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Abstract—Leveraging multiple wireless technologies and radio
access networks, vehicles on the move have the potential to
get robust connectivity and continuous service. To support the
demands of as many vehicles as possible, an efficient and fast
network selection scheme is critically important to achieve high
performance and efficiency. So far, prior works have primarily
focused on design of optimization algorithms and utility functions
for either user or network performance. Most such studies
do not address the complexities involved in the acquisition of
needed information and the execution of algorithms, making
them unsuitable for practical implementations in vehicles. This
paper proposes a fast, cloud-based network selection scheme for
vehicular networks. By leveraging a compute cloud’s abundant
computing and data storage resources, vehicles can leverage
wider scope network information for decision making. Vehicles
select best access networks through a coalition formation game
approach. A one-iteration fast convergence algorithm is proposed
to achieve the final state of coalition structure in the game.
Through extensive simulation, the proposed network selection
scheme was shown to balance system throughput and fairness
with built-in utility division rule of the framework. The algorithm
efficiency showed eight-fold enhancement over a conventional
coalition formation algorithm. Such features validate the poten-
tial of implementation in practice.

Index Terms—network selection, vertical handoff, coalition
formation games, vehicular networks, heterogeneous wireless
networks.

I. INTRODUCTION

BIQUITOUS broadband Internet connectivity has been
brought to automobiles on the road by a multitude of
wireless communication technologies, e.g. Wireless Fidelity
(Wi-Fi), Dedicated Short-range Communications (DSRC),
Worldwide Interoperability for Microwave Access (WiMAX),
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and Long-term Evolution (LTE). Recently, automotive man-
ufacturers such as Mercedes-Benz [1], network device man-
ufacturers like Cisco [2], service providers like Google [3],
transportation agencies [4], and academic researchers [5] have
shown great interest in connected vehicles, such as driving
assistance, telematics, traffic management, etc [6]. However,
despite several solutions from academia to enhance throughput
like using directional antennas [7] or network coding [8], and
the ability of mobile phones to support multiple technologies
(e.g., 4G + Wi-Fi) today even on the move, performance of
continuous data transfer (either uplink or downlink) remains
limited and fluctuates highly. The two root causes of this
limitation are high mobility and limited network resources.

Mobility is the most important challenge for vehicular
networks. Due to mobility, vehicles experience widely variable
communication channel conditions on the road caused by
obstacles such as buildings, trees, street layout etc., resulting
in unstable received signal strength (RSS). Such influences
directly cause intermittent connectivity on the road. Another
critical influence due to mobility is dynamic network topology.
While today’s cellular technologies are capable of horizontal
(same technology) and vertical handoff (different technolo-
gies), handoff across operators and technologies is less fre-
quent and not optimal. For vertical handoff, oftentimes end
users might make network selection based on cost instead of
accurate knowledge of performance, such as choosing free
roadside Wi-Fi instead of 3G/4G data usage. With insuffi-
cient network information, users are unable to make accurate
network selection decisions based on their application needs,
especially when traveling through different regions.

The other critical factor is limited availability of network
resources. Today, 3G/4G cellular technologies provide good
coverage in urban areas; beyond urban areas, such coverage
degrades quickly. Different technologies also present different
characteristics, resulting in constraints in coverage, capacity,
and data rates of individual connections.

Network selection schemes have been a topic receiving
significant attention for the objective of achieving improved
vehicle connectivity performance, cost efficiency and overall
network efficiency. Numerous studies have proposed different
schemes for vertical handoff' [9]-[21]. The schemes fall into

Vertical handoff (VHO) is performed between different types of access
network interfaces, in contrast to horizontal handoff (HHO) performed be-
tween the networks with a same technology. In this paper, network selection
includes both VHO and HHO.
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two typical categories: utility-based optimization and game
theoretic frameworks. In [13], an example of the former
category, a centralized multi-attribute optimization is proposed
based on the weighted sum of spectral efficiency, fairness,
and battery lifetime utilities. In [18], an example of the latter
category, a coalition formation game is proposed to achieve
cooperation among roadside units (RSUs?) for prioritized data
delivery to vehicles. Both solutions require non-trivial com-
puting complexity. With the scarce memory and processing
capacity on typical RSUs or a custom provisioned server,
practical implementation of such solutions must trade off
scope and granularity of network information for algorithmic
efficiency.

Recently, cloud computing is becoming increasingly vi-
able for providing any-time, any-place data processing and
storage resources. Application vendors (e.g., Apple, Google)
and network providers (e.g., AT&T, Verizon) are promoting
mobile cloud computing services. Researchers have proposed a
number of mobile cloud computing platforms, e.g. MobiCloud
as a geo-distributed platform providing fast communication
for cloud resource access [22], and VehiCloud as a service-
oriented cloud architecture providing routing service by pre-
dicting vehicles’ future locations [23]. As an emerging trend,
mobile cloud computing technologies can address the two core
vehicular networking challenges by allowing offload of more
complex computations to cloud.

The objective of this paper is to design an efficient and
fast network selection scheme for vehicular networks, by
leveraging cloud-based strategies. The solution proposed is
expected to achieve better performance for both vehicles and
networks. The major contributions in this paper fall into four
aspects:

1) Proposing a cloud-based network selection approach to
allow performance optimization for vehicles using wider
scope of information, as fundamental and necessary to
overcome vehicle computing and information limitations
for enabling advanced services;

2) Proposing a coalition formation game model for vehicular
networks, achieving fairness via built-in utility division rule
in the game instead of hand-tuned weighted fairness metric
in utility function;

3) Proposing a fast convergence algorithm for solving a
coalition formation game, making possible optimization for
larger scale networks, enabling practical implementation of
coordinated algorithms in vehicular networks;

4) Evaluating the proposed scheme using three typical vehic-
ular scenarios that demonstrate a realistic range of network
topologies, resource availability and mobility pattern.

