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1. INTRODUCTION

The next generation wireless networks are envisaged to be connected through multiple wireless
links like 3G, WiFi, WIiMAX and LTE, etc. at anytime and anywhere with the best quality of service that
creates heterogeneous wireless environments. These varieties of wireless links give the options to the users of
being "always best connected" where the system attempts keeping the users linked to the Internet all the
time [1]. The aforementioned wireless technologies were developed to be operated individually. Due to the
advancement of the wireless communications, multi-homing supportive Mobile Devices (MD) have been
introduced [2]. The primary resource of the wireless link is bandwidth that has been allocated from a wireless
link to the MD. However, the bandwidth of a single link may not be always enough to operate the heavy
traffic, particularly for real-time traffic like video conferencing. Hence, the available resources or bandwidth
in a particular area from all available links can be integrated, and the traffic can be transmitted [3]. The most
critical issue includes determining the most appropriate network for a particular user in its present
situation [1]. The network selection criteria depend on many factors, such as security, available throughput,
cost, delay, jitter, reliability etc. [4], [5].

In HWN environment [6], the MD has the options to select the best suitable AP for its needs based
on its preferences. Considering the multiple scenarios in HWN including the type of users, technology,
service provider and applications, require the development of the new dimension that offers dynamic
automatic networks selection [7]. Many solutions have been proposed to address this multi-criteria decision-
making algorithms in HWN. Game theory [8] also can be used to deal with the complex decision making
between the networks and the mobile users for resource allocations in HWN [9] environment.
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Figure 1. Heterogeneous Wireless Networks Environment [6]

2. HETEROGENEOUS WIRELESS NETWORK

Heterogeneous Wireless Network (HWN) may be defined as the combination of two or more
wireless resources like Wireless Fidelity (WiFi), World Interoperability for Microwave Access (WiMAX)
and Global System for Mobile communication (GSM) in a typical area as shown in Figure 1. A mobile
device enabled with multiple interfaces can have access to any such resource on the basis of its application
demand that runs on the Mobile Node (MN). The most common and accessible wireless technology
comprises of the cellular technology followed by the WiFi and WiMAX technologies. Cellular technology
has a large coverage span but smaller bandwidth, WiFi has lesser coverage, but high bandwidth and WiMAX
is recognised for high bandwidth as well as area of coverage.

Currently, various network technologies like WiFi or IEEE 802.11a/b/g, WiMAX or IEEE 802.16,
UMTS, GPRS are merging their infrastructures with the core networks of IPv6 or IPv4. All the access
technologies involved with HWN possess their individual features such as QoS support, operational costs and
coverage [10]. The mobile nodes enabled with multiple interfaces may be linked to a proper interface on the
basis of the requirements of the application on the mobile node and network strength [11]. The primary goal
of the HWN is the capability of a mobile node to retain its present session and choose the most suitable
interface while it is communicating. Every technology has its particular set of policies and rules that govern
the provision of services and resources to its users. Thus, a significant issue in HWN is the design of a Radio
Resource Management (RRM) system that is efficient. In general, the RRM framework may be apportioned
using the functionalities viz. Decision Enforcement, Decision Making and Resource Monitoring.
These functionalities are interrelated in such a way that the results of resource monitoring are employed in
decision making after which decision enforcement takes place. Different solutions have been adopted to
make this type of complicated decision and allocate the wireless resources into the MN where game theory
has been given significant attention in recent years.

3. GAME THEORY MODEL

Game theory is a mathematical tool employed in designing and modeling of complex scenarios that
involve the interaction of reasonable decision makers with feasibly conflicting mutual interests [7].
It was initially invented to solve the complex issue of economic behaviour. It is popular in other fields
including politics, philosophy, military, sociology and telecommunication due to the effectiveness of its
studying complex dynamics among players [12]. Recently, a large number of issues in wireless
communications and networking, particularly security [13], [14], [15] have been addressed using game
theory and its solution. Wireless resources are insufficient in terms of capacity, power and bandwidth. On the
other hand, resource scarcity and the rising figure of wireless access terminals and result in severe contest
among mobile customers for required wireless resources. In this context, game theory can provide
significantly better understanding and optimum allocation of resources among the players. In recent times,
game theory has been investigated to address wireless communication issues including routing, resource
allocation, power control MIMO systems [16], load control, medium access control, etc. [7]. A classification
has been performed based on OSI layer (Transport, Network, Data link, Physical) in light of game theoretic
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approaches [17]. A detailed discussion has been covered in a recent book on a vast area of networking
domains and wireless communications including sensor networking, vehicular networking, power control
system and radio resource management [18]. Heterogeneous wireless communication networks are dynamic
in terms of network load, availability, energy conservation [19], [20], monetary cost and network coverage
[21]. Both operators and users seek to maximise their payoffs. The payoffs may be projected using utility
functions on the basis of several decision criteria from both sides where game theory can be well suited.

