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GAME THEORETICAL APPROACH TO COOPERATION IN AUTONOMOUS
WIRELESS NETWORKS

The principles of construction of wireless Ad-hoc networks are discussed. It is shown that improved quality of
service in the mobile Ad-hoc net-works achieved by integration of heterogeneous wireless access technologies.
The analysis of publications, using game-theoretic approach to the problems of constructing networks Ad-hoc,
is performed. The problem of formation of cooperative games is based on the principles of coalition theory of
interaction of mobile subscribers in the Ad-hoc networks. It is proposed to use the Shapley value as a method

of distribution of the winning.
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Introduction

Mobile broadband traffic has surpassed voice and
is continuing to grow rapidly. This trend is set to con-
tinue, with global traffic figures expected to double an-
nually over the next five years [1]. This traffic growth,
driven by new services and terminal capabilities, is ac-
companied by user expectations for data rates similar to
those of fixed broadband.

Improving capacity and coverage is one of the
main issues in next-generation wireless communication.
Heterogeneous networks (HetNets), which is currently
investigated in LTE-Advanced standard, now is a prom-
ising solution to enhance capacity and eliminate cover-
age holes in a cost-efficient manner. A HetNet consists
of two levels of base stations (BS): Macro-Cellular BSs
(MCBSs) and underlying Small-Cell BSs (SCBSs); the-
se can use the same technology (e.g. LTE) or different
technologies (LTE and WiFi). It is well known that a
HetNet not only increases the network capacity, but also
provides better coverage and enhances the user’s ex-
perience. These benefits are achieved by offloading data
traffic dynamically from MCBSs to SCBSs using an
algorithm based on several parameters such as the char-
acteristics of the traffic, the required quality of service
(QoS) and network congestion.

By deploying small cells into the existing network,
operators enhance the users’ quality of service which is
suffering from severe signal degradation at cell edges or
coverage holes. Nevertheless, there are numerous chal-
lenges in integrating small cells into the existing cellular
network due to the characteristics: unplanned deploy-
ment, intercell interference, economic potential, etc.

With the development of intelligent wireless de-
vices such as cognitive radios, the network users' capa-

bility has been largely increased. It becomes important
to analyze and understand the network users' intelligent
behaviors, especially selfish behaviors. Recently, game
theory has been shown to be a powerful tool for investi-
gating the challenges in HetNets. Cooperation has been
indentified as an effective technique to enhance the per-
formance of HetNets networks [2].

1. Related work

Beginning from the work [3], devoted undivided
traffic, routing games are not only the most advanced,
but also a very progressive net games direction today.

There are many publications, where problem of
network selection, which arises when wireless mobile
users can choose among multiple available wireless
access networks to connect, is study. In particular, au-
thors [4] investigate the dynamics of the competition
among different selfish mobile users which operate the
network selection with the goal of minimizing their own
selection cost. This problem is formalized as a non-
cooperative game, and the corresponding Nash equilib-
rium is studied under three expressions for the users’
selection cost.

As non-cooperative game the authors of paper [5]
investigate the situation, when an uplink cellular net-
work shared by a finite number of mobile users with
limited batteries. Whenever the battery drains out, the
user pays a fixed price to recharge the battery. The nov-
elty of this model is in considering the dynamic game in
which the transmission power of a player may depend
on the amount of energy left in its battery with various
types of constraints and derive for each one the structure
of the equilibrium.

Hierarchy in the classical non-cooperative game,

© V. M. Vartanjan, V. V. Turkina



132

ISSN 1814-4225. PAAIOEJIEKTPOHHI I KOMII'IOTEPHI CUCTEMMU, 2016, Ne 5 (79)

where the users choose their best power control strategy
in order to selfishly maximize their energy-efficiency, is
introduced in two ways [6]:

— in Stackelberg formulation of the game where
one user is the leader;

— assuming neither leader nor followers among the
users, hierarchy is introduced by using successive inter-
ference cancelation at the receiver.

The authors of the paper [7] propose dynamic
channel allocation strategy based on game theory along
with the concept of primary—secondary users. A hybrid
access policy is to be adopted along with self-organizing
power control scheme. For proposed scheme there is no
need of using different access policy for different pur-
poses. By adopting the proposed scheme, system
throughput, capacity as well as revenue of operators can
be increased considering optimal price for consumers.

Most of the current research in the coalitional
game theory for communication networks is restricted
to applying standard coalitional game models and tech-
niques to study very limited aspects of cooperation in
networks [8].