The rest of the paper is organized as follows. Section II
introduces background of network selection and prior ap-
proaches. Section III describes the system structure, and Sec-
tion IV presents the network model and utility functions. The
coalition formation game for vehicular network is formulated
in Section V. Section VI proposes a one-iteration network

2This paper uses the term “RSU” to represent all types of statically deployed
infrastructures in heterogeneous networks, including access points in wireless
local area networks and base stations in cellular networks.

selection algorithm to achieve Nash equilibrium. Section VII
compares and analyzes the performance of the proposed net-
work selection scheme. The paper concludes in Section VIIL

II. BACKGROUND AND RELATED WORK

Different mathematical theories, e.g. utility theory, multiple
attribute decision making (MADM), fuzzy logic, game theory,
combinatorial optimization, Markov chains, etc., are used in
modeling the network selection problem. A thorough survey
on the prior work was presented in [9]. In this section, a small
set that are most related to our work is identified.

MADM is widely studied, mostly considered for network
selection problems, and refers to making preference decisions
over the available alternative networks characterized by multi-
ple attributes. Comparisons between the most popular MADM
algorithms, e.g. Simple Additive Weighting (SAW), Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS),
Multiplicative Exponential Weighting Method (MEW), and
Grey Relational Analysis (GRA) are studied in [10]. A set
of weights are required by MADM methods and has sig-
nificant impact on the solution space. Choices for weights
usually are based on imprecise end-user preferences [24],
simulation results [12], and conclusions from statistics [13].
Analytical Hierarchy Process (AHP) is a popular method to
determine weights according to relative dominance by dividing
a complicated problem into a hierarchy of attributes [14]. In
[13], a central global resource controller is used to make
an optimal decision based on the weighted sum of spectral
efficiency, fairness, and battery lifetime utilities. The weights
are calculated using empirical values from network providers
and AHP method.

In addition to MADM, [9] broadened the survey to include
fuzzy logic, Markov chains, and game-theoretic methods for
optimizing joint multiple-attribute utility in heterogeneous
wireless networks. The work concluded that game-based
algorithms are more appropriate for decentralized decision
making rather than centralized decision making, when network
resources are limited. The reason is that the equilibrium of
a game has the tendency to uniformly distribute users into
different networks if the utility is highly correlated to the
bandwidth. However, such equilibrium is not the best solution
if the bandwidth in the networks is sufficient.

In a game, players seek to maximize their payoffs by
choosing strategies that deploy actions depending on the
available information at a certain moment. A widely adopted
solution of a game is Nash equilibrium, where each player
cannot benefit anymore by changing his/her strategy while
keeping the other players’ strategies unchanged. Game-based
network selection algorithms are distributed in nature, since
decision-making processes are conducted by each independent
player. An extensive survey on game-based network selection
algorithms was made in [11], dividing recent works into 3
categories (users vs. users, users vs. networks, and networks
vs. networks), 2 types (non-cooperative, cooperative) and 16
typical game models. Most approaches involving end users are
non-cooperative [25], in which players select his/her strategy
individually (typically bandwidth and application quality of
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service requirements for users, and profit for networks). In
[26], the proposed model can learn to match different user de-
mands to balance user quality of experience and handoff cost.
Other work has also proposed cooperative approaches that
jointly consider improving payoffs for the other players [27].
Cooperative approaches, which are more frequently studied in
networks vs. networks games, are mostly focused on spectral
efficiency, resource allocation, admission control, and load
balancing problems [28]. In [29], the proposed user-network
association game introduces localized cooperation to achieve
satisfactory tradeoff between users’ demands and networks’
computational complexity. Although most works consider both
users’ preferences and network performance, payoffs are still
biased on one party (either users or networks), with the other
party’s metrics performing as constraints.

Recently, coalition formation games have been considered
as an effective framework for a distributed and cooperative ap-
proach to allocate resources/tasks or select networks [15]-[20].
In a coalition formation game, players can self-organize into
stable coalition structures without obtaining higher payoffs by
switching current coalitions (namely, Nash equilibrium). In
these works, the framework of coalition formation games is
consistent and the utility functions vary based on different
objectives and metrics. Among these models, a typical three-
phase algorithm is used, which consists of Phase I- resource
discovery, Phase II- an iterative coalition formation loop, and
Phase III- data transmission in the ultimate coalitions. The
convergence in Phase II, after several iterations, is necessary
to achieve Nash equilibrium, which is time-consuming and
a critical limitation for implementation. Although there are
efficient algorithms for other game models, e.g. online se-
lection [26], sub-problems decomposition algorithms [29], a
fast convergence algorithm for coalition formation game is
still needed to be developed. In [15], a coalition formation
game based on Markov chains is proposed for efficient band-
width sharing among vehicles. In [18], a coalition formation
game is proposed for prioritized data coordination among
RSUs. The two models increase the utility/payoff by 17%
and 20+%, respectively, compared to the non-cooperative
scheme. Although these two models are targeting vehicular
networks, no particular vehicular environments are considered
and measured. Furthermore, the performance of all the above
game-based models are only compared to theoretical optimal
and non-cooperative schemes.

