax, Au) —

If velocity = High:
Obtain offered characteristics of
Alternatives_Set_A(Macrocells)
Execute PFT for
Alternatives_Set_A(Macrocells)

Result=Selected_Network

If velocity = Medium:
Obtain Femtocells_subset
considering ¢4

Obtain offered characteristics of
Alternatives_Set_A
(Macrocells, Femtocells_subset)

Execute PFT for

Alternatives_Set_A
(Macrocells, Femtocells_subset)

Result=Selected_Network

B. Velocity Monitoring

If velocity = Low:
Obtain offered characteristics of
Alternatives_Set_A
(Macrocells, Femtocells)
Execute PFT for Alternatives_Set_A
(Macrocells, Femtocells)

Result=Selected_Network

-— I

Else:
Result=Handover_not_required

If Result=Selected_Network
T
o Fog N
( selected_Network _/
e

— rococooolbacocesesses s o0

D. VHO execution !

Handover to |
Selected_Network

—
—’:Add_Handover_to_Nw_count:y—b

Fig. 2. The proposed methodology.

network to evaluate the necessity to perform a handover. Both the
Fog and the Cloud cooperate to accomplish the Velocity Monitoring
process. Finally, the Cloud performs the Network Selection among
the available networks depending on vehicle’s velocity. As follows,
the vehicle is informed through the Fog infrastructure, to make a
handover to the selected network.

The following subsections describe in depth each one of the
aforementioned subprocesses.

4.1. VHO initiation

During the VHO initiation process the S, ; indicator is defined,
determining the satisfaction grade of user u from his current net-
work i. More specifically, the S, ; value is estimated considering as
input the SINR,; and the Q, ; parameters. The SINR,; represents
the Signal to Noice plus Interference, while the Q,; represents
the quality of the users’ services offered from the current net-
work. Qu; is calculated using formula (34), where thy ik, dy.ik.
Ju.ik and ply ; . represent the throughput, the delay, the jitter and
the packet loss ratio respectively, obtained by user u for the ser-
vice k. Additionally, the w¢y k, Wa, Wj and wy j represent the



22 E. Skondras et al. / Vehicular Communications 16 (2019) 15-44

Table 2
Linguistic terms and the corresponding interval-valued pentagonal fuzzy numbers
used for MFsjng, MFo and MFs.

[

/
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/

M Fsing membership functions
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o

/

/

134
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Satisfactoroy Indicator (S)
IS
{

H o
¥

0.6

Signal to Noise plus 0.4
Interference Ratio (SINR)

0.8
0.6

-4 Qualty Indicator (Q)

Fig. 3. The S values range as obtained using the FIS.

weights of the aforementioned parameters estimated using the PF-
ANP method, while N represents the number of the parameters
considered and K the number of the available services.

K

Qui= (Z((Wth,k “thyik+wak-

k=1

+
dyik

w 1w ! )/N))/K
kT Lk —7
g i P ply ik

Ju,ik

Accordingly, the user’s equipment continuously monitors its
perceived the SINR, ; and the Q, ; values. When either the SINR, ;
or the Q,; becomes less than a predefined threshold, the user
equipment sends the obtained values to the Fog infrastructure.
Subsequently, the Fog infrastructure uses the Mamdani satisfaction
chart presented in Fig. 3, in order to determine the S, ; satisfaction
grade. If the satisfaction grade is less than a predefined S, thresh-
old value, then the network selection process will be executed.

The satisfaction indicators chart presents the S, ; values ob-
tained for each possible SINR, ; and Q, ; combination. Indicatively,
when the SINR,; and Q,; values are too low, the produced S, ;
value is too low as well. On the contrary, when the SINR,; and
Qu.; values are close to 1, the produced S, ; value is also high,
indicating that the user is fully satisfied. Furthermore, when only
one of the SINR, ; or the Q, ; values is close to 0, the user satis-
faction is in quite low levels.

At this point it has to be noted that since the user’s satisfaction
is obtained at the Fog by performing a lookup at the satisfaction
indicators chart, the overhead introduced at the Fog is minimal.
Also, the method does not impose any significant overhead at the
user equipment due to monitoring of the SINR,; and Q, ; param-
eters.

4.1.1. Evaluation of the satisfaction indicators

The Mamdani satisfaction chart is evaluated once during the
instantiation of the Fog services. Each satisfaction indicator S ; of
Fig. 3 is obtained using the MPFIS method, considering the SINR, ;
and the Q,; as input parameters. Both SINR,; and Q,; are nor-
malized in order to have values within the range [0, 1]. Also,
the MFsng, MFq, MFs membership functions (MF) are defined
using the EUM method, indicating the linguistic terms and the
corresponding Interval Valued Pentagonal Fuzzy Numbers (I-VPFN)
for the fuzzy representation of the SINR,;, Q,; and S, ; respec-
tively. Thus, for each crisp value, two membership degrees are
determined in the corresponding MF, one for the upper pentagon
and one for the lower pentagon. Table 2 represents the linguis-
tic terms and the corresponding interval-valued pentagonal fuzzy
numbers of MFsig, MFq and MFs membership functions, which
are equally distributed inside the domain [Upin, Umnax] = [0, 1] as

Linguistic term

Interval-valued trapezoidal fuzzy number

Absolute Bad (AB)

Too Bad (TB)

Bad (B)

Enough (EN)

More than Enough (ME)

Almost Excellent (AE)

Excellent (EX)

[(0.0, 0.0, 0.0, 0.062, 0.093, 0.8, 0.6, 0.6),

(0.0, 0.0, 0.0, 0.083, 0.125, 1.0, 0.8, 0.8)]
[(0.072, 0.104, 0.166, 0.229, 0.26, 0.8, 0.6, 0.6),
(0.041, 0.083, 0.166, 0.25, 0.291, 1.0, 0.8, 0.8)]
[(0.239, 0.27, 0.333, 0.395, 0.427, 0.8, 0.6, 0.6),
(0.208, 0.25, 0.333, 0.416, 0.458, 1.0, 0.8, 0.8)]
[(0.406, 0.437, 0.5, 0.562, 0.593, 0.8, 0.6, 0.6),
(0.375, 0.416, 0.5, 0.583, 0.625, 1.0, 0.8, 0.8)]
[(0.572, 0.604, 0.667, 0.729, 0.76, 0.8, 0.6, 0.6),
(0.541, 0.583, 0.667, 0.75, 0.791, 1.0, 0.8, 0.8)]

[(0.739, 0.77, 0.833, 0.895, 0.927, 0.8, 0.6, 0.6),
(0.708, 0.75, 0.833, 0.916, 0.958, 1.0, 0.8, 0.8)]

[(0.906, 0.937, 1.0, 1.0, 1.0, 0.8, 0.6, 0.6),
(0.875, 0.916, 1.0, 1.0, 1.0, 1.0, 0.8, 0.8)]

MFq membership functions

Linguistic term

Interval-valued trapezoidal fuzzy number

Absolutely Poor (AP)

Very Poor (VP)

Poor (P)

Medium Poor (MP)

Medium (M)

Medium Good (MG)

Good (G)

Very Good (VG)

Absolutely Good (AG)

[(0.0, 0.0, 0.0, 0.046, 0.07, 0.8, 0.6, 0.6),

(0.0, 0.0, 0.0, 0.062, 0.093, 1.0, 0.8, 0.8)]
[(0.054, 0.078, 0.125, 0.171, 0.195, 0.8, 0.6, 0.6),
(0.031, 0.062, 0.125, 0.187, 0.218, 1.0, 0.8, 0.8)]
[(0.179, 0.203, 0.25, 0.296, 0.32, 0.8, 0.6, 0.6),
(0.156, 0187, 0.25, 0.312, 0.343, 1.0, 0.8, 0.8)]
[(0.304, 0.328, 0.375, 0.421, 0.445, 0.8, 0.6, 0.6),
(0.281, 0312, 0.375, 0.437, 0.468, 1.0, 0.8, 0.8)]
[(0.429, 0.453, 0.5, 0.546, 0.57, 0.8, 0.6, 0.6),
(0.406, 0.437, 0.5, 0.562, 0.593, 1.0, 0.8, 0.8)]
[(0.554, 0.578, 0.625, 0.671, 0.695, 0.8, 0.6, 0.6),
(0531, 0.562, 0.625, 0.687, 0.718, 1.0, 0.8, 0.8)]
[(0.679, 0.703, 0.75, 0.796, 0.82, 0.8, 0.6, 0.6),
(0.656, 0.687, 0.75, 0.812, 0.843, 1.0, 0.8, 0.8)]
[(0.804, 0.828, 0.875, 0.921, 0.945, 0.8, 0.6, 0.6),
(0.781, 0.812, 0.875,0.937, 0.968, 1.0, 0.8, 0.8)]
[(0.929, 0.953, 1.0, 1.0, 1.0, 0.8, 0.6, 0.6),
(0.906, 0.937, 1.0, 1.0, 1.0, 1.0, 0.8, 0.8)]

MFs membership functions

Linguistic term

Interval-valued trapezoidal fuzzy number

Absolute Unsatisfactory (AU)

Very Unsatisfactory (VU)

Unsatisfactory (U)

Slightly Unsatisfactory (SU)

Less than Acceptable (LA)

Slightly Acceptable (SA)

Acceptable (A)

More than Acceptable (MA)

Slightly Satisfactory (SS)

Satisfactory (S)

Very Satisfactory (VS)

Absolute Satisfactory (AS)

[(0.0, 0.0, 0.0, 0.034, 0.051, 0.8, 0.6, 0.6),
(0.0, 0.0, 0.0, 0.045, 0.068, 1.0, 0.8, 0.8)]

[(0.039, 0.056, 0.09, 0.125, 0.142, 0.8, 0.6, 0.6),
(0.022, 0.045, 0.09, 0136, 0.159, 1.0, 0.8, 0.8)]
[(013, 0.147, 0181, 0.215, 0.232, 0.8, 0.6, 0.6),
(0113, 0136, 0.181, 0.227, 0.25, 1.0, 0.8, 0.8)]
[(0.221, 0.238, 0.272, 0.306, 0.323, 0.8, 0.6, 0.6),
(0.204, 0.227, 0.272, 0318, 0.34, 1.0, 0.8, 0.8)]
[(0.312, 0.329, 0.363, 0.397, 0.414, 0.8, 0.6, 0.6),
(0.295, 0.318, 0.363, 0.409, 0.431, 1.0, 0.8, 0.8)]
[(0.403, 0.42, 0.454, 0.488, 0.505, 0.8, 0.6, 0.6),
(0.386, 0.409, 0.454, 0.5, 0.522, 1.0, 0.8, 0.8)]
[(0.494, 0.511, 0.545, 0.579, 0.596, 0.8, 0.6, 0.6),
(0.477, 0.5, 0.545, 0.59, 0.613, 1.0, 0.8, 0.8)]
[(0.585, 0.602, 0.636, 0.67, 0.687, 0.8, 0.6, 0.6),
(0.568, 0.59, 0.636, 0.681, 0.704, 1.0, 0.8, 0.8)]
[(0.676, 0.693, 0.727, 0.761, 0.778, 0.8, 0.6, 0.6),
(0.659, 0.681, 0.727, 0.772, 0.795, 1.0, 0.8, 0.8)]
[(0.767, 0.784, 0.818, 0.852, 0.869, 0.8, 0.6, 0.6),
(0.75, 0.772, 0.818, 0.863, 0.886, 1.0, 0.8, 0.8)]
[(0.857, 0.875, 0.909, 0.943, 0.96, 0.8, 0.6, 0.6),
(0.84, 0.863, 0.909, 0.954, 0.977, 1.0, 0.8, 0.8)]
[(0.948, 0.965, 1.0, 1.0, 1.0, 0.8, 0.6, 0.6),

(0.931, 0.954, 1.0, 1.0, 1.0, 1.0, 0.8, 0.8)]
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illustrated in Figs. 4, 5 and 6, respectively. Furthermore, Table 3
represents the considered fuzzy rule base.

4.2. Velocity monitoring

During the entire vehicle movement, its velocity is monitored
by the Fog-Cloud infrastructure. More specifically, an enhanced
version of the Mobility State Estimation (MSE) model defined in
3GPP LTE Release 11 [57] is used to estimate vehicles’ velocity.
The MSE considers the number of handovers or reselections (Ncg, )
performed by a vehicle during a sliding time window (T¢gmax)- The
vehicle is categorized into one of three velocity states, namely the
Normal, the Medium and the High, considering the Ncg,.4m and
NcRyy, thresholds with Negyegm < NcRyy,,- The concept of this
method is that the more handovers the vehicle performs during

the Tcrmax period, the faster the vehicle is moving. In heteroge-
neous network environments including both Macrocells and Fem-
tocells, the default T¢grmax value is 120 seconds, while the default
NcRyjegium a0d NeRyign values are equal to 10 and 16 handovers, re-
spectively [57]. Furthermore, the estimated residence time tz‘ffide”“
of vehicle u in each available cell i is estimated using formula (35)
defined in [58], where ry is the radius of femtocell i and v, is the
velocity of the vehicle u.

(residence _ T
u, 2. Vy

Following, the vehicle velocity is obtained by formula (36) defined
in [40].