3.1. Basic Concept of Game Theory
Game theory comprises three chief components, the player set, the action set and the payoff set.
It is a common interest of the players to raise their payoffs to the maximum by adopting appropriate strategic
actions available in a specific moment. The combination of the best-chosen strategy for every player is
referred to as equilibrium. In a circumstance when a player is not able to gain by modifying his strategic
actions while keeping the strategies of other players similar, then the game is named as Nash Equilibrium.
The payoff for every player may be distributed based on the estimated utility they have played for that
specific set of strategies. On the other hand, if the payoffs may not be improved further with another
combination of strategies, it can be said that the game has attained a Pareto Optimal Nash Equilibrium [7].
a) Nash Equilibrium: Suppose N is the number of players in a game, and i is an index of a player where
0 < i < N. Suppose S; reperesents the set of mixed strategies available for player i with s; € S; being a
feasible strategy for player i. The Nash Equilibrium meets the condition shown in Equation (1).

7T (Si*’sii) Zﬂ'i (Si*,Sii)\V/0<i < sti € Si (1)

Where, m;() is the payoff function of player i, s; denotes a Nash Equilibrium strategy of player i,
and s;_; represents the Nash Equilibrium strategies of every player in the set excluding player i.
Nevertheless, several games possibly will not have a Nash Equilibrium, otherwise they may not have just one
Nash Equilibrium.

b) Pareto Optimal Nash Equilibrium: Suppose N is the total number of game players, and i is the player
index with 0 < i < N. Suppose S; represents the set of mixed strategies available for player i with S/
denoting the Nash Equilibrium strategy set for player i, s € S;. The Pareto Optimality meets the
condition shown in Equation (2).

TTi (Sip) > T (Sip)V0<i < NVST ESl* (2)

Where ;) denotes the payoff function associated with player i and Si” represents the strictly Pareto Optimal

strategy.
The correlation between game theory and wireless networks has been tabulated in Table 1.

Table 1. Correlation between Game Theory and Wireless Networks

Game : A
Components Concept in Real Game Concept in Wireless Networks
Players The players involved in the game The agents involved in the game like networks and user.
: A set of actions to be performed by the players while playing the
Strategies A set of actions to_be performed by the game: available networks, network strength, available bandwidth,
players while playing the game - "
offered prices, subscription plans etc.
. The profit of the players estimated based on the utility functions:
Payoffs The rewards received by the players QoS, Network capacity, etc.
Resources Fame, Money For which the players are competing like bandwidth, power, etc.

3.2. Benefits of Game Theory in HWN
Game theory provides particular advantages for analyzing protocols and distributed algorithms in

wireless networks where few advantages have been addressed in this section [22].

a) Distributed system analysis: When network nodes carry out independent adaptations, game theory
permits the investigation of convergence, inimitability and existence to a balanced-state operation point.
Therefore, it is a powerful tool for precise investigation of distributed protocols.

b) Cross-layer optimisation: Usually in ad-hoc online games, the node decision at a specific level is to
optimise the performance of some other layer. By devising the action space properly, game theory
analysis may provide an understanding about the cross-layer optimisation methods.

Game Theory for Resource Allocation in Heterogeneous Wireless Networks - A Review (Farhat Anwar)
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c) Incentive Plan Design: Mechanism design forms a part of game theory. It focuses on how to design
incentive mechanisms to guide independent, self-interested participants in obtaining the desired results
from a system-wide perspective. It could be particularly useful in the designing of incentive plans for ad
hoc networks.

3.3. Challenges of Game Theory in HWN

In heterogeneous wireless network environments, users are expected to possess multiple-mode
wireless mobile devices and can choose to link to one or many access networks with different technologies,
based on the preferences of the coverage area, available bandwidth, service providers, and monetary
costs [22]. Considering these issues in mind, the game theory approach has been used to simulate and
evaluate the competitive interaction or cooperation between logical decision makers representing network
operators and/or users.

One of the significant tasks is to determine the appropriate game strategy, whether the player is
cooperative or non-cooperative, and define the problem accordingly. Strategies must be identified and
adopted among players during critical game time. It has been known that game theory works as a hypothesis
of reasonableness and players to act in their best interests. Besides, service providers try to raise their revenue
by multiplying the number of users, and users anticipate the best quality of service (QoS) from the provider.
However, the supplier's profit maximisation or client's best QoS cannot be guaranteed.