To propose an efficient cooperative approach for network
selection, this paper formulates vehicular networks using a
coalition formation game model. The motivation of using
coalition formation game is that such game has clear and
simple abstraction of cooperative and competitive relationship
between users (utility division rule in (11)), between networks
(coalition utility), and between users and networks (preference
relation in Definition 2). The coalition formation game also
provides a structure with flexibility of customizing utility
functions, and with the built-in fairness feature. To overcome
difficulties of vehicle computing limitations and information
acquisition in conventional game-based distributed systems, a
cloud-based system for network selection is proposed. A one-
iteration algorithm is proposed to break through the limitation
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Fig. 1. Overview of the cloud-based system for network selection.

of long convergence time in conventional iterative coalition
formation algorithms [16], [17], [20]. The performance of
the proposed network selection scheme is compared with a
centralized optimal solution [13] instead of theoretical analysis
and is evaluated in three typical vehicular scenarios, which are
rarely considered in the related studies.

III. THE PROPOSED CLOUD-BASED SYSTEM

This section first gives an overview of the system, then
describes the distributed database in the cloud, and lastly
discusses key assumptions.

A. System Overview

The overview of the proposed cloud-based system is de-
picted in Fig. 1. The overall system consists of a distributed
cloud, multiple types of radio access networks (RANs), and
a set of active vehicles in the coverage area. The distributed
cloud is a key component in the proposed system, which takes
charge of establishing, maintaining the database, computing
tasks for network selection strategies, and communicating with
RSUs and vehicles. The cloud is geographically distributed
and can be flexibly accessed by vehicles according to their
locations. Multiple servers at different geographical locations,
which could be either real physical machines or virtual ma-
chines, reside in the cloud. The cloud connects to the Internet
and provides information access to all federated network
operators. In the cloud, a distributed database optimizes data
maintenance and updates based on geographical location.
Database updates are provided by both local resources includ-
ing RSUs’ and vehicles’ information and remote resources
such as road traffic flow information. The database has full
knowledge of the network configurations and status, and the
cloud is able to compute handoff cost and provide optimal
handoff strategies for vehicles. The network selection decision
is client-based. The cloud is used to collect and disseminate
necessary information after computing and processing. All
RSUs send updates of their status such as the number of
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Fig. 2. Information in the database.

active vehicles and traffic load to the cloud. The vehicles
are equipped with GPS devices, and the on-board device
connecting to the network is assumed to be able to import data
from GPS and integrate different wireless access technologies.
Vehicles periodically report their status, including current
location, speed, RSS, and battery status, through associated
RSU to the cloud, about 1 ~ 5 Hz based on GPS’s updating
rate. The updates will not add much traffic to the network
since the packet length is typically very short (less than 100 B)
[30]. Eventually, the vehicle’s device executes handoff based
on received information from the cloud. Note that the proposed
system leaves the handoff execution rights to the vehicles.
This is designed to provide flexibility in case a vehicle cannot
reach the cloud or is disconnected; in such cases, the device
will make the handoff decision by itself following the regular
approach, e.g. based on RSS. In short, this system could be
viewed as a centralized computing and distributed execution
system, which is different from the global centralized full-duty
system in [13].

B. Distributed Database

The proposed cloud-based system consists of a distributed
database, where every site in this distributed database works
together to allow seamless access by vehicles as their locations
change. This subsection first introduces what information is
stored in the distributed database. Second, it explains how to
build and maintain the database.

1) Information in the database: Each site in the distributed
database consists of three parts: vehicle information, RSU
information, and a GPS-tagged, grid-based network map, as
illustrated in Fig. 2. The vehicle and RSU information is
based on periodic updates from the vehicles and the RSUs,
respectively. This information, which includes time stamps,
reflects the updated and changing status and conditions on
the vehicles and RSUs. The grid-based network map records
historical information, such as RSS, throughput, and traffic
flow for each grid corresponding to GPS locations. The
statistics are important for making network selection decisions.
For example, using average normalized RSS based on most
recent information in a grid for a certain RSU could avoid
instantaneous signal fluctuation. There might be situations
however where older information can help to improve the
accuracy of a decision. The network map and vehicle/RSU
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Fig. 3. CyberTiger coverage map.

information sets are able to exchange information with each
other.

2) Database maintenance: The database maintenance in-
cludes database establishment and updates. Preliminary infor-
mation collection is used for initially establishing the database,
in particular for the network map. During the collection
procedure, a testing vehicle records the RSS corresponding
to specific RSUs mapped into grids and then uses software
tools to obtain performance samples. The database requests
the traffic flow statistics from remote resources periodically
and records the network map. Online updates are for real-
time updates of vehicle/RSU information, which obtain the
information from periodic update messages sent by active ve-
hicles and RSUs. Some update information, e.g. RSS, number
of active vehicles, etc. is added to historical records in the
map.

As an example, the CyberTiger project at Clemson Uni-
versity provides a prototype of a distributed database for
a single local area [31]. CyberTiger offers measurements
of heterogeneous wireless systems by “crowdsourcing” an
accurate and visualized coverage and performance map on
campus, shown in Fig. 3. Students download and run Android
or iPhone applications that interact with performance servers.
The client obtains data points that include the time, the GPS
location, the handset make and operating system version, the
active radio interface, the wireless operator, the signal strength,
and the results of the performance assessment that has been
selected. The possible performance assessment includes an
IP-based ping, a UDP or TCP throughput set, or a video
streaming test. The client device information is periodically
transferred to the CyberTiger database. If connectivity was lost
in that location, the data sample is entered in the local device
database, and is re-transferred once the device re-establishes
IP connectivity.