A special case of the game on the wireless net-
work, consisting only of the transceiver pairs, reviewed
in paper [9], where game model is constructed on the
basis of the network model with utility functions which
are selected so that the game transforms to the potential.
In the paper [10] the task of choosing by the mobile user
access point wireless network from several available
was solved based on non-cooperative game with Nash
equilibrium and selfish behavior of players, the analysis
of the "price of anarchy" and the sustainability of such a
game are given also. The task of forming the topology
of the wireless Ad-hoc network in which the nodes are
arranged in a plane, is considered in the article [11] as a
non-cooperative game. Main goal of this game is mini-
mizing the total power consumption with providing
network connectivity by means of assign required pow-
er to transmitters. Two algorithms form a network, us-
ing the method of double best responses suggested to
solve the problem.

The problem of data transferring in a simple wire-
less network is considered in article [12]. This process is
modeled using stochastic (Markov) game. This paper
proposes a system of penalties and rewards to network
users to control data transfer. Unfortunately, the coop-
erative solution, resulting in the work, is applicable only
for the reduced structure of the network. When the net-
work structure is changed, the matrix of transition prob-
abilities and the vector of the players wins must be re-
defined. There is also a computational difficulties in
finding the inverse matrix in the equations defining the
expectations of the players revenues.

In the monograph [13] several game-theoretic ap-
proaches have been proposed to modeling the distrib-

uted deployment and self-organization feature of Het-
Nets. The authors first give an overview of the chal-
lenges in HetNets and illustrate how game theory can be
applied to solve issues related to HetNets:

— game theory based uplink power control and
downlink power allocation strategies for the interference
mitigation are investigated;

— two kinds of game models, namely the non-
cooperative Stackelberg and the cooperative coalition,
are introduced to optimize the radio resource allocation;

— comparison of the centralized and distributed
coverage optimization methods based on game theory
are performed;

— a heterogeneous network consisting of macrocell
networks overlaid with cognitive small cells that oppor-
tunistically access the available spectrum is considered
ets.

For achievement seamless handover capability,
Quality of Service (QoS), self-organizing features in
autonomous wireless networks the game theoretical
approach to cooperation in the modern theory is consid-
ered in the following areas:

— non-cooperative and cooperative games;

— one step and repeated games;

— static and dynamic games;

— auction games.

The developing of the mechanism of the mobile
users interaction in the wireless self-organizing Ad-hoc
networks, based on the theory of cooperative games, is
the purpose of this article.

2. Mobile users interaction in Ad-hoc
networks as cooperative game

We consider autonomous Ad-hoc networks where
nodes belong to different authorities and have different
goals. Assume all nodes are selfish and rational, that is,
their objectives are to maximize their own payoff, not to
cause damage to other nodes. Each node may act as a
service provider: packets are scheduled to be generated
and delivered to certain destinations; or act as a relay:
forward packets for other nodes. The sender will get
some payoffs if the packets are successfully delivered to
the destination and the forwarding effort of relay nodes
will also introduce certain costs.

Figure 1 illustrates system model by showing a
network snapshot of one-hop packet forwarding be-
tween two users. In this figure, there are two source-
destination pairs (S;-D;) and (S,-D;). S; and S, need to
help each other to forward packets to the destination
nodes.
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Fig. 1. Packet forwarding in autonomous Ad-hoc
networks

The solving task is formulated as follows: if there
are profitable for all subscribers of the radio resource
sharing scheme, where each subscriber gain access to
the new channel exceeds the costs necessary for the
organization of interaction between users?

The solving task belongs to the class of coopera-
tive games, which are considered in cases where the
players (the mobile subscribers in the problem) are to
increase the winnings of each player to combine their
efforts to agree among themselves on joint actions and
thus form a single coalition.

In cooperative games, the users are able to make
enforceable outcomes through centralized authorities.
Thus, for cooperative games, the interests lie in that
how good the game outcome can be or how to define
and choose the optimality criteria in cooperative scenar-
ios. Cooperative game theory may not directly help us
solve the cooperation issue in autonomous wireless
networks, but it is useful to measure the efficiency of
the solution that we obtain from non-cooperative game
study on autonomous wireless networks.