(35)

T - NCRu

=—— (36)
4. TCRmax : «/)\u

Vu
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Table 3

The Fuzzy rule (or knowledge) base.
Rule MFsng Operator MFq MFs
1 AB or AP AU
2 TB and VP AU
3 B and VP VU
4 EN and VP 0]
5 ME and VP U
6 AE and VP SuU
7 EX and VP SU
8 TB and P AU
9 B and P VU
10 EN and P 0]
11 ME and P U
12 AE and P SU
13 EX and P SU
14 TB and MP AU
15 B and MP vu
16 EN and MP SU
17 ME and MP SU
18 AE and MP LA
19 EX and MP SA
20 TB and M AU
21 B and M vu
22 EN and M LA
23 ME and M SA
24 AE and M A
25 EX and M MA
26 TB and MG \'48)
27 B and MG U
28 EN and MG SA
29 ME and MG A
30 AE and MG MA
31 EX and MG SS
32 TB and G VU
33 B and G U
34 EN and G A
35 ME and G MA
36 AE and G SS
37 EX and G S
38 TB and VG U
39 B and VG su
40 EN and VG MA
41 ME and VG SS
42 AE and VG S
43 EX and VG VS
44 TB and AG U
45 B and AG LA
46 EN and AG S
47 ME and AG VS
48 AE and AG AS
49 EX and AG AS

The A, parameter, obtained by the SDN controller, denotes the cel-
I's density in the location of vehicle u.

4.3. Network selection

The mobility state of each vehicle is considered in order to se-
lect the set A ={A1, A2,..., Ay} of possible network alternatives
based on the SINR perceived from each network. Accordingly, if
the vehicle mobility state is Normal then the vehicle considers
all the available networks as alternatives, including both Macro-
cells and Femtocells. On the contrary, if vehicle mobility state is
Medium then the vehicle skips some Femtocells along its trajec-
tory. In particular, the femtocell i is considered as alternative if
residence > presidence - where fi¢sidence js the average residence time
of vehicle u considering all the available femtocells in its current
location. Finally, if vehicle mobility state is High then only Macro-
cells are considered as alternatives.

Thereafter the network selection is performed using the Pen-
tagonal interval-valued Fuzzy TOPSIS (PFT), considering both QoS
aware (throughput, delay, jitter and packet loss) and operator’s pol-
icy (service reliability, security and price) criteria. Since the list of

network alternatives is constructed considering the vehicle’s veloc-
ity and then the network selection is performed using QoS and
policy related parameters, the ping pong effect is eliminated.

4.4. Handover execution

During the handover execution, the vehicle is connected to the
selected network. After each successful handover of a vehicle, the
number of handovers or reselections Ncg, is increased, in order
the aforementioned handover to be considered for the estimation
of the vehicle velocity.

4.5. Computational complexity of the proposed approach

Regarding the computational complexity of the proposed ap-
proach the VHO initiation subprocess requires constant time to
complete its tasks by performing simple checks against prede-
fined thresholds, resulting in O(1). Also, the network selection
phase introduces a O (n%) complexity, due to the weighting and
normalization of n x m decision matrices. Similar complexities are
introduced by other handover algorithms proposed in the research
literature. The novelty in our approach is that most of the compu-
tational complexity is performed at the Cloud/Fog infrastructure.

5. Simulation setup and results

In our experiments, the Software Defined Vehicular Cloud
topology presented in Fig. 7 is considered. A mobility trace in-
dicating the map of the city of Piraeus along with road traffic data
has been created using the Open Street Map (OSM) software [59].
Then, the mobility trace has been used as input in the Simulator
of Urban Mobility (SUMO) simulator [60] allowing the production
of a realistic mobility pattern for the simulated vehicles includ-
ing 39807 vehicles in total, moving inside the Piraeus city in a 24
hours period. The average arrival rate of the vehicles into the map
is equal to 0,460729167 vehicles per second, while their average
departure rate is equal to 0,46 vehicles per second. Furthermore,
the network topology is being built upon the map, using the Net-
work Simulator 3 (NS3) [61]. It includes a Fog infrastructure, as
well as a Cloud infrastructure. The Fog infrastructure consists of 18
LTE Macrocell e-Node Bs (eNBs), 39 LTE Femtocell eNBs, 16 WiMAX
Macrocell Base Stations (BSs), 26 WiMAX Femtocell BSs and 22
802.11p WAVE RSUs, equipped with additional computational and
storage resources. The access networks have been located on the
map, according to the Hellenic Telecommunications and Post Com-
mission (EETT) [62] data about BSs’ positions in the city of Piraeus.
The positions and the spectrum of the BSs are presented in Tables
A1-A3 (Appendix A), for the LTE, WiMAX and WAVE technolo-
gies, respectively. The SDN controller has global view of the entire
network environment. The Cloud infrastructure includes a set of
Virtual Machines (VMs) providing services such as Navigation As-
sistance (NAV), Voice over IP (VoIP), Conversational Video (CV),
Buffered Streaming (BS) and Web Browsing (WB). Furthermore, a
Software Defined Network (SDN) controller provides centralized
control of the entire system.

Each access network supports at least one of the aforemen-
tioned Cloud services, while four Service Level Agreements (SLAs)
are defined. SLA1 has the higher service priority and SLA 4 has
the lower service priority. SLA1 supports all service types and pro-
vides the best values for QoS as well as policy decision criteria.
SLA2 supports less service types, by not providing support for the
VoIP and NAV services. Additionally, it provides slightly worse de-
cision criteria values than those offered by the SLA1. SLA3 supports
only the BS and the WB services and satisfactory QoS characteris-
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Fig. 7. The simulated topology.

Table 4
Relation of the network QoS characteristics and linguistic terms for VoIP.

Linguistic term Throughput range (Kbps)

Delay range (ms)

Jitter range (ms) Packet loss range

AP <164 > 116 > 65 >04

VP 165-174 111-115 55-64 >0.2-04

P 175-184 106-110 45-54 >107'-<0.2
MP 185-194 100-105 40-44 107!

M 195-204 95-99 35-49 1072

MG 205-214 86-94 30-34 1073

G 215-224 66-85 25-29 107

VG 225-239 41-65 20-24 107°

AG > 240 <40 <20 <10°°

tics and policies. Finally, SLA4 supports only the WB service while
it provides acceptable decision criteria values.

Network specifications are expressed directly using linguistic
terms (Appendix B). In particular, crisp values of network QoS
characteristics are converted into linguistic terms which corre-
spond to specific ranges of values per service type. Indicatively,
Table 4 illustrates the mapping between ranges of network QoS
characteristics values and the respective linguistic terms for the
VolIP service. Table 5 summarizes the simulation parameters.

5.1. Study of a simulation snapshot

In this subsection, a snapshot of the simulation at time equal
to 3600 seconds is considered. Specifically, the case where 10 of
the vehicles are monitored is studied, while each vehicle needs
to connect to a network which satisfies the requirements of its
services and at the same time complies with its respective SLA
agreements. Table 6 presents the available networks in the location
of each vehicle.

5.1.1. VHO initiation

During the VHO initiation process, the user satisfaction S ;
is obtained using the MPFIS Satisfaction Chart, using the esti-
mated Qu ; and SINR, ; values. It should be noted that the services
weights used for the Q,; estimation are calculated using the PF-
ANP method. The criteria used include throughput, delay, jitter and
packet loss. Fig. 8 depicts the estimated VHO initiation weights
for each service. Furthermore, the Sy, s;4 thresholds given in Ta-
ble 7 are estimated considering the minimum acceptable Qs;4 and
SINRsp 4 values per SLA. Accordingly, if the S, ; becomes less than
the respective S, sp4 threshold then the vehicle should perform
handover to a new access network. The VHO initiation results for
each vehicle are presented in Table 8. As it can be observed, vehi-
cle 8 will remain to its current network i, while the rest vehicles
will proceed to handover.

5.1.2. Velocity monitoring

For each one of the monitored vehicles, Table 9 presents its
SLA, the services used, its geographical position and its estimated
velocity.
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Table 5 Table 7
The simulation parameters. The Qsia, SINRspa and Sy s 4 thresholds per SLA.
Parameter Value SLA Qsia SINRs A Sth.SLA
Simulation duration 86400 seconds (24 hours) 1 0.9 0.8 0.81675
2 0.8 0.7 0.70856
Networks count LTE Macrocell BSs: 20 3 0.7 06 0.54440
LTE Femtocell BSs: 37 4 0.6 05 0.42725
WiMAX Macrocell BSs: 17
WiMAX Femtocell BSs: 25
WAVE BSUs: 22 Table
’ The VHO initiation results.
Cells radius LTE/WiMAX Macrocells: 400 meters .
LTE/WiMAX Femtocells: 30 meters Vehicle Currentl . Qu.i S;II\IJ@;}"B Sui SthsLAy HanQov(cier
WAVE RSUs: 150 meters network i (SINR ) require
Networks positions According to the Hellenic 1 WAVE 14 0871 014 018157 081843  Yes
L . (=5.1 dB)
Telecommunications and Post Commission
(EET]') [62] data (see Appendix A) 2 LTE 0.912 017 0.18212 0.81843 Yes
. ) Macro 11 (—4.05 dB)
Networks frequencies See Appendix A 3 WiMAX 0948 029 032523 081843 Yes
Service Layer Agreements (SLA) 4 Macro 8 (015 dB)
count 4 LTE 0.644 023 012122 0.66980 Yes
Vehicles count 39807 Macro 7 (—1.95 dB)
Average vehicles arrival rate 0,460729167 vehicles per second 5 WAVE 9 0.950 ?']g] dB) 018156  0.66980  Yes
Average vehicles departure rate 0,46 vehicles per second 6 WAVE 11 0827 0.04 0.02539 0.66980 Yes
Vehicles per SLA SLA 1: 9952 vehicles (25,00062803 %) (=8.6 dB)
SLA 2: 9952 vehicles (25,00062803 %) 7 WIMAX 0999 0.21 0.18965 0.57767  Yes
SLA 3: 9952 vehicles (25,00062803 %) Macro 7 (—2.65 dB)
SLA 4: 9951 vehicles (24,99811591 %) 8 WiIiMAX 0.704 071 0.61247 057767 No
Available networks per SLA See Appendix B Macro 11 (14.85 dB)
9 WIMAX 0988 0.25 0.27297 0.45457 Yes
Services Navigation Assistance (NAV) Macro 5 (—1.25 dB)
Voice over IP (VoIP) 10 LTE 0990 029 035622 045457 Yes
Conversational Yldeo (cv) Macro 18 (0.15 dB)
Buffered Streaming (BS)
Web Browsing (WB)
Distribution of services to See Appendix C Table 9
vehicles The monitored vehicles status.
Vehicles per velocity Normal: 13348 (33.53 %) - - . B
Medium: 13348 (33.53 %) Vehicle SLA Services Current position Velocity
High: 13111 (32.94 %) (latitude, longitude)
1 1 VolP, CV, BS 9n (37.942128, 23.650937) Medium
2 1 NAV, VoIP, WB 9m (37.942178, 23.650796) Normal
Table 6 3 1 NAV 13j (37.938831, 23.647276) Medium
The available networks for each monitored vehicle. 4 2 CV, BS 8i (37.942819, 23.647134) Normal
Vehicle Available networks in current location 5 2 BS 7g (37.943935, 23.645180) High
1 LTE Macro 9, LTE Macro 11, LTE Femto 17, WiMAX Macro 8, 6 2 Cv, WB 10h (37.941048, 23.645664) ~ Normal
WiMAX Macro 9, WiMAX Macro 11, WiMAX Femto 13, WAVE 14 7 3 BS 14e (37938048, 23.642797) High
2 LTE Macro 9, LTE Macro 11, LTE Femto 17, WiMAX Macro 8, . .
WiMAX Macro 9, WiMAX Macro 11, WiMAX Femto 13, WAVE 14 8 3 BS, WB 13) (37.988787, 23.647321)  Medium
3 LTE Macro 9, LTE Macro 11, LTE Macro 13, LTE Macro 18, 9 4 WB 80 (37.943331, 23.652023) High
LTE Femto 30, WiMAX Macro 8, WiMAX Macro 9, 10 4 WB 13j (37.938858, 23.647291) Normal

WiIMAX Macro 11, WiMAX Macro 13

4 LTE Macro 4, LTE Macro 6, LTE Macro 7, LTE Macro 9,
LTE Macro 11, LTE Macro 13, WiMAX Macro 6, WiMAX Macro 8,
WiIMAX Macro 11, WAVE 9, WAVE 11, WAVE 13

5 LTE Macro 4, LTE Macro 6, LTE Macro 7, WiMAX Macro 6,
WAVE 9
6 LTE Macro 7, LTE Macro 9, LTE Macro 11, LTE Macro 13,

LTE Femto 26, WiMAX Macro 6, WiMAX Macro 7,
WIMAX Macro 8, WiMAX Macro 11, WiMAX Macro 13,
WiMAX Femto 15, WAVE 11, WAVE 15

7 LTE Macro 10, LTE Macro 13, LTE Macro 17, LTE Macro 18,
LTE Femto 29, WiMAX Macro 7, WiMAX Macro 13,
WiMAX Macro 15, WAVE 19

8 LTE Macro 9, LTE Macro 11, LTE Macro 13, LTE Macro 18,
LTE Femto 30, WiMAX Macro 8, WiMAX Macro 9,
WiMAX Macro 11, WiMAX Macro 13

9 LTE Macro 3, LTE Macro 5, LTE Macro 9, WiMAX Macro 5,
WiIMAX Macro 8, WiMAX Macro 9
10 LTE Macro 9, LTE Macro 11, LTE Macro 13, LTE Macro 18,

LTE Femto 30, WiMAX Macro 8, WiMAX Macro 9,
WiMAX Macro 11, WiMAX Macro 13

5.1.3. Network selection

During the network selection process the PF-ANP method is ap-
plied in order to estimate the weights of network selection criteria
per service type and SLA. Fig. 9 depicts the PF-ANP network model.
Criteria are classified into two groups namely the Network QoS and
the Network Policy characteristics. The Network QoS characteris-
tics group contains network performance related criteria including
throughput, delay, jitter and packet loss. Correspondingly, the Net-
work Policy characteristics group contains operator defined rules
such as price, security and service reliability. Pairwise comparison
decision matrices are created based on relations among the eight
selection criteria depicted in Fig. 10. Then, these pairwise com-
parison decision matrices are used to evaluate the priority vectors
of criteria and form the supermatrix per service type and SLA.
Subsequently, the weighted supermatrices and finally the limited
supermatrices are obtained. Indicatively, for the SLA1T NAV service,
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the initial, the weighted and the limited supermatrices are pre-
sented in Tables 10, 11 and 12 respectively.