C. Key Assumptions and Discussions

The common open challenge of the proposed cloud-based
system is the cloud communication latency and inherently
intermittent connectivity. Large communication latency and
packet losses caused by connectivity discontinuity will make
critical information, provided by the cloud, unusable or ex-
pired. Hence the vehicles’ decisions or actions will regress to
traditional solutions, getting no benefits from the cloud. This
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paper assumes every vehicle is equipped with a GPS device,
which is able to periodically report the vehicle’s location and
driving information to the cloud. Nowadays, GPS devices are
inexpensive and widely adopted, and more and more cars or
mobile devices also already embed GPS components. The
requirement for the cloud is powerful computing ability to
analyze vehicles’ movements and predict future locations. As
a result, the cloud has the ability to sense potential high packet
loss rates or connectivity breaks beforehand, and then decides
the timing of sending any necessary information. The cloud is
assumed to be push-based, so that the timeliness of pushing
all necessary information or decisions to vehicles could be
guaranteed based on the analysis and predictions. In the pro-
posed game-based network selection algorithm, once the cloud
determines a certain vehicle will need to execute a handoff
soon, map-based information for network selection will be sent
to the desired vehicle. Though propagation conditions vary, the
cloud is able to push information before critical and persistent
signal strength drop, ignoring instantaneous disturbances. Such
decisions are based on long-term history records in the map-
based information database stored in the cloud.

IV. NETWORK MODEL AND UTILITY FUNCTIONS

This section introduces the network model and utility func-
tions for vehicular networks.

A. Network Model

The system considers a network consisting of N vehicles
in the service areas of K RSUs, which are the same or
are of different types. The set of vehicles is denoted as
V = {v1,...,vn}. Each vehicle is equipped with at least one
type of radio or multi-radio devices to get access to different
RANSs. At time ¢ vehicle v’s GPS coordinate is (lat,lon)!,
v € V, where lat and [on are the latitude and the longitude,
respectively. The set of RSUs is denoted as A = {aq,...,ax}.
RSU a € A has a coverage distance C,. Each RSU a € A
offers a total bandwidth B, and a maximum link transmission
capacity i, in bits per second. Each queue on a RSU is
modeled as an M/G/1 queuing system. The average packet
arrival rate for each vehicle v € V is denoted as A,.

At time t, each vehicle v € V makes a decision to select
and access a best network. Each RSU a € A serves a set
of vehicles S! C 'V, consisting of |S!| active vehicles who
access RSU a’s network. Here, the set of vehicles denoted as
St in which all vehicles join RSU a’s network and request for
services at time ¢, forms a coalition. At a given time, a vehicle
is only allowed to use one single network interface, which
implies coalitions are disjoint. In fact, “coalition” is the term
in coalition formation game, and more details are introduced
in Sec. V. It is defined here for the ease in understanding
utility functions formulated in the next subsection.

B. Utility Functions

A utility function is quantified for each user to select the best
network. In the proposed coalition formation game framework,
users can choose any appropriate utility function. The only

requirement is the designed utility function must be a non-
increasing function in terms of the number of members in the
coalition. Such requirement actually comes from the proposed
fast convergence coalition formation algorithm, which is de-
scribed in Sec. VI. The design of utility functions differs much
in terms of different demands and objectives in the networks.
The attributes considered in utility functions could be any
performance metrics, such as throughput, delay, jitter, etc.,
or availability metrics, such as average RSS, battery status,
sojourn time, or pricing metrics such as per-time-unit cost.
Furthermore, the metrics could be user-centric, or network-
centric, such that utility functions could be designed as user-
oriented or network-oriented, or a combination of both.

In this paper, two typical performance-driven utility func-
tions are considered, along with two representative utility
functions using the SAW and GRA methods respectively.

Before presenting the utility functions, several attributes
need to be introduced first. The RSUs’ availability is asso-
ciated with vehicle’s location, given as:

1 if d<C,
e (a) = 1c, ((lat,lon)f)) = { 0 if di>C, (D

In (1), ., = /(lat!, — lat,)? + (lon!,  lon,)? is the distance
between vehicle v’s current location and RSU a’s location,
where (lat,,lon,) is the RSU a’s location. Therefore, vehicle
v is able to get a set of available RSUs at time ¢, which
could be represented as €, = {a; : € (a;) = 1,a; € A}. The
average RSS information of every RSU in the grid is stored
in the database. Whenever the vehicle sends the updated GPS
locations the server pushes the RSS information back to the
vehicle. The location based RSS of RSU a can be given as:

62 =RSS, ((lat,lon),) ace,,veV 2)

Therefore, vehicle v is able to get a set of RSUs’ average RSS
at time ¢, which could be represented as 6% = {0Y,a € € }.
The actual transmission rate is determined by modulation and
coding schemes, which depend on RSS information. So the
transmission rate for vehicle v at time ¢ in RSU a’s network
could be denoted as pf(5?) which is a function of the RSS
value, where 0 < ! (6Y) < po. The modulation and coding
schemes depend on specific radio access technologies and vary
between different network operators.

Two typical and generic performance metrics are throughput
and delay, which are the most commonly considered attributes
in MADM methods. Given the M/G/1 queuing model, the
normalized throughput in coalition S! is calculated as:

t >\U : Zv
1(S,) = min (ZUES) 1) 3)

In 3), L, is the average packet size in bits for vehicle v,
and 7(S%) is equal to the utilization p(S!) for coalition S%
in RSU a’s network. The closed form expression of delay in
coalition S, can be calculated using Pollaczek-Khinchine (P-
K) formulas:

t o2
p(Sa)'(l+<1/ﬁa)2

7(Sa) = 57, (1=p(50) p(Sa) <1 (@)
+00 p(Se) =1
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mission rate in coalition St, and 02 = E {(“t(lét)) } -

her }: . 1 is th I rans-
where =- =3~ ar(sry ) is the average trans

o
is the variance of the average service time.