By using game theory models, rational models can be designed to allow players to compete with
each other and seek to maximise their profits. By using collaborative game models to analyse some scenarios,
they find themselves selfish and refuse to cooperate to maximise their profits. Considering this situation, to
improve the overall QoS of the network, an incentive mechanism has been proposed and adopted.
The purpose of using incentives is to inspire players to work together to maximise social welfare.
However, due to the dynamic nature of the wireless environment, random wireless errors and overall
degraded interference or packet collisions that result in QoS in the network, cooperative methods may not be
suitable.

Another important aspect is how participants decide: a distributed or centralised approach.
Centralized methods are rarely used in HWN since the computational cost increases as the network scale
increases. On the whole, game theory is more applicable to self-configuring facility allocation methods.

4. GAME THEORETIC MODEL FOR NETWORK SELECTION

The players involved in the wireless game are wireless networks and mobile users. Both users and
networks seek to raise their payoffs to the maximum by adopting available strategies for a specific moment.
For example, users mainly seek good quality with affordable cost while the networks look for the
maximisation of monetary profit. Benefits can be assessed by means of utility functions using various
decision criteria: energy savings, monetary costs, availability, network load, and so on [7, 23]. The game
theory has been investigated in recent years and can be classified in mainly two ways, cooperative and non-
cooperative model.

The approaches can be varied from many issues including the game models (evolution games,
auction games, bargain games, repeated games, etc.), players (networks or users), strategies (service requests,
available APs, transmission rates, etc.), game pools (single or multiple operations), pricing schemes
(dynamic or flat rate pricing), set of parameters such as latency, monetary cost, jitter, packet loss, throughput,
etc., use of RATS (Cellular, WiMAX, WLAN). Nevertheless, the chief goal of the game is the same: network
selection is a problem of resource allocation [7].

4.1. Cooperative Game Model
When a group of players forms a "consortium" and completes between player leagues, rather than
between individual players, cooperative game theory can be defined [24]. Cooperative games include a list of
players and characteristic function. Let, N represents a player set who form a coalition and v is the
characteristic functions. Formally, cooperative game is a pair of (N, v), with N = {1,........ n} is a finite
player set, and v denotes characteristic function v: 2n...>R, e.g., v(0) = 0. For an n player game, the number
of coalitions possible are 2-n.
Different types of cooperative game theoretic models have been proposed in recent years. Some of
the popularly utilized game theoretic models have been reviewed in this paper.
a) Strategic Game: A unique strategic planning that has been taken only once by a player where other
players are unaware of this player’s action. The players are independent, and they choose their action
simultaneously. The famous strategic game is Prisoner’s Dilemma [25].
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The prisoner's dilemma presents a situation where there are two suspects for accomplishing a huge
crime and detained in two different cells. Table 2 shows the benefits of this game; the concept is that players
are trying to reduce their imprisonment to the minimum. If they are all quiet (cooperative with each other),
everyone shall be sentenced to an imprisonment of one year. If they all admit (defects), everyone will be
sentenced to three years imprisonment.

Table 2. Prisoner's Dilemma Payoff Table

Defect Cooperate
Defect 33 0,4
Cooperate 4,0 11

If only one of them confesses, he/she will be released, and another witness shall be sentenced to four
years imprisonment. The best result for players is that they all cooperate, which means they don't admit it,
but each of them has an incentive to try to get rid of the jail's "free ride" (defects). In seclusion, both parties
will choose to cooperate with defects, resulting in unique Nash equilibrium (defects, defects) in the game.

The chief concept of Repeated Game is to identify the strategic pattern of previous games and
associations among the players. The players make decisions based on the previous experience of strategic
plans that have been adopted by other players. If we assume the repeated prisoner's dilemma game, having a
similar payout table as shown in Table 2. Although the cooperation of the two players is better, for each
player, the players' flaws strictly control the player's cooperation. Therefore, when each player is defective,
the game has an inimitable Nash equilibrium. When the game is repeatedly played, the desired result of each
other is obtained once they are cooperative in each period (long-term return). If every player thinks they will
lead to the end of cooperation, this will lead to short-term gains, but it will lead to long-term losses,
which will become stable.