The criteria weights per service and SLA obtained by the limit
supermatrices are presented in Figs. 11-14. As illustrated, the
weights are proportional to the constraints of each service as well
as to the agreements of each SLA. In particular, the weight of the
price criterion is low for SLA1, in which the service reliability and
the network QoS characteristics are considered as the most im-
portant factors. In SLA2 the price criterion is more important than
in SLA1, thus the respective weight is greater than that of SLA1.
Consequently, the weights of the service reliability and QoS charac-
teristics criteria in SLA2 are lower compared to the relative weights
of SLA1. In SLA3 the weights of price and service reliability criteria
are balanced as they are almost of equivalent importance. Finally,
in SLA4 the price is the most important criterion resulting in a
high estimated weight value.

As follows, the PFT algorithm selects the best network for each
vehicle considering the vehicle service requirements. Fig. 15 com-
pares the results of the proposed scheme with the ones obtained
using the VAH [41], the FAT [37], the FAS [37], the FAM [37] and
the FAE [38] VHO management schemes. In this figure, for each
vehicle the PFT ranking of the current network as well as of the
target network connection estimated by each of the six schemes
are presented. From the obtained results it is clear that the sug-
gested algorithm outperforms the existing schemes since it selects
as target networks for vehicles the ones with the best ranks. Also,
in special cases where the velocity of vehicles is high (e.g. for ve-
hicle 7) the proposed scheme considers only the wide coverage
candidate networks as alternatives avoiding the handovers to fem-
tocell networks.

Additionally, for further evaluation of the proposed scheme, the
user’s satisfaction grade S,; after the VHO completion is con-
sidered. Specifically, Fig. 16 presents the estimated S, ; after the
execution of each VHO scheme. As it can be observed, the re-
sults are similar to the aforementioned PFT rankings, while the
proposed approach succeeds higher satisfaction grades than the
existing schemes.

5.2. 24 hours simulation results

For the entire 24-hour simulation, Tables C1, C2 and C3 (Ap-
pendix C) present the number of vehicles that start their move-
ment from each LTE, WiMAX and WAVE network, respectively, as
well as their corresponding velocities.

Table C4 presents the vehicles count per service and SLA. The
entire services’ combinations per SLA are considered, in order all
the possible use cases to be studied during the simulation. The
number of possible services’ combinations (S¢) is estimated using
formula (37) [63] where S, represents the number of the consid-
ered services. In this experiment 5 services are considered, namely
the Navigation Assistance (NAV), Voice over IP (VoIP), Conversa-
tional Video (CV), Buffered Streaming (BS) and Web Browsing (WB)
and thus S is equal to 31. It should be noted that SLA 1 supports
the entire services, while SLA 2 supports only the CV, BS and WB
services. Also, SLA 3 supports only the BS and WB services, while
SLA 4 supports only the WB service.

Se=25 -1 (37)

The average PFT rankings of each VHO scheme are presented in
Fig. 17, where the entire 39807 vehicles are considered. As it can
be observed, the proposed scheme accomplishes higher ranking
than the other schemes. On the contrary, the VAH scheme accom-
plishes the lower ranking, due to the fact that it does not consider
neither QoS related parameters, nor operator policy related param-
eters. The rest schemes accomplish intermediate results, while the
FAT results are slightly better than the ones achieved from the rest



Table 10
The PF-ANP initial supermatrix for the SLA 1 NAV service.

Throughput Delay Jitter Packet loss Service reliability Security Price

Throughput [(0.37,0.36,0.34,0.33, [(0.37,0.36,0.34, [(0.37,0.36,0.34, [(0.37,0.36,0.34, [(0.37,0.36,0.349, [(0.37,0.36,0.34, [(0.37,0.36,0.34,
0.32,1,0.8,0.8), 0.33,0.32,1,0.8,0.8), 0.33,0.32,1,0.8,0.8), 0.33,0.32,1,0.8,0.8), 0.33,0.32,1,0.8,0.8), 0.33,0.32,1,0.8,0.8), 0.33,0.32,1,0.8,0.8),
(0.36,0.36,0.34,0.33, (0.36,0.36,0.34, (0.36,0.36,0.34, (0.36,0.36,0.34, (0.36,0.36,0.34, (0.36,0.36,0.34, (0.36,0.36,0.34,
0.33,0.8,0.6,0.6)] 0.33,0.33,0.8,0.6,0.6)] 0.33,0.33,0.8,0.6,0.6)] 0.33,0.33,0.8,0.6,0.6)] 0.33,0.33,0.8,0.6,0.6)] 0.33,0.33,0.8,0.6,0.6)] 0.33,0.33,0.8,0.6,0.6)]

Delay [(0.23,0.21,0.21, [(0.23,0.21,0.21 [(0.23,0.21,0.21, [(0.23,0.21,0.21, [(0.23,0.21,0.21, [(0.23,0.21,0.21, [(0.23,0.21,0.21,
0.21,0.21,1,0.8,0.8), ,0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8),
(0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21,
0.21,0.21,0.8,0.6,0.6)] 0.21,0.21,0.8,0.6,0.6)] 0.21,0.21,0.8,0.6,0.6)] 0.21,0.21,0.8,0.6,0.6)] 0.21,0.21,0.8,0.6,0.6)] 0.21,0.21,0.8,0.6,0.6)] 0.21,0.21,0.8,0.6,0.6)]

Jitter [(0.16,0.2,0.22, [(0.16,0.2,0.22, [(0.16,0.2,0.22, [(0.16,0.2,0.22, [(0.16,0.2,0.22, [(0.16,0.2,0.22, [(0.16,0.2,0.22,
0.23,0.24,1,0.8,0.8), 0.23,0.24,1,0.8,0.8), 0.23,0.24,1,0.8,0.8), 0.23,0.24,1,0.8,0.8), 0.23,0.24,1,0.8,0.8), 0.23,0.24,1,0.8,0.8), 0.23,0.24,1,0.8,0.8),
(0.19,0.2,0.22, (0.19,0.2,0.22, (0.19,0.2,0.22, (0.19,0.2,0.22, (0.19,0.2,0.22, (0.19,0.2,0.22, (0.19,0.2,0.22,
0.23,0.23,0.8,0.6,0.6)] 0.23,0.23,0.8,0.6,0.6)] 0.23,0.23,0.8,0.6,0.6)] 0.23,0.23,0.8,0.6,0.6)] 0.23,0.23,0.8,0.6,0.6)] 0.23,0.23,0.8,0.6,0.6)] 0.23,0.23,0.8,0.6,0.6)]

Packet loss [(0.23,0.21,0.21, [(0.23,0.21,0.21, [(0.23,0.21,0.21, [(0.23,0.21,0.21, [(0.23,0.21,0.21, [(0.23,0.21,0.21, [(0.23,0.21,0.21,
0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8), 0.21,0.21,1,0.8,0.8),
(0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21, (0.21,0.21,0.21,
0.21,0.21,0.8,0.6)] 0.21,0.21,0.8,0.6)] 0.21,0.21,0.8,0.6)] 0.21,0.21,0.8,0.6)] 0.21,0.21,0.8,0.6)] 0.21,0.21,0.8,0.6)] 0.21,0.21,0.8,0.6)]

Service [(0.52,0.47,0.42 [(0.52,0.47,0.42, [(0.52,0.47,0.42, [(0.52,0.47,0.42, [(0.52,0.47,0.42, [(0.52,0.47,0.42, [(0.52,0.47,0.42,

reliability ,0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8),

(0.48,0.45,0.42, (0.48,0.45,0.42, (0.48,0.45,0.42, (0.48,0.45,0.42, (0.48,0.45,0.42, (0.48,0.45,0.42, (0.48,0.45,0.42,
0.41,0.4,0.8,0.6,0.6)] 0.41,0.4,0.8,0.6,0.6)] 0.41,0.4,0.8,0.6,0.6)] 0.41,0.4,0.8,0.6,0.6)] 0.41,0.4,0.8,0.6,0.6)] 0.41,0.4,0.8,0.6,0.6)] 0.41,0.4,0.8,0.6,0.6)]

Security [(0.37,0.39,0.4, [(0.37,0.39,0.4, [(0.37,0.39,0.4, [(0.37,0.39,0.4, [(0.37,0.39,0.4, [(0.37,0.39,0.4, [(0.37,0.39,0.4,
0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8), 0.4,0.4,1,0.8,0.8),
(0.39,0.4,0.4, (0.39,0.4,0.4, (0.39,0.4,0.4, (0.39,0.4,0.4, (0.39,0.4,0.4, (0.39,0.4,0.4, (0.39,0.4,0.4,
0.4,0.4,0.8,0.6,0.6)] 0.4,0.4,0.8,0.6,0.6)] 0.405,0.4,0.8,0.6,0.6)] 0.4,0.403,0.8,0.6,0.6)] 0.4,0.4,0.8,0.6,0.6)] 0.4,0.4,0.8,0.6,0.6)] 0.4,0.4,0.8,0.6,0.6)]

Price [(0.09,0.13,0.16, [(0.09,0.13,0.16, [(0.09,0.13,0.16, [(0.09,0.13,0.16, [(0.09,0.13,0.16, [(0.09,0.13,0.16, [(0.09,0.13,0.16,
0.18,0.19,1,0.8,0.8), 0.18,0.19,1,0.8,0.8), 0.18,0.19,1,0.8,0.8), 0.18,0.19,1,0.8,0.8), 0.18,0.19,1,0.8,0.8), 0.18,0.19,1,0.8,0.8), 0.18,0.19,1,0.8,0.8),
(0.12,0.14,0.16, (0.12,0.14,0.16, (0.12,0.14,0.166, (0.12,0.14,0.16, (0.12,0.14,0.16, (0.12,0.14,0.16, (0.12,0.14,0.16,
0.18,0.18,0.8,0.6,0.6)] 0.18,0.18,0.8,0.6,0.6)] 0.18,0.18,0.8,0.6,0.6)] 0.18,0.18,0.8,0.6,0.6)] 0.18,0.18,0.8,0.6,0.6)] 0.18,0.18,0.8,0.6,0.6)] 0.18,0.18,0.8,0.6,0.6)]
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Table 11

The PF-ANP weighted supermatrix for the SLA 1 NAV service.