1) Utility function I- available bandwidth: The first utility
function is available bandwidth. At time ¢, assume the number
of vehicles served by RSU a is |S!|, and assume the total
bandwidth B, is equally allocated among all the vehicles in
the coalition S%. The available bandwidth of RSU a seen by
a vehicle v € V, which is not in the coalition S{Z currently, is
given as:

Up(S?) = Ba a €A (3)

St +1
In (5), the right-hand equation means the bandwidth allocated
to the vehicle v, if it decides to handoff to RSU a’s network
being a member of S:.

2) Utility function II- power of the network: Two principal
performance metrics for any vehicle v is throughput and delay.
To capture the fundamental tradeoff between throughput and
delay, the power of a network is considered to use the ratio of
throughput to delay as a metric for evaluating the effectiveness
of a resource allocation scheme [17]. The power of RSU
a’s network is the ratio of throughput to packet delay in the
coalition S%:

AV
Up(Sa) = T"(S“) a€h (©)

(S)17
where 7(S%) is the aggregate throughput in the network served
by RSU a; 7(S') is the average delay of packets in the
same network; and 8 € (0, 1) is the tradeoff factor between
throughput and delay. The factor 5 is chosen based on the
relative emphasis placed on throughput versus delay.

To compare with different methodologies, two representa-
tive MADM methods, SAW and GRA are considered. The
next two utility functions are used for these two methods,
respectively. In this section, throughput and delay are used as
two attributes in the SAW and GRA methods. Both SAW and
GRA are based on the weighted sum of multiple attributes, so
an appropriate normalization method is necessary. Max-Min,
which calculates the proportional ratio between the considered
value and the best value for the attribute, is used as the
normalization method. If the attribute is larger-the-better, it
is called upward attribute; likewise, it is called downward
attribute if it is smaller-the-better [9]. For simplicity, to be
normalized, the attributes are converted to be upward. There-
fore, the normalized throughput and delay are given as:

n(Sa) — mingeer (1(S7))
maxgeet, (1(55)) — minaee, (7(53))

(s,) = (7)

1 : 1
(o) — MMace, (ﬁ)

a
MaXgeet | = | — Mingeet | =
acel, \ 7(ST) acel, \ 7(5)

3) Utility function III- simply additive weighting (SAW):
SAW is the simplest and most widely used MADM method.

7(Sh) = (8)

The utility function is calculated as a weighted average of
normalized attributes:

Usaw (S5) = wy, - 7(SL) +w, - 7(SL) a€ A (9)

4) Utility function IV- gray relational analysis (GRA):
GRA considers the distance from the evaluated value of an
attribute to the best reference value, which is calculated as:

1
A
Ucra(Sq) Cwy - |7(SE) — ih| +w, - |F(SE) — 7+ 1
a €A
(10)

where 7, and 7} are the best reference values of normalized
throughput and delay, respectively.

The four utility functions given in this section are all larger-
the-better, and are calculated for a given coalition S’, a € A.
Note that the utility functions used in the proposed network
selection system are not limited to these four functions or
throughput-delay related functions. The next two sections
discuss the utility function requirements and the proper use
of the utility functions for network selection.

V. GAME FORMULATION IN VEHICULAR NETWORKS

Coalitional games have been widely explored in different
disciplines to study the behavior of rational players when
they cooperate to form groups, referred to as coalitions. A
fundamental tutorial on coalitional games is given in [32].
Coalition formation games as an important class in coalitional
games, are frequently used for network selection in the field
of networking [15]-[20]. Similar to that of previous works, in
this section, a coalition formation game for network selection
in vehicular network is formulated.

A. Coalition Formation Games

In the considered vehicular network, NV vehicles are players
in a coalition formation game. Since S, C V is a coalition
formed by |S?| active vehicles who access RSU a’s network
(a =aq,...,ax) at time £, all the coalitions in the networks
form a coalition structure, referred to as a coalition partition.
The definition of a coalition partition is given as,

Definition 1. A coalition partition is defined as the set 1I' =

{St ,..., St} [II'| = K which partitions the players set V
at time t, i.e., Va,SZ C V are disjoint coalitions such that
UgK, St =V.

In Definition 1, the number of coalitions is constant with
respect to time if there are a fixed number of RSUs in the
particular service area.

For every coalition S! C V, the utility function U(SY)
represents the total utility value that can be achieved in the
coalition. The four utility functions given in Sec. IV-B are
considered as U (S?) (denoted as Uy(S!), U,(SE), Usaw (SE),
and Ugra(S?t), respectively, for ease of identification). In the
coalition formation game, U (S?) is a transferable utility shared
by all members in the coalition S, which could be arbitrarily
apportioned between the coalition members. Define ¢, (S?)
as the payoff received by a vehicle v € V after dividing the
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utility U(S?) with any payoff division rule. In this paper, a
fair allocation rule is used for payoff division, resulting in the
payoff of any vehicle v € S be

$u(Sa) = U(S3)/|Sa (11)