b) Bankruptcy Game: The game theoretic model is used to solve the distribution problems to allocate the
resources among the group of agents. It is well suited in a circumstance where the resources (bandwidth)
are insufficient to satisfy all agents (mobile users). To understand the concept of game theory, Suppose a
company owning E property goes bankrupt and owes an amount d to creditors. Therefore, money E
needs to be distributed among N creditors. In the worst case, the creditor’s total debt is greater than the
debt of the insolvent company, E <= d. This contradictory situation presents an N-person cooperation
game [26], in which game agents seek equilibrium to allocate money [27]. The allocation can be done
using the following set of rules. The bankruptcy game uses three different partitioning rules to solve:
Constraint Equal Awards (CEA) rules - rewards are as equal as possible, follow the principle of first
come first serve; Random Arrival (RA) rules and Talmud rules - if the total (bandwidth) is less than half
the summation of the claims, then the CEA rules are employed and operated on the semi-claims,
otherwise, if it is greater, then the Constrained Equal Loss (CEL) rules are used to balance the losses.
The results indicate that the total capacity maximization is achieved by employing CEA but the Talmud
and RA rules behave better when it comes to maximum fairness [7].

4.2. Non-cooperative Game Model

In the non-cooperative game model, users compete with the network, and each network seeks to
raise their own utility to the maximum. Users try to get the maximum service income from the price they pay.
Then again, the network attempts to maximise the profits of the services it provides.

The non-cooperative game theory based network model is designed as a non-cooperative auction
game, that consists of three parts: bidder, seller and auctioneer. The user represents the buyer,
the seller/bidder is similar to the network operator available, and the auction item is signified by the
bandwidth requested with the relevant features. Calculate the winning bid, for example; it will maximise the
utility of the user. The collaboration between the networks and the users has been investigated. The author
classifies the problem of network selection as a non-cooperative auction game. The game has three parts:
the bidder, the seller, and the auctioneer [28], [29], [30].

In another study, the authors presented a non-cooperative game theory based wireless resource
management framework. The framework consists of four essential constituents: connection level allocation,
network-level allocation, admission control, and capacity reservation [31]. The problem of bandwidth
allocation was simulated as non-cooperative game among various access networks. The solution to this
problem was acquired from Nash equilibrium, indicating that the overall utility of the network is maximised.
The bargaining game is utilised to simulate the problem of capacity reservation. Connection-level
assignments were exhibited as trading market games, and the solution to the game was observed to be Nash
equilibrium [32].

Game Theory for Resource Allocation in Heterogeneous Wireless Networks - A Review (Farhat Anwar)
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It has been suggested that non-cooperative multi-phase games between two self-governing wireless
LANSs should simulate access control problems [33]. The game players comprise of two networks, and the
user's service request comprises of their policy set. The outcome of the game is the dispersal of service
requests all over the network so that every network gets the most return [34], the summarizes the cooperative
and non-cooperative shown in Table 3

Table 3. Summary of Cooperative and Non-cooperative Game Models

Game Type

Game Model

Objectives

Parameters

Limitations

Cooperative

Non-
cooperative

Strategic Game
Model

Repeated Game
Model

Bankruptcy
Game Model
(Shapley Value)
Interaction
between
networks

Multi-stage
game

Multi-strategy
game

To maximise each
player's payoffs.

To identify the
pattern of previous
games.

To allocate the
resources among the
groups of agents.

Total network utility
is maximised

Gains the maximum
payoff for overall
networks.

To maximise its
own payoff
individually.

The players are independent
and the plan can only be
performed once.

Repeat the game based on
experience.

The creditor’s total debt is
greater than the bankrupt
company’s money.

Bargaining Game

Users’ service requests

Individual preferences

If one player benefits,
others will become
losers.

Short-term gains, but
long-term losses.

Ideal for multi-attribute
components.

Not all components justly
evaluated.

Without proper
consideration of proper
importance, it may
produce the worst results.
These ideas are not
assessed, nor do they
show progress.

Network selection is modelled by another study as a non-cooperative game with multiple
stages [35]. Players have three wireless access networks: WiMAX, WLAN, and WCDMA. This policy set is
signified by the user's service request, and calculates the strength of the revenue network for every network
on the basis of the type of service (surfing the Internet, voice call or streaming video), user preferences
(quality and cost), traffic status and signals (bad, medium or good), user's speed (low, stable or high) and
battery drainage rate. The result of the game is the dissemination of service requests across the network,
and every network attempts to maximise its revenue [35].

5. GAME THEORY MODEL IN HWN

A new mechanism has been proposed in this thesis for a fresh connection that may be served by
available networks in that particular area simultaneously. Let us assume three different network technologies
are available, namely WLAN (WiFi), Cellular network and WMAN (WiMAX). A Multimode Mobile Device
(MMD) initiates the new request with the required bandwidth (estate) to be allocated from different
networks. This scenario is quite similar to the bankruptcy game theory where each of the networks tries to
maximise its utilities by providing sufficient bandwidth required for gaining revenue from the fresh
connection [31]. Here, N(=3) is the total number of agents and the agent set is defined as S = {wifi, cel,
wimax}.