Throughput Delay Jitter Packet loss Service reliability Security Price
Throughput [(0.18,0.18,0.17, [(0.18,0.18,0.17, [(0.18,0.18,0.17, [(0.18,0.18,0.17, [(0.18,0.18,0.17, [(0.18,0.18,0.17, [(0.18,0.18,0.17,
0.16,0.16,1,0.8,0.8), 0.16,0.16,1,0.8,0.8), 0.16,0.16,1,0.8,0.8), 0.16,0.16,1,0.8,0.8), 0.16,0.16,1,0.8,0.8), 0.16,0.16,1,0.8,0.8), 0.16,0.16,1,0.8,0.8),
(0.18,0.18,0.17, (0.18,0.18,0.17, (0.18,0.18,0.17, (0.18,0.18,0.17, (0.18,0.18,0.17, (0.18,0.18,0.17, (0.18,0.18,0.17,
0.16,0.16,0.8,0.6,0.6)] 0.16,0.16,0.8,0.6,0.6)] 0.16,0.16,0.8,0.6,0.6)] 0.16,0.16,0.8,0.6,0.6)] 0.16,0.16,0.8,0.6,0.6)] 0.16,0.16,0.8,0.6,0.6)] 0.16,0.16,0.8,0.6,0.6)]
Delay [(0.11,0.1,01, [(0.11,0.1,0.1, [(0.11,0.1,0.1, [(0.11,0.1,0.1, [(0.11,0.1,0.1, [(0.11,0.1,0.1, [(0.11,0.1,0.1,
0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8),
(0.1,0.1,0.1, (0.1,0.1,0.1, (0.1,0.1,0.1, (0.1,0.1,0.1,0.1, (0.1,01,0.1, (0.1,0.1,0.1, (0.1,01,0.1,
0.1,0.1,0.8,0.6,0.6)] 0.106,0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)] 0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)]
Jitter [(0.08,0.1,0.11, [(0.08,0.1,0.11, [(0.08,0.1,0.11, [(0.08,0.1,0.11, [(0.08,0.1,0.11, [(0.08,0.1,0.11, [(0.08,0.1,0.11,
0.11,0.12,1,0.8,0.8), 0.11,0.12,1,0.8,0.8), 0.11,0.12,1,0.8,0.8), 0.11,0.12,1,0.8,0.8), 0.11,0.12,1,0.8,0.8), 0.11,0.12,1,0.8,0.8), 0.11,0.12,1,0.8,0.8),
(0.09,0.1,0.11, (0.09,0.1,0.11, (0.09,0.1,0.11, (0.09,0.1,0.11, (0.09,0.1,0.11, (0.09,0.1,0.11, (0.09,0.1,0.11,
0.11,0.11,0.8,0.6,0.6)] 0.11,0.11,0.8,0.6,0.6)] 0.11,0.11,0.8,0.6,0.6)] 0.11,0.11,0.8,0.6,0.6)] 0.11,0.11,0.8,0.6,0.6)] 0.11,0.11,0.8,0.6,0.6)] 0.11,0.11,0.8,0.6,0.6)]
Packet loss [(0.11,0.1,01, [(0.11,0.1,0.1, [(0.11,0.1,0.1, [(0.11,0.1,0.1, [(0.11,0.1,0.1, [(0.11,0.1,0.1, [(0.11,0.1,0.1,
0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.10,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8), 0.1,0.1,1,0.8,0.8),
(0.1,01,0.1, (0.1,0.1,0.1, (0.1,01,0.1, (0.1,0.1,0.1, (0.1,01,0.1, (0.1,0.1,0.1, (0.1,01,0.1,
0.1,0.1,0.8,0.6,0.6)] 0.106,0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)] 0.1,0.1,0.8,0.6,0.6)]
Service [(0.26,0.23,0.21, [(0.26,0.23,0.21, [(0.26,0.23,0.21, [(0.26,0.23,0.21, [(0.26,0.23,0.21, [(0.26,0.23,0.21, [(0.26,0.23,0.21,
reliability 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8),
(0.24,0.22,0.21, (0.24,0.22,0.21, (0.24,0.22,0.21, (0.24,0.22,0.21, (0.24,0.22,0.21, (0.24,0.22,0.21, (0.24,0.2,0.21,
0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)]
Security [(0.18,0.19,0.2, [(0.18,0.19,0.2, [(0.18,0.19,0.2, [(0.18,0.19,0.2, [(0.18,0.19,0.2, [(0.18,0.19,0.2, [(0.18,0.19,0.2,
0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8), 0.2,0.2,1,0.8,0.8),
(0.19,0.2,0.2, (0.19,0.2,0.2, (0.19,0.2,0.2, (0.19,0.2,0.2, (0.19,0.2,0.2, (0.19,0.2,0.2, (0.19,0.2,0.2,
0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)] 0.2,0.2,0.8,0.6,0.6)]
Price [(0.04,0.06,0.08, [(0.04,0.06,0.08, [(0.04,0.06,0.08, [(0.04,0.06,0.08, [(0.04,0.06,0.08, [(0.04,0.06,0.08, [(0.04,0.06,0.08,
0.09,0.09,1,0.8,0.8), 0.09,0.09,1,0.8,0.8), 0.09,0.09,1,0.8,0.8), 0.09,0.09,1,0.8,0.8), 0.09,0.09,1,0.8,0.8), 0.09,0.09,1,0.8,0.8), 0.09,0.09,1,0.8,0.8),
(0.06,0.07,0.08, (0.06,0.07,0.08, (0.06,0.07,0.08, (0.06,0.07,0.08, (0.06,0.07,0.08, (0.06,0.07,0.08, (0.06,0.07,0.08,
0.09,0.09,0.8,0.6,0.6)] 0.09,0.09,0.8,0.6,0.6)] 0.09,0.09,0.8,0.6,0.6)] 0.09,0.09,0.8,0.6,0.6)] 0.09,0.09,0.8,0.6,0.6)] 0.09,0.09,0.8,0.6,0.6)] 0.09,0.09,0.8,0.6,0.6)]
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Table 12
The PF-ANP limit supermatrix for the SLA 1 NAV service.
Throughput Delay Jitter Packet loss Service Security Price
reliability

Throughput 0.175346 0.175346 0.175346 0.175346 0.175346 0.175346 0.175346
Delay 0.109943 0.109943 0.109943 0.109943 0.109943 0.109943 0.109943
Jitter 0.104768 0.104768 0.104768 0.104768 0.104768 0.104768 0.104768
Packet loss 0.109943 0.109943 0.109943 0.109943 0.109943 0.109943 0.109943
Service reliability 0.195427 0.195427 0.195427 0.195427 0.195427 0.195427 0.195427
Security 0.188775 0.188775 0.188775 0.188775 0.188775 0.188775 0.188775
Price 0.115798 0.115798 0.115798 0.115798 0.115798 0.115798 0.115798
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Fig. 11. The network selection weights per service for SLA 1.
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Fig. 12. The network selection weights per service for SLA 2.
Network Selection weights for SLA 3
0,25
0,2
< 0,15
.ao
(]
; 0,1
0,05
0

Buffered Streaming

B Throughput BEiDelay MlJitter & Packet loss Service Reliability Security & Price

Fig. 13. The network selection weights per service for SLA 3.
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Fig. 14. The network selection weights per service for SLA 4.
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Fig. 15. The PFT ranking of each VHO scheme.
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Fig. 16. The satisfaction grade obtained from each VHO scheme.
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Fig. 17. The average PFT ranking of each VHO scheme during the 24 hours simulation.
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Average satisfaction grade obtained from each VHO scheme
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Fig. 18. The average satisfaction grade obtained from each VHO scheme during the 24 hours simulation.
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Fig. 19. The total VHOs count of each VHO scheme during the 24 hours simulation.

of the schemes. Also, Fig. 18 presents the average satisfaction grade
Su.i estimated for each VHO scheme. The proposed approach ac-
complishes the highest average values, compared to the rest VHO
schemes. Finally, the number of VHOs performed from a VHO man-
agement scheme should be considered as a critical parameter for
the evaluation of the proposed VHO scheme efficiency, since less
VHOs imply less network signaling overhead in both user and op-
erator sides. As a result, Fig. 19 presents the total VHOs performed
from each scheme, during the entire 24 hours simulation. As it is
shown, the proposed scheme outperforms the other schemes, since
it performs less VHOs. Also, the VAH scheme accomplishes accept-
able VHOs counts, since it also considers the vehicle velocity for
the handover process. However, it does not avoid useless VHOs to
femtocells providing worse results than the proposed scheme. The
rest of the schemes accomplish similar VHOs counts, since they are
based on the perceived RSS per user for the VHO initiation process.

6. Conclusion

Mobility management in 5G-VCC systems is a complex task
since it should consider multiple parameters with different rela-
tive importance. This paper proposes a VHO management scheme
for 5G-VCC systems that takes into account vehicles’ velocity, net-
works’ QoS and policy characteristics, vehicular services require-
ments and different vehicles’ SLAs to select the optimal network
that will satisfy simultaneously all the services’ requirements and
onboard user’s preferences.

VHO management services are executed at the Cloud or the Fog
infrastructure alleviating the vehicle’s processing load and reduc-
ing VHO latency. IVPFNs are used for the representation of both
VHO Initiation and Network Selection criteria values, while the PF-
ANP algorithm is used for the estimation of the criteria weights for

both VHO Initiation and Network Selection. During the VHO Initi-
ation, the MPFIS evaluates the necessity to perform a handover,
while during the Network Selection, the PFT algorithm selects the
most appropriate network considering the vehicle’s velocity, the
constraints of used vehicular services and the SLA of the vehicle.

Performance evaluation showed that the Always Best Connected
(ABC) principle is fully ensured, while at the same time the pro-
posed scheme outperforms existing VHO management algorithms
in terms of the PFT ranks of the selected networks, the user satis-
faction grade, as well as the VHOs count.
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Appendix A. The positions of the available networks

In this appendix the positions and the spectrum of the available
access networks are presented.

Appendix B. The available networks per SLA

In this appendix the available networks per SLA are presented.
(See Tables B1-B4.)

Appendix C. The distribution of vehicles during the 24 hours
simulation

In this appendix the distribution of vehicles across velocity cat-
egories, access networks, services and SLAs, during the 24 hours
simulation is presented.
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Table A1
The positions of the available LTE Access Networks.
Network Position Geographic Geographic Downlink & uplink spectrum
latitude longitude in MHz (LTE band)
LTE Macro 1 2e 37.948056 23.643056 1805-1825 & 1710-1730 (3)
LTE Macro 2 21 37.947500 23.650278 2150-2170 & 1960-1980 (1)
LTE Macro 3 3p 37.946667 23.653611 2130-2150 & 1940-1960 (1)
LTE Macro 4 4i 37.946111 23.646389 2110-2130 & 1920-1940 (1)
LTE Macro 5 5q 37.945556 23.654167 1805-1825 & 1710-1730 (3)
LTE Macro 6 6f 37.945000 23.644444 1825-1845 & 1730-1750 (3)
LTE Macro 7 8f 37.942778 23.643611 1845-1865 & 1750-1770 (3)
LTE Macro 8 8t 37.942778 23.656944 1825-1845 & 1730-1750 (3)
LTE Macro 9 9l 37.941944 23.649444 925-945 & 880-900 (8)
LTE Macro 10 11c 37.940000 23.641111 1805-1825 & 1710-1730 (3)
LTE Macro 11 111 37.939722 23.648611 778-798 & 723-743 (28)
LTE Macro 12 11t 37.939722 23.656111 2150-2170 & 1960-1980 (1)
LTE Macro 13 12i 37.939722 23.645833 758-778 & 703-723 (28)
LTE Macro 14 12y 37.938333 23.661389 1845-1865 & 1750-1770 (3)
LTE Macro 15 14q 37.938056 23.653889 2110-2130 & 1920-1940 (1)
LTE Macro 16 14v 37.937222 23.658333 2130-2150 & 1940-1960 (1)
LTE Macro 17 16b 37.936667 23.640000 2110-2130 & 1920-1940 (1)
LTE Macro 18 16h 37.936667 23.645556 1825-1845 & 1730-1750 (3)
LTE Macro 19 18c 37.934722 23.640833 2130-2150 & 1940-1960 (1)
LTE Macro 20 18f 37.934444 23.643889 2150-2170 & 1960-1980 (1)
LTE Femto 1 4f 37.946944 23.644444 925-945 & 880-900 (8)
LTE Femto 2 4j 37.946111 23.647222 758-778 & 703-723 (28)
LTE Femto 3 4r 37.946389 23.655000 925-945 & 880-900 (8)
LTE Femto 4 5d 37.945833 23.641944 758-778 & 703-723 (28)
LTE Femto 5 5j 37.945556 23.647500 778-798 & 723-743 (28)
LTE Femto 6 6h 37.944444 23.645833 2180-2200 & 2000-2020 (23)
LTE Femto 7 6i 37.944444 23.646667 1475.9-1495.9 & 1427.9-14479 (11)
LTE Femto 8 7h 37.944167 23.645833 860-875 & 815-830 (18)
LTE Femto 9 7i 37.943889 23.647222 2130-2150 & 1940-1960 (1)
LTE Femto 10 7k 37.943889 23.648056 2180-2200 & 2000-2020 (23)
LTE Femto 11 8k 37.942778 23.648611 1475.9-1495.9 & 1427.9-14479 (11)
LTE Femto 12 8m 37.942500 23.650556 2180-2200 & 2000-2020 (23)
LTE Femto 13 9e 37.941667 23.643333 860-875 & 815-830 (18)
LTE Femto 14 9g 37.942222 23.645000 2180-2200 & 2000-2020 (23)
LTE Femto 15 9h 37.941944 23.645833 860-875 & 815-830 (18)
LTE Femto 16 9j 37.942222 23.647778 2180-2200 & 2000-2020 (23)
LTE Femto 17 9n 37.942222 23.651111 1475.9-1495.9 & 1427.9-14479 (11)
LTE Femto 18 10e 37.941944 23.643333 2130-2150 & 1940-1960 (1)
LTE Femto 19 10f 37.941389 23.644167 2180-2200 & 2000-2020 (23)
LTE Femto 20 10g 37.941111 23.644444 860-875 & 815-830 (18)
LTE Femto 21 10h 37.941389 23.645833 2180-2200 & 2000-2020 (23)
LTE Femto 22 10j 37.941389 23.647500 860-875 & 815-830 (18)
LTE Femto 23 101 37941111 23.649722 1475.9-1495.9 & 1427.9-1447.9 (11)
LTE Femto 24 11e 37.940556 23.643056 1475.9-1495.9 & 1427.9-1447.9 (11)
LTE Femto 25 11f 37.940278 23.643611 860-875 & 815-830 (18)
LTE Femto 26 11h 37.940833 23.645833 1475.9-1495.9 & 1427.9-1447.9 (11)
LTE Femto 27 12k 37.940000 23.648889 1180-2200 & 2000-2020 (23)
LTE Femto 28 13c 37.939444 23.641111 1475.9-1495.9 & 1427.9-1447.9 (11)
LTE Femto 29 13e 37.938333 23.642778 925-945 & 880-900 (8)
LTE Femto 30 13j 37.939444 23.648333 1175.9-1495.9 & 1427.9-14479 (11)
LTE Femto 31 14d 37.938333 23.642222 1180-2200 & 2000-2020 (23)
LTE Femto 32 14n 37.938333 23.650556 1805-1825 & 1710-1730 (3)
LTE Femto 33 15b 37.937222 23.639722 925-945 & 880-900 (8)
LTE Femto 34 15¢ 37.937222 23.640833 778-798 & 723-743 (28)
LTE Femto 35 15u 37.936944 23.657778 925-945 & 880-900 (8)
LTE Femto 36 16¢ 37.936389 23.641111 860-875 & 815-830 (18)
LTE Femto 37 18h 37.934444 23.645278 925-945 & 880-900 (8)
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Table A2
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The positions of the available WiMAX Access Networks.