B. Hedonic Coalition Formation

Hedonic coalition formation is a popular method to study
the conditions of forming coalitions in the game [16]-[20],
which is used in this paper. Two conditions must be satisfied
if a coalition formation game is to be classified as hedonic-1)
the payoff of any player depends solely on the composition
of members of the coalition to which this player belongs, and
2) the coalitions form as a result of the preferences of the
players over their possible coalitions’ set [16], [20]. As such,
the first condition can be satisfied given the utility functions
in Sec. IV-B in the formulated game in Sec. V-A. To satisfy
the second condition, a preference function is first defined for
any vehicle v € V,

st ={ 5

Second, each vehicle must build preferences over its own set of
possible coalitions from the available RSU set €. Each vehicle
must be able to compare the coalitions, and order them based
on which coalition the vehicle prefers to join as a member. A
preference relation is defined for each vehicle to evaluate its
preferences over the coalitions.

t
a € €,

otherwise 12

Definition 2. For any player i € V, a preference relation or
order =, is defined as a complete, reflexive, and transitive
binary relation over the set of all coalitions that player i can
possibly form, i.e., the set {S eTI':ie S, }.

For any vehicle v € V, the preference relation of the
proposed hedonic coalition game is denoted as:

St mv Sa, € fu(S5,) > fu(Ss,) (13)

where S, S, C V, S, S, € II' are any two coalitions
that contain vehicle v, and a;,a; € €). In (13), St =, Sﬁj
indicates that player v prefers to be part of coalition S, , over
being part of coalition S};j, or at least v prefers both coalitions
equally. Further, using the asymmetric counterpart of >,
denoted by >;, S%. >, ng, indicates a strict preference.

Therefore, the formulated hedonic coalition formation game
is defined by the pair (V,>) where V is the set of players,
and > is a profile of preferences, i.e., preference relations,
(*1,..., =) defined for every player in V.

VI. A ONE-ITERATION NETWORK SELECTION
ALGORITHM

The remaining problem is to design an algorithm to form
coalitions in the formulated game. Given a similar network
switch rule is followed by all the players in the game, a typical
three-phase coalition formation algorithm was proposed in
these existing works [16], [17], [20], which is summarized in
Sec. II. Phase II is the most important step to form a converged
final coalition partition. The convergence of a final partition

TABLE I
THE PROPOSED NETWORK SELECTION ALGORITHM.

Algorithm I  Network selection algorithm for duration [¢, ¢ + At)
Step 1: Information update and collection

1: Vehicle information update, such as (lat,lon)!, v € V, etc.;
2: Information retrieval in the database;

3: Utility function U(-) calculation;

Step 2: Coalition formation

4: Run Algorithm II forming a final coalition partition;

5: Notify vehicles with the best coalition to join;

6: Vehicles make handoff decision and execute handoff;

Step 3: Data transmission and database update

7: Data transmission between RSUs and vehicles;

8: Information update, such as traffic load, bandwidth usage, etc.

TABLE I
THE PROPOSED ONE-ITERATION COALITION FORMATION ALGORITHM.

Algorithm II  Coalition formation algorithm for duration [t, ¢ + At)

Input: V, A, U(-)

Output: xt", t”

1: Initialization: ITt™ = {Séi,.. .,Sé;}; Sf;; ={0},ar € A;
=00 eV,

2: for v in V do

3: for a in A do

4 fo(S5U{v}) = U(S; U {v});

5: end for

6: x! = argmaxgfu (SE U {v});

7.

8:

9:

/*following (11) and (12)*/

Say = Sy UK

end for
St =St ak € ATV ={SE ... S Jial =abveV.
H’}mdl in Phase II requires a loop, although the existing

algorithms are all designed for distributed decision-making
by players. The convergence time is not trivial especially
involving thousands of vehicles in heterogeneous systems,
which is challenging with fast-changing topologies.

Motivated by this limitation, a three-step network selection
algorithm is proposed in Table I. In Step I, by updating
locations of all vehicles the necessary information could be
retrieved from the cloud database, used for utility calculation;
in Step 2, a one-iteration coalition formation algorithm is
conducted to form a final coalition partition and vehicles
execute handoffs according to the results; in Step 3, data
is transmitted in the networks and the cloud updates the
database. The most important procedure in Algorithm I is the
coalition formation algorithm in Step 2, which is illustrated
in Algorithm II. First, Nash equilibrium is introduced for
understanding the convergence of Algorithm II.

Nash equilibrium is a widely used solution in game theory.
Generally speaking, Nash equilibrium is a strategy profile,
where each player’s strategy is the best response to others’
strategies in the profile. A best response represents the optimal
strategy of a player that maximizes the utility given others’
strategies. Since all players have their best responses, none of
them have the incentive to deviate from their current strategies.
For the formulated game, Nash equilibrium is defined as,

Definition 3. Denote ! € €. as the decision of selecting

networks by any vehicle v € V, and ', is the decision set of
all other vehicles except v. Nash equilibrium is the decision
t ¢ .}, where v’s best response at

A
profile x*' = {zm*, Tygr -3 Loy
time t is BR,(z",) = x!' ,Yv € V. The coalition partition
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TABLE III
THE LOCATIONS AND COVERAGE RANGES OF BSS/APS
BS/AP location Coverage radius (m)
EVDO (750,1000) 1500
HSPA (1250,1000) 1500
WIMAX (750,1000) 1000
LTE (1250,1000) 1000
AP1:(650,1250) AP2:(650,750)
Wi-Fi AP3:(1000,1250) AP4:(1000,750) 250
AP5:(1250,1250) AP6:(1250,750)
It = {St,...,St } resulting from x'" is Nash-stable.

As a result of Definition 3, Theorem 1 is proven to state the
sufficient and necessary conditions in the formulated (V, )
game.