When a request for bandwidth B is sent by a new connection, a central radio network controller
decides the expanse of bandwidth offered to that connection from every network. The bandwidth offered
changes with time and application to application based on the subscription policies. Notably, the bandwidth
offered may be defined by Equation (3) as follows [25]:

bt < (B")
() +N(er () ) o= (a2 ®

Where, bf represents the predefined bandwidth to a fresh connection from network i for k type of
services. (B{*Y) denotes the bandwidth available in the network i. bi’"req signifies the expanse of bandwidth
requested by a fresh connection of k types of class. N represents the uniform random number ranging from 0
to 1 and r specifies the control parameter that shall be called the bandwidth shaping parameter. It can be
noted that bandwidth b can be allocated from i network to a fresh connection in regular traffic load when

bt
di=
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bk < (B#")" satisfies. However, in a congested traffic scenario, when bandwidth requested is greater than the
bandwidth available bik‘req > (Bf")", N and the shaping parameter for ensuring that the network does not
provide excessive bandwidth to the fresh connection.

When a single network cannot serve a user, a model has been proposed that enables the user to
divide the application traffic among the coalition members using a cooperative Stackelberg. It is a
characteristic function that is employed for expressing the coalition payoff, and the main concept is utilized
for analyzing the allocation stability.

Shapley Value [36] is one of the fairest models to solve the N person bankruptcy game due to the
less computational complexity [32]. It proposes the most equitable distribution of the profits attained
collectively among the collaborative game players. The primary focus is to realize the relative contribution of
each player.

For computing Shapley Value, suppose a function @(v) is defined that represents the value or worth
of player i in the game with a characteristic function. If a player takes part in the coalition at random, the
average payoff to a player is the Shapley Value. The characteristic function v(S) can be calculated as follows
[31] as mentioned in Equation (4).

v(S)= max(o, B~ X dﬁlmﬂ)
jzs (4)

For all possible coalitions of S.
Where B¥ indicates the total bandwidth required to transmit k types of services from i types of
networks. . ¢s d}"m‘”‘ is the sum of the offered bandwidth from user j as depicted in Equation (5).

(sl —ﬂ(N:(_l > |)![V(S)—V(S i)

#(v)= X
N ©

Where |s| signifies the total players in the coalition assuming the jth user is in the coalition, N*
represents the overall number of players, v(S) specifies the coalition utility taking in player i, and v(S — {i})
refers to coalition utility without player i. The Shapley value, @;(v) can be obtained from Equation (5)
by changing the value of i = 1,2, 3, ... N} and thus, the value of bandwidth allocation d}‘ may be calculated.

The other notations and descriptions of the variables involved have been given in

Table 4. Notations and Descriptions of Variables used

Variable Bankruptcy Game Bandwidth Allocation
Nf Overall number of creditors Total number of networks
Bl The estate (money) of the company Requested bandwidth for kth category of services from ith
t network

s Set of agents Set of networks

d®™*  The maximum claim of the jth creditor The jth user’s maximum bandwidth demand

df™™  The minimum claim of the jth creditor The jth user’s minimum bandwidth demand
d}‘ The actual money disbursed for the jth user Bandwidth allocation to the new connection in the network i.

6. DISCUSSION AND CONCLUSION

In HWN environment, users aim to be equipped with Multi-Mode Device (MMD) to be connected
with one or many wireless access networks in a particular coverage area based on several factors including;
type of technology, available bandwidth, monetary cost, etc. Considering these multi-attribute decision-
making issues, game theory approaches have been utilised for modelling and analysing the competitive or
cooperative interaction among rational decision makers. The most challenging issues for the players is to
determine the problem, whether the game is cooperative or a non-cooperative. In HWN, there are many
combinations of competition among players like networks vs networks, users vs users and networks vs users.
The users seek the best quality of service from the networks that they have paid for and the networks try to
maximise its revenue by increasing the number of users. However, it is not always guaranteed that both
parties will be benefited equally.

It can be noted from the review as mentioned earlier that, cooperative game players are supposed to
be collaborating for maximising their group payoffs, and non-cooperative game players try to profit or

Game Theory for Resource Allocation in Heterogeneous Wireless Networks - A Review (Farhat Anwar)
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conserve their limited individual resources. Finally, it can be said that the Shapely Value method is generally
employed in multi-attribute decision-making field to reach a concrete solution.
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