Network Position Geographic Geographic Downlink & uplink spectrum
latitude longitude in MHz (WiMAX 2 band)
WIMAX Macro 1 le 37.949444 23.642500 3500-3510 & 3400-3410 (5L)
WiMAX Macro 2 3e 37.947778 23.643333 3510-3520 & 3410-3420 (5L)
WIMAX Macro 3 3j 37.947222 23.647500 3530-3540 & 3430-3440 (5L)
WiIMAX Macro 4 30 37.947222 23.652778 3540-3550 & 3440-3450 (5L)
WIMAX Macro 5 6r 37.944722 23.655000 3590-3600 & 3490-3600 (5L)
WiMAX Macro 6 8g 37.943333 23.645278 3590-3600 & 3490-3600 (5L)
WIMAX Macro 7 11d 37.940833 23.641944 3500-3510 & 3400-3410 (5L)
WiMAX Macro 8 111 37.940556 23.649722 3530-3540 & 3430-3440 (5L)
WiIMAX Macro 9 11n 37.940000 23.651389 3540-3550 & 3440-3450 (5L)
WiMAX Macro 10 11r 37.940278 23.655278 3550-3560 & 3450-3460 (5L)
WIMAX Macro 11 12j 37.939494 23.648333 3510-3520 & 3410-3420 (5L)
WiMAX Macro 12 12u 37.939444 23.657778 3500-3510 & 3400-3410 (5L)
WIMAX Macro 13 14e 37.938056 23.643333 3580-3590 & 3480-3490 (5L)
WiIMAX Macro 14 14v 37.937222 23.658611 3510-3520 & 3410-3420 (5L)
WiMAX Macro 15 17b 37.935833 23.639722 3540-3550 & 3440-3450 (5L)
WiMAX Macro 16 18¢ 37.934722 23.640833 3530-3540 & 3430-3440 (5L)
WIMAX Macro 17 18i 37.934444 23.645278 2305-2315 & 2345-2355 (2)
WiIMAX Femto 1 3f 37.947500 23.644444 3520-3530 & 3420-3430 (5L)
WIMAX Femto 2 5g 37.945278 23.644167 3550-3560 & 3450-3460 (5L)
WiMAX Femto 3 6e 37.945000 23.642222 3560-3570 & 3460-3470 (5L)
WIMAX Femto 4 6g 37.944444 23.645278 3570-3580 & 3470-3480 (5L)
WiIMAX Femto 5 6j 37.944444 23.647222 3580-3500 & 3480-3490 (5L)
WiMAX Femto 6 7j 37.943889 23.647778 3520-3530 & 3420-3430 (5L)
WIMAX Femto 7 8h 37.942222 23.646111 2305-2315 & 2345-2355 (2)
WiMAX Femto 8 8k 37.942500 23.648056 3550-3560 & 3450-3460 (5L)
WiIMAX Femto 9 8n 37.942778 23.651389 3520-3530 & 3420-3430 (5L)
WiMAX Femto 10 9g 37.942222 23.645278 2305-2315 & 2345-2355 (2)
WIMAX Femto 11 9i 37.941667 23.646389 3550-3560 & 3450-3460 (5L)
WiIMAX Femto 12 9j 37941944 23.647500 2305-2315 & 2345-2355 (2)
WiMAX Femto 13 9m 37.942222 23.651111 2305-2315 & 2345-2355 (2)
WiIMAX Femto 14 10f 37.941389 23.644167 3520-3530 & 3420-3430 (5L)
WiIMAX Femto 15 10h 37.941389 23.645833 3520-3530 & 3420-3430 (5L)
WiMAX Femto 16 10j 37.941389 23.647500 3550-3560 & 3450-3460 (5L)
WiMAX Femto 17 10m 37.941389 23.650000 3520-3530 & 3420-3430 (5L)
WiMAX Femto 18 10s 37.941389 23.655556 3520-3530 & 3420-3430 (5L)
WiIMAX Femto 19 11f 37.940278 23.643333 2305-2315 & 2345-2355 (2)
WiMAX Femto 20 11h 37.940556 23.645556 2305-2315 & 2345-2355 (2)
WIMAX Femto 21 11k 37.939722 23.648611 2305-2315 & 2345-2355 (2)
WiIMAX Femto 22 12k 37.929167 23.648056 3520-3530 & 3420-3430 (5L)
WiIMAX Femto 23 15b 37.937222 23.640000 2305-2315 & 2345-2355 (2)
WiIMAX Femto 24 15d 37.936944 23.641667 3520-3530 & 3420-3430 (5L)
WIMAX Femto 25 15u 37.936944 23.657778 2305-2315 & 2345-2355 (2)
Table A3
The positions of the available WAVE Access Networks.
Network Position Geographic Geographic Spectrum in MHz
latitude longitude (DSRC Europe band)
WAVE 1 2f 37.948056 23.644444 5915-5925 (SCH4)
WAVE 2 2h 37.947500 23.646389 5905-5915 (SCH3)
WAVE 3 3m 37.946667 23.650278 5895-5905 (SCH2)
WAVE 4 4e 37946111 23.642500 5895-5905 (SCH2)
WAVE 5 4u 37.945556 23.658056 5875-5885 (SCH1)
WAVE 6 5i 37.945000 23.646944 5915-5925 (SCH4)
WAVE 7 6k 37.944167 23.648056 5905-5915 (SCH3)
WAVE 8 7e 37.943056 23.643333 5875-5885 (SCH1)
WAVE 9 7i 37.943889 23.646667 5895-5905 (SCH2)
WAVE 10 7n 34.943889 23.651111 5875-5885 (SCH1)
WAVE 11 9h 37.942222 23.646389 5915-5925 (SCH4)
WAVE 12 10e 37.941667 23.643333 5895-5905 (SCH2)
WAVE 13 10j 37.941667 23.647500 5875-5885 (SCH1)
WAVE 14 10n 37941111 23.651667 5905-5915 (SCH3)
WAVE 15 11h 37.940556 23.645556 5905-5915 (SCH3)
WAVE 16 12¢ 37.939444 23.641389 5875-5885 (SCH1)
WAVE 17 12q 37.938889 23.654444 5875-5885 (SCH1)
WAVE 18 14b 37.938056 23.640556 5915-5925 (SCH4)
WAVE 19 14f 37937778 23.644167 5905-5915 (SCH3)
WAVE 20 17¢ 37.935000 23.641389 5895-5905 (SCH2)
WAVE 21 17n 37935278 23.651389 5895-5905 (SCH2)
WAVE 22 18i 37.934722 23.645278 5875-5885 (SCH1)




Table B1

The available LTE networks of SLA 1.

Network SLIA 1

NAV VoIP cv BS Web
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LTE Macro 1 AG AG G VG MG G AP AG AG G VG G VG VP G VG G MG MG M AP M MG AG M G AG P AG AG G VG VG AG AP
LTE Macro 2 VG AG G G AG AG AP M MG MG M G M P AG AG M VG M MG AP MG G MG M MG AG VP VG AG G G G AG P
LTE Macro 3 VG AG M G M G VP M MG MG M MG VG VP MG G G M VG MG VP G VG MG MG VG M P VG AG G G M AG VP
LTE Macro 4 M MG M M VG AG P M MG MG M G G P VG AG AG G VG AG P AG AG M VG MG G P MG G MG M G G VP
LTE Macro 5 AG AG VG VG VG AG VP AG AG VG VG M VG AP G VG AG MG AG M AP MG G VG MG AG G VP G VG AG MG M G VP
LTE Macro 6 M MG G M VG G P MG G MG M VG MG AP VG AG AG G G MG VP G G VG MG VG VG P AG AG VG VG VG AG VP
LTE Macro 7 MG G MG M AG G VP MG G G M M VG VP MG G G M M MG P VG AG AG G G MG P AG AG G VG G VG P
LTE Macro 8 MG G AG MG AG M P AG AG G VG AG AG AP AG AG AG VG AG G P G G M MG AG AG P G VG MG MG VG AG AP
LTE Macro 9 M MG VG M AG M VP M MG AG M MG M AP G VG G MG MG VG P VG AG VG G VG VG P M MG VG M AG AG P
LTE Macro 10 MG G AG MG MG MG AP AG AG M VG VG M P G VG G MG M AG VP G VG G MG AG AG P G VG MG MG G G VP
LTE Macro 11 M MG VG M VG MG VP M MG MG M AG MG VP G VG G MG M VG AP M MG MG M G G P G G MG MG G VG AP
LTE Macro 12 M MG M M VG G AP VG AG AG G G MG AP VG AG G G AG G VP AG AG MG VG G VG AP AG AG VG VG MG MG P
LTE Macro 13 VG AG MG G G MG AP M MG M M MG MG P AG AG VG VG G M P AG AG VG VG MG G AP VG AG VG G VG AG AP
LTE Macro 14 VG AG AG G MG M AP AG AG VG VG VG G P VG AG G G G AG VP VG AG G G G M AP G VG G MG G AG AP
LTE Macro 15 M MG MG M G VG P AG AG G VG G M P M MG G M VG VG AP M MG AG M VG AG VP AG AG M VG VG G AP
LTE Macro16 AG AG MG VG AG VG VP VG AG VG G MG MG P VG AG AG G AG MG VP G G MG MG AG M P G VG MG MG G VG P
LTE Macro 17 G VG MG MG MG M VP AG AG AG VG AG M P G VG VG MG MG AG P G VG VG MG G AG AP VG AG VG G G MG AP
LTE Macro 18 MG G MG M G G VP VG AG G G VG VG VP G VG G MG AG MG AP MG G MG M VG MG AP M MG AG M G G VP
LTE Macro19 AG AG MG VG AG VG VP MG G MG M G M VP G VG AG MG G G P G VG M MG VG MG AP VG AG VG G VG VG P
LTE Macro 20 M MG MG M AG AG VP MG G G M M G P MG G G M AG MG VP G VG G MG MG M AP MG G AG M VG VG P
LTE Femto 1 MG G AG M MG M P VG AG M G VG M VP MG G VG M VG AG AP VG AG M G G VG VP G VG MG MG AG G VP
LTE Femto 2 VG AG M G M M AP AG AG G VG M M AP MG G M M VG MG AP MG G M M VG MG P G VG MG MG G MG P
LTE Femto 3 AG AG MG VG VG MG P AG AG G VG AG VG VP G VG G MG VG G P AG AG VG VG G G VP VG AG MG G MG VG AP
LTE Femto 4 MG G AG M VG AG VP G VG VG MG VG AG VP G VG G MG AG MG VP MG G G M M AG AP AG AG G VG MG G VP
LTE Femto 5 MG G M M G G VP M MG MG M AG M P VG AG AG G VG AG AP VG AG AG G G VG P G VG VG MG AG VG P
LTE Femto 6 AG AG M VG VG VG AP AG AG AG VG MG M P M MG AG M G VG AP M MG MG M VG AG AP MG G G M MG AG P
LTE Femto 7 MG G M M M MG AP VG AG VG G VG M VP AG AG G VG MG MG AP MG G MG M VG VG P AG AG G VG AG G P
LTE Femto 8 M MG AG M MG M VP AG AG M VG M M VP AG AG AG VG G AG P G VG G MG MG M P AG AG AG VG VG G AP
LTE Femto 9 G VG M MG AG VG VP MG G G M M MG AP G VG MG MG MG MG AP MG G G M MG AG P M MG MG M MG AG AP
LTE Femto 10 VG AG AG G G M AP VG AG VG G VG VG VP AG AG VG VG MG AG AP VG AG M G AG MG AP VG AG VG G G AG AP
LTE Femto 11 AG AG G VG VG AG P AG AG G VG M MG AP G G M MG M M P AG AG G VG MG M P AG AG G VG MG VG VP
LTE Femto 12 MG G M M VG MG P M MG VG M VG AG AP MG G AG M G G AP AG AG MG VG G G AP M MG G M VG VG P
LTE Femto 13 MG G MG M M M P VG AG M G M M VP AG AG M VG AG G VP MG G AG M G MG VP AG AG G VG G MG AP
LTE Femto 14 G VG M MG M AG VP MG G G M AG G VP VG AG VG G VG MG VP AG AG M VG MG G VP G VG MG MG G AG AP
LTE Femto 15 MG G G M G G AP MG G G M AG MG P M MG AG M AG M VP MG G MG M G AG AP VG AG MG G MG MG VP
LTE Femto 16 VG AG M G VG MG VP AG AG M VG AG G VP G VG MG MG G MG P G G MG G AG VG VP AG AG M VG M AG AP
LTE Femto 17 VG AG M G AG VG P VG AG AG G VG MG VP MG G AG M VG VG P AG AG VG VG G M AP G G MG MG G VG AP
LTE Femto 18 MG G M M VG G P G VG M MG MG G VP VG AG MG G AG MG P G VG MG MG VG MG AP G VG VG MG VG AG VP
LTE Femto 19 VG AG G G AG M P VG AG AG G G AG AP AG AG M VG VG M AP VG AG G G G G P VG AG MG G MG G P
LTE Femto 20 G VG G MG MG AG AP M MG MG M MG M VP VG AG AG G MG MG AP VG AG VG G G G VP MG G G M G MG VP
LTE Femto 21 M MG G M VG AG VP M MG M M MG AG AP G VG G MG MG VG AP M MG G M MG M AP VG AG MG G VG MG P
LTE Femto 22 AG AG MG VG VG AG VP G VG MG MG AG VG VP AG AG AG VG VG AG P M MG VG M G G P MG G VG M M M VP
LTE Femto 23 M MG G M M AG P AG AG M VG MG AG AP AG AG MG VG G MG P G VG AG MG VG G AP M MG M M AG G P
LTE Femto 24 MG G MG M AG AG AP AG AG MG VG M M VP MG G MG M G G AP M MG VG M M G P VG AG MG G AG G P
LTE Femto 25 G VG AG MG G MG AP G VG G MG MG MG VP AG AG AG VG VG VG P VG AG AG G G G AP AG AG AG VG VG AG VP
LTE Femto 26 G VG G MG M G VP MG G AG M G G VP AG AG M VG G G VP G VG G MG VG G VP M MG VG M G VG AP
LTE Femto 27 MG G G M G M AP VG AG G G VG AG P MG G G MG AG AG VP G VG AG MG G VG P AG AG AG VG VG G AP
LTE Femto 28 M MG G M MG G VP MG G G M G G VP MG G AG M G G AP G G VG MG G MG VP G VG VG MG G MG P
LTE Femto 29 VG AG M G M MG AP AG AG VG VG VG AG P G VG MG MG MG M VP AG AG AG VG MG MG VP M MG VG M MG G AP
LTE Femto 30 AG AG AG VG M AG VP G VG M MG MG MG AP MG G G M G G VP AG AG G VG G AG P M MG M M G G VP
LTE Femto 31 VG AG AG G AG MG P AG AG VG VG VG AG AP MG G G M G M AP M MG MG M MG M AP AG AG G VG AG G AP
LTE Femto 32 VG AG AG G VG MG AP G VG M MG G MG VP VG AG VG G M MG VP MG G M M MG G AP M MG M M VG MG VP
LTE Femto 33 AG AG MG VG AG MG P G VG M MG M VG VP VG AG AG G G AG P VG AG G G VG VG VP G VG VG MG G VG P
LTE Femto 34 AG AG G VG MG MG VP VG AG MG G MG MG P VG AG M G G MG VP M MG VG M AG AG VP MG G VG M G M P
LTE Femto 35 VG AG G G MG M VP G VG M MG AG VG P VG AG VG G MG MG P VG AG G G MG AG P G VG G MG VG M P
LTE Femto 36 G VG M MG MG G AP MG G VG M MG AG VP VG AG G G AG MG AP MG G VG M AG MG P G VG MG MG M G AP
LTE Femto 37 G VG AG MG M MG P AG AG VG VG VG AG AP AG AG VG VG M G AP AG AG AG VG MG MG AP G VG VG MG VG MG P
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Table B2
The available WiMAX and WAVE networks of SLA 1.