Theorem 1. At time t a decision profile x' =
{af 2l ... a2t} resulting in a coalition partition
I = {st,....St )Wk € AS! C V, is a Nash

equilibrium, if and only if
fo (S8,) = fo(Sh, U {v})

14
VveV,veSéi,vgéSZj,ai,ajEetv 19

Proof: Refer to [33]. [ |
Motivated by sequential Chinese restaurant games [34], a
fast algorithm is proposed in Table II to construct a Nash-
stable coalition partition in the formulated (V,>) game.
Algorithm II is simple and short. For each time step, the
algorithm only needs to examine the values of the preference
function for all players sequentially, and then it goes to the
final coalition partition after one iteration. In Theorem 2, the
final coalition partition IT*" = {S% ,...,S! } obtained by

Algorithm II is proven to be Nash-stable.

Theorem 2. Given the condition that U(S.) is a non-
increasing function in terms of |S!|,Ya € A, the output
decision profile x* = {af ,al ... 2l } of Algorithm
I is a Nash equilibrium and the corresponding II!' =

{S¢ St .} is Nash-stable.

FEPR
Proof: Refer to [33]. [ |
Since the sequence of calculating a player’s payoff is fixed
in each iteration, the Nash equilibrium obtained by Algorithm
IT is unique. The important condition which guarantees Al-
gorithm I is able to obtain a Nash equilibrium is the utility
function U(-) must be a non-increasing function in terms
of the number of members in the coalition. It is easy and
straightforward to prove that the four utility functions in Sec.
IV-B are all non-increasing functions, thus satisfying such
condition.

VII. RESULTS AND ANALYSIS

Simulation is conducted to evaluate the performance of the
proposed network selection approach.

A. Simulation Description

In the simulation scenario as shown in Fig. 4, a 2km*2km
grid area (the square with dash line) is considered, covered

(2000,0)

Fig. 4. RAN coverage of the simulation scenario.
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Fig. 5. Vehicular scenarios.

by 5 types of RANs- HSPA(3G), EVDO (3G), WiMAX (4G),
LTE (4G), and IEEE 802.11g (Wi-Fi). There is one base station
for each cellular network, and six access points for Wi-Fi net-
works. The locations of the BSs/APs and the coverage range
of each RAN refer to Table III. Data rates and and modulation
and coding schemes (MCS) refer to the parameters of Table A-
1-A-5 in the Appendix in [35]. The five types of RANs provide
large diversity in terms of data rates and coverage ranges. Note
this paper does not consider differentiated data services for
different RANs, and vehicles also do not have preferences on
RAN types. So a decision for selecting a certain network only
depends on calculated value of the defined utility function.
The total simulation time is 10000 seconds, and the time step
is 1 second, which means the cycle of forming a new coalition
partition or centralized scheduling is 1 second. Three scenarios
are considered- highway, intersection and Manhattan, shown
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in Fig. 5. In each scenario, the total number of vehicles is 100.
Each road has two bi-directional lanes, shown as the gray lines
in Fig. 5. The width of lanes and size of vehicles are neglected
in the simulation. In the highway and intersection scenarios,
all vehicles keep a constant speed towards one direction,
indicating a constant traffic flow. In the Manhattan scenario,
each vehicle uniformly chooses a speed below a maximum
speed. The probability of going straight is 0.5 and taking a left
or right is 0.25 each at each intersection. The simulation time
is sufficiently long to obtain performance statistics, especially
for the Manhattan scenario with random turning for vehicles
at each intersection. For simplicity, a vehicle is assumed to
re-enter into the region from the other end of a road once
it moves out of the region. Since the proposed game-based
scheme is focused on selecting the best network out of all
available networks, a vehicle can see at least one available
network in the considered region. The methods of extending
coverage, such as relaying or using ad-hoc mode, is out of the
scope of this paper.

The performance metric evaluated in this section needed to
be defined beforehand is the fairness metric, given as:

2
(et
= 2
V] -3 pev (6v)
The fairness ~ defined in (15) follows the definition of Jain’s
Fairness [13]. In this section, 6, on the right-hand side of (15)

is vehicle v’s throughput, indicating the fairness is throughput-
based.

5)

B. Comparisons with Centralized Optimal Algorithm in [13]

The original optimization in [13] considers a weighted sum
of three attributes- spectral efficiency, fairness, and power
consumption. In order to avoid weighting effects, this sub-
section considers centralized optimization in [13] in terms
of a single attribute instead of multiple-attribute utility, in
particular, spectral efficiency and fairness, respectively. For
both optimization, three minimum data rate requirements for
vehicles’ quality of service (512Kbps, 768Kbps, 1024Kbps)
are measured in the simulation. The average speed in all cases
is 13.4 m/s. The system throughput and fairness comparisons
are shown in Fig. 6. As shown, there is a tradeoff between
throughput and fairness. Once one vehicle sees good signal
quality, it will try to get as much bandwidth as possible for
data transmission assuming spectral efficiency optimization,
which leaves other vehicles in the same network with less
bandwidth. Likewise, with fairness optimization, the band-
width is allocated fairly, sacrificing some vehicle’s large data
rates in good coverage areas. In Fig. 6, the results of the
coalition formation game show that the performance is neither
biased on spectral efficiency nor fairness optimization, rather it
naturally captures the tradeoff between the two. The reason is
the utility division rule in (11) guarantees the fairness of host
utility among vehicles. In all three scenarios, the performance
has similar features for all the cases in Fig. 6.