Network SLA 1

NAV VolP cv BS Web
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WIMAX Macro 1 MG G G G VG P G VG VG MG VG G P M MG M M VG M P G G VG MG G MG AP MG G M M AG G AP
WiMAX Macro 2 MG G M M MG G P MG G VG M MG G P AG AG G VG AG MG AP AG AG VG VG MG M AP G VG AG MG AG M P
WiMAX Macro 3 G VG MG MG G G VP MG G M M VG M P VG AG MG G G M P M MG G M MG M VP VG AG MG G AG M VP
WiMAX Macro 4 MG G M M AG VG VP MG G M M AG MG AP VG AG MG G VG M VP AG AG AG VG MG G P G VG M MG G AG AP
WiMAX Macro 5 AG AG AG VG MG M VP VG AG G G MG AG P VG AG M G AG M AP MG G VG M G G P AG AG G VG M G VP
WiMAX Macro 6 M MG MG M G M P MG G VG M VG VG AP VG AG G G VG M P G VG MG MG VG VG AP G VG G MG VG VG VP
WiMAX Macro 7 AG AG G VG M VG AP AG AG MG VG VG G P G VG MG MG VG M AP G VG M MG AG G AP MG G M M AG G AP
WiMAX Macro 8 M MG VG M AG MG VP VG AG MG G MG VG AP M MG VG M G G VP MG G G M G AG VP G VG MG MG M MG P
WIMAX Macro9 AG AG M VG M MG P M MG M M AG VG AP AG AG G VG G M VP MG G MG M G M AP M MG MG M AG G VP
WiMAX Macro 10 MG G M M VG G P AG AG AG VG MG G VP AG AG G VG G MG VP G VG M MG M VG AP VG AG AG G G VG VP
WiMAX Macro 11 M MG G M VG MG AP MG G AG M G MG P G VG M MG G M AP G VG VG MG VG G P M MG VG M VG G VP
WiMAX Macro 12 G VG AG MG G M P AG AG VG VG G G P VG AG M G G AG AP VG AG G G G MG P VG AG G G M MG P
WiMAX Macro 13 G VG MG MG AG M VP M MG VG M M G P AG AG VG VG VG G VP M MG AG M AG G AP G VG G MG AG AG VP
WiIiMAX Macro 14 AG AG AG VG G M P M MG M M M VG P VG AG G G AG VG P MG G G M M VG AP MG G MG M G MG VP
WIMAX Macro 15 VG AG VG G MG G AP AG AG G VG G M VP MG G VG M VG MG P M MG M M AG G P G VG G MG VG MG AP
WiIMAX Macro 16 M MG M M VG MG AP VG AG MG G M VG AP M MG M M MG MG AP G G VG MG VG G P AG AG AG VG G AG AP
WIMAX Macro 17 M MG G M G AG AP M MG MG M AG AG VP MG G G M AG VG VP AG AG VG VG G MG AP VG AG VG G VG MG VP
WiIMAX Femto 1 VG AG AG G G MG AP M MG M M VG MG P MG G MG M G MG AP VG AG G G AG G AP G VG VG MG VG G P
WiMAX Femto 2 M MG G M MG AG VP G VG AG MG AG AG P M MG MG M VG VG VP G VG M MG M VG VP MG G VG M G VG P
WiIMAX Femto 3 M MG G M AG G AP M MG AG M G M AP VG AG VG G G G AP MG G VG M M AG VP M MG MG M AG AG AP
WiMAX Femto 4 MG G VG M MG VG P AG AG AG VG VG MG P G VG G MG MG MG VP M MG M M M MG P G G G MG G M AP
WiIMAX Femto 5 AG AG G VG G M VP VG AG MG G MG AG VP VG AG AG G AG VG VP VG AG M G VG VG P MG G M M MG M AP
WiMAX Femto 6 M MG MG M G VG AP MG G AG M M MG P VG AG G G MG M AP MG G VG M G G VP AG AG G VG VG VG VP
WIMAX Femto 7 MG G G M MG M VP M MG M M VG VG P G VG VG MG G VG P M MG G M G VG P AG AG VG VG G AG P
WiMAX Femto 8 G VG G MG G MG AP VG AG M G G VG P AG AG MG VG AG G P VG AG AG G MG AG VP AG AG VG VG VG MG AP
WiMAX Femto 9 MG G MG M VG M P M MG M M AG G AP MG G G M G MG VP M MG VG M AG M AP MG G MG M G G AP
WiMAX Femto 10 AG AG AG VG M AG AP G VG AG MG M MG AP G VG M MG G AG VP VG AG G G VG G P AG AG AG VG MG MG P
WIMAX Femto 11 MG G G M G AG P VG AG AG G VG G P AG AG AG VG MG G P AG AG VG VG G VG AP AG AG AG VG VG AG VP
WiMAX Femto 12 G VG G MG AG VG P M MG MG M M MG AP MG G MG M VG G P G VG G MG VG AG VP G VG MG MG G M P
WiMAX Femto 13 AG AG MG VG VG VG VP M MG AG M G M AP G VG VG MG G VG P AG AG VG VG G VG VP VG AG MG G MG M AP
WIMAX Femto 14 AG AG VG VG M G AP AG AG M VG M M AP VG AG MG G MG G VP AG AG VG VG VG G AP MG G G M VG G AP
WIMAX Femto 15 AG AG G VG G MG VP MG G VG M G MG VP G G MG MG G AG AP AG AG M VG MG G P G VG M MG MG MG P
WIMAX Femto 16 M MG M M MG M VP G VG M MG G M AP VG G MG G G AG P VG AG MG G AG VG P AG AG AG VG AG G P
WIMAX Femto 17 M MG G M MG M AP G VG VG MG M M AP G VG AG MG AG VG P MG G VG M VG AG VP VG AG AG G AG MG P
WIMAX Femto 18 G VG AG MG M VG VP AG AG VG VG VG M VP VG AG G G MG G P M MG AG M G VG P VG AG VG G AG M VP
WIMAX Femto 19 M MG M M G M VP AG AG M VG AG M VP AG AG G VG G M AP G VG MG MG G MG AP VG AG M G G VG P
WIMAX Femto 20 G VG AG MG G AG VP M MG M M M MG AP G VG MG MG M AG P MG G G M VG G P M MG AG M VG VG AP
WIMAX Femto 21 MG G M M MG AG P M MG M M M AG P M MG AG M M AG P G VG M MG VG G AP VG AG G G G G AP
WIMAX Femto 22 VG AG AG G MG M AP G VG M MG M AG VP G VG G MG VG M AP M MG VG M M VG VP MG G M M G MG AP
WIMAX Femto 23 MG G G M MG M AP VG AG AG G AG M VP MG G MG M G MG AP MG G G M G AG AP VG AG G G VG AG VP
WIMAX Femto 24 G VG M MG VG G VP AG AG AG VG MG MG AP G VG MG MG MG M VP G VG AG MG G MG AP VG AG VG G G G P
WIMAX Femto 25 MG G VG M MG VG AP VG AG G G VG G P MG G G M AG MG P VG AG AG G MG MG AP MG G AG M VG MG AP
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Table B2 (continued)

Network  SLA 1

NAV VolIP (@Y BS Web
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WAVE 1 AG AG G VG VG VG VP G VG VG MG AG AG P MG G M M VG G P MG G G M VG AG P VG AG G G AG M VP
WAVE 2 VG AG MG G AG MG VP MG G MG M G M P VG AG AG G G M VP M MG VG M G VG AP M MG VG M VG MG P
WAVE 3 VG AG M G M VG AP M MG G M VG VG VP AG AG MG VG VG MG VP MG G M M VG G P MG G G G M VG VP
WAVE 4 AG AG AG VG AG AG P G VG M MG MG MG VP G G M MG AG G VP AG AG G VG AG MG VP G VG MG MG G VG AP
WAVE 5 M MG M M AG VG AP MG G VG M VG AG AP G VG VG MG MG MG AP AG AG G VG MG MG P M MG AG M M G AP
WAVE 6 M MG VG MG MG M VP G VG AG MG AG VG AP M MG G M MG G VP AG AG M VG G VG AP MG G G M G MG AP
WAVE 7 M MG AG M MG VG VP VG AG MG G M G P VG AG VG G AG G VP AG AG VG VG G G P VG AG G G AG VG AP
WAVE 8 MG G G MG MG MG VP M MG M M AG MG P VG AG AG G M MG AP AG AG G VG M MG P VG AG AG G G VG AP
WAVE 9 MG G G MG G M P M MG M M VG MG VP M MG M M VG VG P AG AG M VG VG G AP M MG G M AG G P
WAVE 10 MG G G M AG VG P M MG VG M AG M VP AG AG M VG MG G VP M MG G M MG G VP MG G VG M G AG AP
WAVE 11 M MG G M G AG AP VG AG G G M M VP G VG G MG MG MG VP AG AG G VG AG MG VP VG AG G G VG M P
WAVE 12 AG AG MG VG M VG VP AG AG VG VG VG G VP M MG VG M G VG VP VG AG MG G MG VG AP AG AG M VG G AG AP
WAVE 13 M MG G M G M VP MG G VG M VG MG P AG AG G VG VG G VP VG AG MG G AG G AP AG AG VG VG VG VG P
WAVE 14 AG AG AG VG G VG AP G VG VG MG G M AP G G G MG VG AG P M MG G M G MG P MG G MG M AG G VP
WAVE 15 G VG G MG M MG VP AG AG VG VG G MG AP AG AG G VG AG M VP M MG VG M G MG P MG G G M G AG VP
WAVE16 VG AG MG M VG G VP G VG MG MG VG AG VP G VG AG MG G G AP VG AG AG G MG G AP G VG G MG AG G AP
WAVE 17 M MG VG M VG VG P VG AG AG G M MG VP M MG G M AG MG VP VG AG MG G MG M AP VG AG G G AG VG P
WAVE 18 G VG G MG MG AG AP MG G M M VG VG AP MG G M M VG G VP AG AG G VG AG G P M MG AG M VG G P
WAVE19 VG AG MG G MG M P G VG AG MG VG G AP VG AG G G AG G P MG G AG M MG VG AP AG AG AG VG M AG AP
WAVE 20 M MG M M G G AP MG G AG M G MG VP VG AG MG G AG AG AP M MG MG M VG AG P M MG VG M AG AG VP
WAVE 21 M MG VG M VG AG P G VG AG MG MG G AP G VG M MG MG MG P G VG G MG AG VG VP G VG M MG MG G P
WAVE 22 MG G G MG MG G VP MG G G M G AG AP AG AG MG VG MG AG VP VG AG G G G MG VP AG AG G VG G AG AP
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Table B3
The available LTE networks of SLA 2, SLA 3 and SLA 4.
Network SLA 2 SLA 3 SLA 4
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LTE Macrol G G G MG MG P P MPM MGP G MPP G G G MGG MPP MPM MGP M MPM P MP MGP MG MP M VP P VP AP VP P
LTE Macro2 M MG P MP M MPM MGG M M P MG M G G MP MG MP MG P MP MP P P MP M M MG MP MP MP MG MG M AP MP MP P
LTE Macror3 MG G G M G MG MPP MP M P P P M MGG P M M P M P MPP P P P M MGMGP M M P G AP VP VP AP M VP
LTE Macro4 M MG P MPP MPMPG G P MGP G P MGG M M G M P MPM P P P P M MGMGMPM MGP M M M MP MP VP P
LTE Macro5 MP M M P P M M MGG G M MGG M MGG P M M G M MG MG MG M P MP M M MG P MP M MP M AP VP P AP AP P
LTE Macror6 MP M MP P G MGM G G G MGMP G M M MGG MP MG MP MP MG MG MP M MP P M M MG MP MP MP P G P MP MP VP VP P
LTE Macro7 MGG G M P M P M MGMGMPM P M M MGP MPG M P MPM P P MPP MG MP M P P P P M AP VP VP AP AP VP
LTE Macro8 G G P MGP MPM G G P MGMGG MPM MGM MPG M P P MPP MPP M G M MGP MPMP MP M P MP AP VP VP MP
LTE Macro9 MG G P M M G MPMPM MGP G MPP M MG MG MP MG MG P P MP MP VP M P G P MP M VP P MP G P MPP VP P VP
LTE Macorl0 G 6 G MGM M M MGG G M MP MGM P MPP P G M MPMPM P P MPP G P MPP P M MP MGP MP VP P AP MP
LTE Macro11 M MG MP MP P MG MPP MP MGP G P M G G P MGG G M P MP MGP P P MG M MGP MP MP P G P MP VP VP MP P
LTE Macro12 MP M G P MP G M MP M MGP M MG MP MP M P P MG MGP MPM MGP M MP MG MP M P P MPM M MPM VP P VP AP
LTE Macro13 G G G MG G MP MPP MP MGP MGG M P MPP MPP P MPP MP MGP MP M M P MP P VP P P G P MPP VP P VP
LTE Macro14 M MG MG MP G P M G G G MG P M MPP MPG P G G P M MGM MPP MP M P MP MGP MP P G P MP M VP MP AP
LTE Macro15 M MG MG MP G MP P P MPM P MGMP MPMGG P ™M P P P P MPM P P P M MP M P P P VP G MPM P P P VP
LTE Macro16 MG G MP M P MGP G G MG MGMGP M M MGMGMPM MPM P MPM P P P M M MGP MPM P M M M P MP MP P
LTE Macro 177 MP M P P P G M P MPP P P MGP M MGP MP MP MG P P MPP P P M G P MPP P MP M MGP MP AP VP VP VP
LTEMacro18 MG G M M MP M MP MG G MG M P MPM M MGG MPM G P P MPP P P MPG P MP P VP MP P G AP VP P AP P AP
LTE Macro19 MP M MP P M P M G G MP MG MG P M MP M MG P MP MGM MP M MP MP MP P M MPM MPP MPMPG MPM P P P MP
LTE Macror20 MG G MG M M MGM M MGG MPMGM MPMGCGG G M G M M MPM P P P M G MPM M P P M MG P MP AP P AP AP
LTE Femto 1 P MP G P G M MPG G M MGMGP P MPM P P M P P P MPP P MGP MG MPM P P M P M MPM VP P AP VP
LTE Femto 2 P MP MP P M MG MP M MG P MP P MGMPMPM P MPG M M M MGP MPP MPG P MP P VP P P G P MP AP VP AP VP
LTEFemto3 G G MG MGM G M MGG G M MPP P MPM MPP P M M P MPP P MPP MG MP M MPP P P M VP P MPAP P AP
LTE Femto4 G G P MGG M P MGG MGM P MPP MGG M M P G MPMPM MGP P P G MPM MPP P P G MPM MPP VP P
LTE Femto5 G G M MG P MP M MGG MGM MGP M P MPG P G M P P MPP P MPP G P MP MP P MG P G P MP MP VP P VP
LTE Femto 6 P MPM P G P P P MPMGP M G MPMPM G P P M MPP MP MGP P P MG MP M MG P P MP MG MP M AP P VP MP
LTE Femto7 M MG P MP M M MPMGG MGM MPP P MGG G M MPM M M MG MP MP P P M P MPP P P P G P MPP VP VP P
LTE Femto8 G G MP MG MP M P P MP G P MGMPP G G MP MGG M P P MPP P MPP G MG MG MP M P P G M M P MPP VP
LTEFemto9 MG G M M MGM P MGG M M MGMPM M MGM MP MP MGM P MPM P MPMPG M MGM MPMPM G MPM MPP MP MP
LTE Femto 10 P MP MGP MP MGM G G P MG MP MP MP MP M G P G G P MPM P P MPMPM MPM P P M MGG P MPP P P P
LTE Femto 11 G G P MGP MPM MPM G P MGM P MGG M M M MGP MPM P P P M M P MP M P P P MGP P P P VP VP
LTE Femto 12 P MPM P MPP MPMPM MGP G P MPMPM G P MGM M P MPM P M P MG P MP P VP MP MP M P MP VP VP VP MP
LTE Femto 13 M MG P MP MP M MPMGG G M MPP MPMPM MGP G MGP MG MGMGM MPP G MPM M P MGMPM P MP VP VP VP VP
LTE Femto14 MGG G M MG MP MP MGG P ™M MGM P P MP MPP MPG P P MPP P M MPG P MPMPP MPMPM VP P VP P VP MP
LTE Femto 15 P MP G P G P MPMGG M M MGM P MGG MGM MPM M MG MGP M MP MP MG P MP MP P MP M M P MP VP VP VP M
LTE Femto 16 M MG P MP G MGP MGG MGM M G M G G M MGMPM P P MP MP P P P M MG MG MP M MP MP M MP M MP P MP AP
LTE Femto17 MG G MG M G MG M MGG P M MGMGP P MPP P M G MP MG MG P M MG MP MG P MP P VP MP MG G P MP AP VP MP M
LTE Femto 18 MP M P P G MGM P MP MGP MGMPM MGG M M MGM M P MP MPP M MPG MGMGM M MGP MGM M AP MP M VP
LTEFemto19 G G M MG G P MPMP M MPP G MGMPG G M MGP MGMPMPM P P M MG MG MG MGM M P MP M M M M MP AP MP
LTE Femto20 M MG M MP MGP MPMP M M P G MP MP MGG MG M MGMGM MPM M P P MPG P MPM P M P M VP P AP AP M VP
LTE Femto 21 P MP P p P M P P MPG P MGMPMPMGG M M G M M P MP MP VP MP MP MG MGMGM M M M M M M MP MP P AP
LTE Femto22 MG G G M MP MGP P MP MGP G MP MPMG G G M M M MPP MP MP P P P MG MGMGM M M M G AP VP M AP AP P
LTEFemto23 MGG M M M M MPMGG G M M M M M MGM MPG P P MPM M P M P G M MGP MPM P MGMPM VP P P P
LTE Femto24 M MG M MP G G M MP M M P P MGM MGG P M MPP M MPM M P P P G M MGP MPP P M M M VP MPP VP
LTE Femto25 G G G MG G MG MPP MP MG P MG MG MP M MG MG MP G G P P MP MP VP MGP G M MG M MP MP MGM P MP M VP VP VP
LTE Femto26 MG G M M MG P M MGG MGM MP MP MPG G MPMGM M M P MPMGP P MPM M MGM MPP MPG M M M MPP P
LTE Femto27 MG G G M G G MP P MP P P MGP MPG G M MGFP P M VP P P VP M P M M MGM MPP P MG MP M AP P VP VP
LTE Femto 28 P MP MP P M P P G G MP MGMP P MPM MGP MP MGM MP MG MG P M P P M M MG P MPP M M P MP AP VP AP AP
LTE Femto29 G G P MG P P MPG G G MGM MPMPMPM P P M M MPMGMGM M MGM M MPM P P M M M MPM P P P VP
LTEFemto30 G G M MG MG P P P MPM P MGM M P MPG P M MPM MPM MGP M MP MGM MG MG MP MP MP MG MP M M P MP MP
LTE Femto31 M MG G MP G P P M MG P MP P MP MP MP M G P MP MPP MPM P P P MP MGMPM P P MPP M VP P AP VP VP P
LTE Femto32 M MG G MP MP MG M MP M MP P P MG MP M MG MP MP MGP P MP M MPP P MP MGMP M P P M P G P MP AP VP MP AP
LTE Femto 33 MG G P M MP MP P M MGP MP MGP M MPM G P M G MPMPM P P MPP M MPM M P M M G MPM M P VP M
LTE Femto 34 P MP P P P M MPM MGG MPM MP MPMP M MGP G MP MPMP M M MP M P MG P MPP VM MPG VPP P AP M P
LTE Femto 35 P MP P P MP MPP G G G MGFP MPP MGG G M G MPM P MP MG MP P P M P MP MP P MP P G P MP MP VP MP P
LTE Femto36 M MG G MP MG P P M MGMP MPM P M P MP MP MPP G M P MPP P M P M VvV P P MPP M M VP P VP P P AP
LTE Femto 37 P MP G P M M P MGG MPM M MGP P MP MPP MP MGM M MG MP MPM MG G P MP MP P MP M MG P MP VP P AP VP
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Table B4

The available WiMAX and WAVE networks of SLA 2, SLA 3 and SLA 4.

Network SLA 2 SLA 3 SLA 4

cv BS Web BS Web Web

2 2 2 2 2 2

A - N I A - - - - R -

: 22§ 283888 83888 32828 3828328283888 ¢3¢

= s 9 wn = s 9 wn = & 9 wn = s 9O wn = s 9 wn = T 9O w0

= ~ = = ~ 7z = ~ Z = ~ 2z = ~ z = ~ z

A A A A A a

WiMAX Macro1l MP M M P P P P G G G MG G M P M MG MP MP MG MG P M MG MG MP P MP G M MG MP MP M P G AP VP AP AP M VP G
WiMAX Macro 2 G G MG MG G MG P P MP P P M MPP M MG MP MP M P MP P MP P P P MP M M MG MP MP M P M M AP MP P P AG
WiMAX Macro 3 MG G MG M G MP P P MP P P P P M P MP P P M M M P MP P P P P MG P MP P P MP M G VP P VP AP AP MP G
WiMAX Macro4 M MG P MP P P MP MP M MG P MG G MP MG G MP M MP G MP MP M MG P MP M M MG MG MP M P M G AP VP VP AP P MP G
WiMAX Macro5 MP M MP P G P MP MP M P P MG G MP MG G M M M MP P MP M P P MP MP MG P MP M P MP P M AP VP P AP AP VP AG
WIiMAX Macro6 MP M G P G M M G G M MG P MP M M MG MP MP MG P MP MGM M M P MP MG M MG MP MP P P M VP P MP AP P AP VG
WiMAX Macro7 M MG MG MP MG MP P MG G M M MG MG MP MP M P P M G MP MP M P P MP MP M MP M P P P P MG P MP AP VP MP AP AG
WiMAX Macro8 M MG M MP G MP MP M MG G MP M P MP MP M MP P P MG P M M M MP MP P M MP M MP P P P MG P MP MP VP P VP AG
WiMAX Macro9 M MG M MP G M M MP M P P MP P P MP M MP P MP G P MP M P P MP P G MP M P P P MP MG MP M VP P AP AP VG
WiMAX Macro 10 P MP MG P MGM MP MP M M P MP MP P P MP MG P G MP MP MP M M P MP MP M P MP MG P P P MG P MP AP VP P P G
WiMAX Macro 11 MP M P P G M MP P MP G P G MP M M MG MG MP P MG MPM MG M MP MP MP G P MP MP P MP P M VP P VP AP MP P AG
WiMAX Macro 12 MG G M M P MG M P MP G P G MG P P MP G P P MP M P MP MP P M P MG VP P P P P MP M AP VP P AP AP VP G
WiMAX Macro 13 MP M MP P G M P M MG G MP P MG P MP M MP P G MG M P MP M P P MG G P MP MP P M P MG P MP MP VP M VP VG
WiMAX Macro 14 MP M MG P M G M P MP G P G MP MG G MP M G MP M VP P MG P M P M M MG P MP MP MP MG P MP VP VP MP AP G
WiMAX Macro 15 MG G P M P P M P MP P P MG M MP P MP G P M MP MP P MP P P P MP G P MP M P P MP G VP P VP AP P AP AG
WiMAX Macro 16 MP M P P MGMGMPG G MPMGG G M MGG M M MPM MPM MG MP MP MP MP M MG MG M M P M G P MP AP VP P MP VG
WiMAX Macro 17 MG G MP M P MPM G G MGMGM MP MPM MG MG MP MG MG MP M MG MP MP M MP G P MP P VP MG MG MG P MP AP VP P VP G
WIMAX Femto1 MP M MG P G MGP M MGM MP MG MG MPG G M MGG MGP M MG MP MP P MGM MPM M P MP MP MG AP VP M AP VP P AG
WIMAX Femto2 M MG MP MP M P MP MGG M M MP MP MP MG G P M P MG P P MP MP P MP MP M MP M P P P P G MP M AP P VP AP VG
WiMAX Femto 3 P MP MP P G M M MGG M M P MP MP MP M M P M M MP P MP MP P P P G MPM M P M M VP P P AP AP P AG
WIMAX Femto4 G G P MG MP P MP P MP MP P P MGP G G G MG?P MP P P MP P P P MP M M MG MP MP P MP M MPM P P AP P VG
WIiMAX Femto5 G G MP MG M G M M MG P MP MP P P MP M MP P P M MP M MG P MP P P M MP M MP P P M G P MPAP P AP VP G
WiMAX Femto6 M MG M MP MP M P M MG MG MP P MG M MP M G P M MPM M MG MP MP P M MG MP M MP P M P G AP VP VP AP MP P VG
WIMAX Femto7 M MG MG MP MG M M P MP P P MG P M MGG MP M MGM M P MP P P P P G MPM MPP M M G VP P MPAP P VP VG
WIMAX Femto8 G G M MG P MP MP MGG M M MP G MP P MP M P MP M MP P MP P P MP P M P MP P P MP M MG P MP VP VP MP P AG
WIMAX Femto9 MG G G M P MP P MP M MG P MG P P P MP M P G G P MPM P P MP P G P MP M VP MG P M AP VP M AP MP VP G
WiMAX Femto 10 MG G MP M MP MP M MP M G P M MP MP P MP P P MGMGM MPM M P M MPG P MP P P MGM M VP P AP AP P P AG
WiMAX Femto11 M MG M MP M G MP G G P MG MP MP P MP M M P M MP MP MG MG P M MP MP MGMP M M P MP MP G AP VP M AP VP VP AG
WiMAX Femto 12 MP M MG P G G P M MGG MP G MGP MPM M P M MP MP MP M P P MP MGG MP M M P MP P M AP VP MP AP MP P AG
WIiMAX Femto 13 G G MG MG G P MP G G P MG G MGP MP M MG P MP MP P M MG P MP P MG G MP M P P MP MP M P MP P VP MP AP VG
WiMAX Femto 14 MP M P P M G P M MG MP MP MP G MPMP M M P P G P M MG MP MP P MG MG P MP M P P P M VP P AP VP AP AP AG
WiMAX Femto15 G G M MG MP MP M MP M P P MG MP P G G MP MG MG P M MP M P P MG MP G M MG MP MP MP P G M M MP MP MP VP G
WIMAX Femto 16 G G MG MG G MG MP P MP M P MG P P M MG MG MP M MP M P MP M P P P M M MG MG MP M MP MG VP P MP AP AP AP VG
WiMAX Femto 17 MG G P M G MPP MP M P P P P MP G G MP MG MP P M MP M P P VP P G P MP MP P MP P M VP P AP AP P VP G
WIiMAX Femto 18 G G G MG P MP P M MG MP MP P MPM G G MGMGM M MPP MP VP P P P M P MP MP P M P MG P MP VP P VP P AG
WiMAX Femto 19 MG G MP M MG M P P MP MG P M MPM MP M MP P G MP M P MP MGP M MP M P MP P P P P M P MPP VP P P VG
WiMAX Femto20 MG G MG M M MG P MP M MP P G P MP MP M P P P MP MP MP M MP P MG P M P MP P P P MP MG P MP P P VP AP G
WiMAX Femto 21 P MP P P M P M G G M MGFP M P M MG MP MP M G MP MG MG P M P MP G M MGMP MPMP M M M M VP MP MP P AG
WiMAX Femto 22 P MP P P G P M P MP G P P G MP M MG P MP P P MP P MP M P P MG MG P MP P P P P MG P MP AP VP VP AP AG
WiMAX Femto23 MG G MG M G MGP MGG MPM M M P MGG M M MGMGM M MG MP MP M P MG M MG MP MPM MG MG P MP P VP AP AP VG
WiMAX Femto24 MG G MP M M MP M MP M MG P P P M M MG P MP G M M MPM MGP P P MG MP M P P MGM G MPM P P AP MP AG
WiMAX Femto25 MG G M M G P MPMGG M M MGMGP MPM M P G MGM MG M P M MG MP M P MP M P MG M MG VP P P AP AP MP AG