The fairness metric used by the centralized optimal al-
gorithm is defined explicitly and quantitatively in [13] (the
combined utility function (equation (11a)) includes fairness

functions defined by (4) and (5) in [13]). Furthermore, weights
are needed to be determined if using MADM methods, e.g.
AHP method. Compared to such algorithm, the proposed
game-based scheme does not include fairness functions in
utility functions. The fairness is embedded in the payoff
division rule of coalition formation game in (11). The proposed
game-based scheme provides a framework with the feature
of embedded fairness, and readers have flexibility to define
their own utility functions for coalitions according to their
own demands or requirements. The framework always assures
fairness of host utility defined by users. The four throughput-
based utility functions in this paper are used as an example to
evaluate fairness performance.

C. Comparisons among Different Utility Functions

Fig. 7 shows throughput, delay, and fairness performance
among four utility functions discussed in Sec. IV-B versus
arrival bit rate. The average speed in all cases is 13.4 m/s.
The tradeoff factor in (6) is S = 0.5, and the weights in (9)
and (10) are w,, = w, = 0.5. In Fig. 7, the throughput linearly
increases first and then saturates when the arrival bit rate per
vehicle increases and reaches 2 Mbps. In all three scenarios,
the throughput of the utility function Uy, is slightly higher than
the other three. Similarly, the delay performance of the utility
function, Uy, is also slightly better than the other three in all
scenarios. This is reasonable because the utility function Uj,
tries to select the network with the most available bandwidth,
so that the delay could be reduced with higher bandwidth. The
price for getting higher throughput and lower delay with U, is
to sacrifice fairness by 5 ~ 10% as shown in Fig. 7, which is
approximately the range of improvement for the throughput.
Usaw and Ugpra have very close performance in Fig. 7,
and U, gets slightly better performance in terms of fairness.
The fairness around an arrival bit rate of 1 Mbps is higher
than that with saturation, because non-saturation data for all
vehicles’ packets is more likely to be sent out instead of being
backlogged. With more complex road topology and dynamic
movement pattern in the Manhattan scenario, the throughput
deteriorates by up to about 5% and 15% compared to the
highway and intersection scenarios, respectively. The inter-
section scenario could yield the highest throughput because
vehicles have a chance to see more networks compared with
the highway scenario but with constant movement compared
with the Manhattan scenario. Fig. 8 shows throughput, delay,
and fairness performance vs. average speed. The arrival bit
rate per vehicle is set as 1000 Kbps in the simulation. In Fig.
8, with the increase of the average speed, the throughput is
nearly constant, the delay decreases, and the fairness slightly
decreases for all cases. The delay’s change is more significant
in the Manhattan scenario, which is because vehicles have a
high probability of traversing high bandwidth networks with
a high speed in a more dynamic road topology.

D. Comparison with Conventional Coalition Formation Algo-
rithms in [16]

Fig. 9 compares the average running time for forming an
ultimate coalition partition in one coalition formation cycle
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(1 second) between the proposed algorithm and conventional
algorithm in [16]. The two algorithms both run on the same

virtual machine with 3.4 GHz CPU and 10.5 GB memory.
The utility function Uy is used. In Fig. 9, with the increase of
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Fig. 9. Average running time for one scheduling interval of proposed coalition
formation algorithm and conventional algorithm.

the number of vehicles, the running time for both algorithms
linearly increases, but the slope for the conventional algorithm
is about 8 times steeper than the proposed algorithm. Hence,
in one formation cycle, the running time of the conventional
algorithm is 8 times as that of the proposed algorithm, leaving
less time for data transmission if being implemented in prac-
tice. If the overhead of the coalition formation is too large,
the coalition formation game is not usable in the real world
because after finishing computation for coalition partition,
many vehicles will have already moved to other locations,
resulting in the final coalition partition being outdated. From
the point of view of network scalability, under the same
hardware and software conditions, with the same running time
limit for formation, the proposed algorithm actually is able to
handle a network whose size is 8 times that of the one handled
by the conventional coalition formation algorithm.

The running time of optimization on spectral efficiency
in Sec. VII-B is much longer. AMPL software is used for
linear programming in the same virtual machine with the same
simulation setting. When the number of vehicles is 100, the
running time for one cycle is already about 4 seconds (the
total running time for 10000-second simulation is more than 10
hours), which actually is beyond the scheduling cycle duration
itself.

VIII. CONCLUSIONS AND FUTURE WORK

This paper presented a cloud-based network selection
scheme using a coalition formation game in vehicular net-
works. The proposed scheme leverages the database main-
tained in the cloud to assist vehicles on the move to select
the best networks. Vehicles are able to make decisions based
on the information provided by the cloud in a wider network-
awareness scope. Given the considered four throughput-based
utility functions, the proposed coalition formation game is
able to tradeoff the network and individual vehicles’ perfor-
mance with the built-in utility division rule. Not limited by
throughput-based fairness, the proposed scheme offers a built-
in fair framework with the flexibility of defining any type
of utility functions. The framework always assures fairness

of host utility defined by users. Furthermore, the proposed
coalition formation algorithm accelerates the convergence to
the final coalition partition, indicating a great potential to
support a larger-scale network of up to 8 times in size com-
pared to the one using the conventional algorithm. Through
extensive simulation under different conditions in terms of
road topology, network availability and mobility pattern, the
above two features (a fair framework and fast convergence)
are validated as two main contributions in this area, especially
for practical implementation.

Two areas of future work are envisioned: 1) Implement the
proposed network selection scheme combining the CyberTiger
database and mobile devices (ORBIT based nodes) [36]; 2)
Investigate more utility functions based on specific users’ or
network operators’ expectations and demands.
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