(continued on next page)
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Table B4 (continued)

Network SLA 2 SLA 3 SLA 4

(&Y BS Web BS Web Web

2 2 2 2 2 2
g 8 8 &£ o 2 £ 2 &8 &8 &% . 8 &£ 3 88 & 38 &£ 888 ¢, 38 388 &% 8 2388 8 3 €&
E A = S = S = £ £ © E £ £ © E S
3 & & 3 & &

WAVE1 MG G MP MG G MP P MP MP P MP M P MP M M P MG P M P MP MP P MP M MG P MP M VP MP P G P MP M VP VP P G
WAVE2 M MG P MP P M M P MP G P G G P M MG MG MP P MP MP P MP MP VP MP MP G MP M M P P MP MG VP P MP AP AP MP AG
WAVE3 M MG MP MP G MP MP MP M M P MG G P MP M G P MP MG P MP M MP P MP M MG MP M M P P MG M AP VP M AP VP P AG
WAVE 4 G G M MG M MG P MP M G P G P MP M MG M MP G G P MP MP M P P P M P MP M P MP MP M VP P M AP AP AP AG
WAVE5 MG G MP M MG P P P MP G P MP MG M MP M MG P M P P P MP MP P MP P G MP M M P P P G VP P P AP P AP VG
WAVE6 M MG G MP M G P M MG M MP MG G MP P MP G P MP P M MP M P P MG M G P MP MG P MP P G P MP P VP VP VP AG
WAVE 7 P MP MG P P MP P MG G MG M M MP MP MP M MG P MG MP P M MG MG MP P MP G P MP P VP MG MP M VP P VP VP MP MP G
WAVE 8 G G P MG P M MP MG G M M P M MP G G G MG P MP MPM M MP MP P M G P MP M VP P MP G P MP P VP AP MP G
WAVE9 MP M P P MP M M G G P MG MP G P P MP MP P P MG M MG M P M MP M M P MP MP P P P G VP P AP P VP P AG
WAVE 10 G G MP MG MG MP M MP M MP P MG G P P MP G P G MP P MP M MP P MG MP G P MP MP P P MP MG P MP VP VP P AP VG
WAVE 11 MP M P P MP MG M MP M MG P M P M G G M MG G M P MP M M P P P MG MG MG M M MP MP G M M M MP P VP G
WAVE 12 M MG MG MP G P MP M MG MG MP MG G P MG G MP M G G M M M MP MP M MG G M MG MP MP MG MP M M M MP MP VP MP VG
WAVE 13 G G G MG MP G P G G MG MG MG G P G G M MG MG MP P MG MG P M MG MP G P MP M P MP P M VP P M AP MP P AG
WAVE 14 G G MP MG M MG MP P MP G P G P P M MG MP MP P G M P MP P P MG P MG MP M MP P P P MG VP P VP AP AP VP AG
WAVE 15 P MP G P M P M MP M G P P MP MP P MP MG P G MP MP MP M M P P MP MG P MP P P MP MP M P MP VP VP AP VP AG
WAVE 16 G G P MG MG MG M MP M M P MG P P M MG MP MP P G M MP M P P MG P G MP M MP P P M M MP M VP P AP VP G
WAVE 17 P MP P P MG M M M MG MG MP M MP M MG G MG M MP MP MP MP M MP P M MP MG MP M M P MP MP G P MP P VP AP AP AG
WAVE 18 MG G MP M G G MP MG G MG M MP MP M P MP M P MP G M P MP MG P P MP M P MP P P MP MP M AP VP P AP AP MP AG
WAVEI9 M MG M MP MG MP M MP M MP P M P P MG G G M P MP P MP M P P MP P M MP M MP P P MP MG AP VP MP AP AP VP G
WAVE20 M MG P MP MP P P MP M P P G M MP M MG G MP G MP P P MP P P MG MP MG M MG P MP MP MP M P MP AP VP VP P AG
WAVE 21 G G M MG MP MG MP M MG P MP G G P MP M P P M M M P P P P M M M MP M P P M M G MP M VP P VP P VG
WAVE 22 G G M MG MG MG M MG G G M G M M MP M MG P G MG P P MP P P MG MP M MP M M P M M MG VP P AP AP P M VG
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pp-51 (6102) 91 suonpdUNWII0) ID)NOIYAA / [D 39 SDAPUOYS T



E. Skondras et al. / Vehicular Communications 16 (2019) 15-44

LTE Femto 23
LTE Femto 24
LTE Femto 25
LTE Femto 26
LTE Femto 27
LTE Femto 28
LTE Femto 29
LTE Femto 30
LTE Femto 31
LTE Femto 32
LTE Femto 33
LTE Femto 34
LTE Femto 35
LTE Femto 36

329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)

110 (0,27633%

111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%
111 (0,27884%

110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)

109 (0,27382%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)

Table C1
Number of vehicles that start from each LTE network and their corresponding velocities.

Network Number of vehicles (%) Normal velocity Medium velocity High velocity
LTE Macro 1 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 2 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 3 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 4 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 5 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 6 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 7 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 8 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 9 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 10 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 11 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 12 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 13 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 14 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 15 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 16 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 17 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 18 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 19 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Macro 20 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 1 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 2 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 3 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 4 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 5 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 6 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 7 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 8 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 9 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 10 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 11 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 12 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 13 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 14 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 15 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 16 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 17 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 18 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 19 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 20 329 (0,82648%) 109 (0,27382%) 111 (0,27884%) 109 (0,27382%)
LTE Femto 21 329 (0,82648%) 110 (0,27633%) 110 (0,27633%) 109 (0,27382%)
LTE Femto 22 329 (0,82648%) 110 (0,27633%) 110 (0,27633%) 109 (0,27382%)

( %) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

( ) ( (

LTE Femto 37

329 (0,82648%)

111 (0,27884%

110 (0,27633%)

108 (0,27130%)

41
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Table C2
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Number of vehicles that start from each WiMAX network and their corresponding velocities.

Network

Number of vehicles (%)

Normal velocity

Medium velocity

High velocity

WiMAX Macro 1
WiMAX Macro 2
WiMAX Macro 3
WiMAX Macro 4
WiIMAX Macro 5
WiMAX Macro 6
WiIMAX Macro 7
WiMAX Macro 8
WiMAX Macro 9
WiMAX Macro 10
WIMAX Macro 11
WiMAX Macro 12
WiIMAX Macro 13
WiMAX Macro 14
WIMAX Macro 15
WiMAX Macro 16
WIMAX Macro 17
WiMAX Femto 1
WiIMAX Femto 2
WiMAX Femto 3
WIMAX Femto 4
WiMAX Femto 5
WIMAX Femto 6
WiMAX Femto 7
WIMAX Femto 8
WiMAX Femto 9
WIMAX Femto 10
WiIMAX Femto 11
WIMAX Femto 12
WiMAX Femto 13
WiIMAX Femto 14
WiMAX Femto 15
WiMAX Femto 16
WiMAX Femto 17
WiMAX Femto 18
WiMAX Femto 19
WiMAX Femto 20
WiIMAX Femto 21
WiMAX Femto 22
WiMAX Femto 23
WiMAX Femto 24
WiIMAX Femto 25

329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)
329 (0,82648%)

111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0,27884%)
111 (0, )

110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
110 (0,27633%)
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )

3

3

3

3

110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%
110 (0,27633%

3%

108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)
108 (0,27130%)

Table C3
Number of vehicles that start from each WAVE network and their corresponding velocities.

Network Number of vehicles (%) Normal velocity Medium velocity High velocity

WAVE 1 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 2 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 3 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 4 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 5 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 6 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 7 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 8 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 9 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 10 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 11 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 12 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 13 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 14 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 15 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 16 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 17 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 18 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 19 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 20 329 (0,82648%) 111 (0,27884%) 110 (0,27633%) 108 (0,27130%)
WAVE 21 328 (0,82397%) 111 (0,27884%) 109 (0,27382%) 108 (0,27130%)
WAVE 22 328 (0,82397%) 111 (0,27884%) 109 (0,27382%) 108 (0,27130%)
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Table C4

Vehicles count per service and SLA.
Services SLA 1 vehicles (%) SLA 2 vehicles (%) SLA 3 vehicles (%) SLA 4 vehicles (%) Sum
NAV 322 (0,808902%) - - - 322 (0,808902%)
VolP 321 (0,806390%) - - - 321 (0,806390%)
v 321 (0,806390%) 1422 (3,572236%) - - 1743 (4,378626%)
BS 321 (0,806390%) 1422 (3,572236%) 3318 (8,335217%) - 5061 (12,71384%)
WB 321 (0,806390%) 1422 (3,572236%) 3317 (8,332705%) 9951 (24,99811%) 15011 (37,70944%)
NAV, VoIP 321 (0,806390%) - - - 321 (0,806390%)
NAV, CV 321 (0,806390%) - - - 321 (0,806390%)
NAV, BS 321 (0,806390%) - - - 321 (0,806390%)
NAV, WB 321 (0,806390%) - - - 321 (0,806390%)
VolP, CV 321 (0,806390%) - - - 321 (0,806390%)
VolIP, BS 321 (0,806390%) - - - 321 (0,806390%)
VolP, WB 321 (0,806390%) - - - 321 (0,806390%)
CV, BS 321 (0,806390%) 1422 (3,572236%) - - 1743 (4,378626%)
CV, WB 321 (0,806390%) 1422 (3,572236%) - - 1743 (4,378626%)
BS, WB 321 (0,806390%) 1421 (3,569723%) 3317 (8,332705%) - 5059 (12,7088%)
NAV, VoIP, CV 321 (0,806390%) - - - 321 (0,806390%)
NAV, VoIP, BS 321 (0,806390%) - - - 321 (0,806390%)
NAV, VolIP, WB 321 (0,806390%) - - - 321 (0,806390%)
NAV, CV, BS 321 (0,806390%) - - - 321 (0,806390%)
NAV, CV, WB 321 (0,806390%) - - - 321 (0,806390%)
NAV, BS, WB 321 (0,806390%) - - - 321 (0,806390%)
VolP, CV, BS 321 (0,806390%) - - - 321 (0,806390%)
VolP, CV, WB 321 (0,806390%) - - - 321 (0,806390%)
VolIP, BS, WB 321 (0,806390%) - - - 321 (0,806390%)
CV, BS, WB 321 (0,806390%) 1421 (3,569723%) - - 1742 (4,376114%)
NAV, VolIP, CV, BS 321 (0,806390%) - - - 321 (0,806390%)
NAV, VoIP, CV, WB 321 (0,806390%) - - - 321 (0,806390%)
NAV, VolP, BS, WB 321 (0,806390%) - - - 321 (0,806390%)
NAV, CV, BS, WB 321 (0,806390%) - - - 321 (0,806390%)
VolP, CV, BS, WB 321 (0,806390%) - - - 321 (0,806390%)
NAV, VolP, CV, BS, WB 321 (0,806390%) - - - 321 (0,806390%)
Sum: 9952 (25,00062%) 9952 (25,00062%) 9952 (25,00062%) 9951 (24,99811%) 39807 (100%)
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