Let N - the set of all players, N= {1, 2, ..., n}, and
the coalition S - any subset. Each player can participate
in any of the possible coalitions. The set S of players,
which belong to a coalition, acts as a single player
against the other players (coalitions), and the prize of
this coalition depends on the strategies used by each of
the n-players. Obviously, the total number of coalition
consisting of exactly r count equal to the number of
combinations of n on r:

. 1)
r!'(n - r)!

and the total number of possible coalitions, includ-

ing single-player coalitions, is equal:

n
> cp=2"-1. ()
r=1

Therefore, for the analysis of interaction of mobile
subscribers in a wireless Ad-hoc networks possible
number of the coalitions exponentially increases with
the number of players in this game. In the analysis of
cooperative play is necessary to take into account all the

possible coalitions, so complexity increases exponen-
tially with n.

The characteristic function of the game is a func-
tion U(S), that assigns to each coalition S greatest con-

fidently produced her winnings. The characteristic func-
tion is called simple, if it takes only two values: 0 and 1.
If the characteristic function is simple, the S coalition,
which = 1, called the winner, and the S coalition, for
which = 0 — the loser.

If a simple characteristic feature wins are those
and only those of the coalition, which contain a fixed
non-empty coalition of R, then the characteristic func-
tion vg (S) is called elementary.

The principle of optimal allocation of the winning
coalition between the parties is based on Shapley value
[14]. According to this principle, if the gain of each
player is equal to its average contribution to the total
well-being of the coalition with a certain mechanism of
its formation.

Let K; — is subset from player set N containing i
first players in some ordering. The contribution of the i-
th on the player's account is the value v(K;)-v(K;_;).

Shapley value of cooperative games is called a
payoff distribution in which each player receives the
expectation of their contribution to the relevant coalition
of the K;, with equally probable occurrence of ordering:

o(0)=— Fx.. G

‘teT

where n - the number of players,

T - set of orderings of N players,

X, - winning distribution, in which the player stand-
ing on the place i in the ordering, receives your contri-
bution to the coalition K.

The formula can be interpreted as follows: imagine
the coalition being formed one actor at a time, with each
actor demanding their contribution v(K;)-v(K; ) as a

fair compensation, and then for each actor take the aver-
age of this contribution over the possible different per-
mutations in which the coalition can be formed.

Example. Assume that:

— at the initial time two mobile unit in the Ad-hoc
network have a quality of service equal to (0,3; 0,5).

— after the unification of these devices into a coali-
tion of service quality indicators are equal desired.

Then the answer to the question of a fair propor-
tion of resources spent on the devices that the coalition
is determined by taking into account the Shapley value

(fig. 2).
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Fig. 2. Shapley value of cooperative games
with 2 network players

The kernel of a cooperative game (A,v) with re-
spect to a given coalition structure is the set of so-
called K-stable configurations (S,u) in which all coa-
litions in S are in equilibrium. Coalition C is in such
an equilibrium if each pair of agents in C is in equi-
librium, i.e., any pair of agents in C is balanced, that
is, none of both agents can outweigh the other in
(S,u) by having the option to get a better payoff in
coalition(s) not in S excluding the opponent agent.
Obviously, the kernel of a game is exponentially hard
to compute unless, for example, the size of the coali-
tion is limited by a constant. The kernel appears to be
attractive due to the following features: The kernel K
is unique for any 3-agent game (A,v), assigns sym-
metric agents of some coalition in a given coalition
structure for (A,v) equal payoff, and is locally Pareto-
optimal in K.

Conclusion

With the development of intelligent wireless de-
vices such as cognitive radios, the network users' ca-
pability has been largely increased. Cooperation has
been identified as an effective technique to enhance
the performance of HetNets networks. Efficient re-
source allocation is one of the key concerns of im-
plementing cognitive radio networks. Game theory
has been extensively used to study the strategic inter-
actions between users for effective resource alloca-
tion. In this article we discussed how cooperative
games theory may be applied to form mobile units
coalition for share their resources and to reduce their
spending resources. The use of game theoretical ap-
proach to cooperation in autonomous wireless net-
works has played a vital role for improving the en-
ergy efficiency of mobile users.
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TEOPETHKO-ITPOBHI1 MIIXIJ IO KOOMEPAIIT
B ABTOHOMHMX BE3/IPOTOBUX MEPEKAX

B. M. Bapmansan, B. B. Typkina

Posrmsigarorees npuHIunu nodynosu 6e3aporoBux Ad-hoc mepex. [TokazaHo, o MoiMIIeHHs IKOCTi 00CTy-
TOBYBaHHSI B MOOiIIbHUX Ad-hoc Mepexkax MOCSITaeThesl IUIIXOM iHTerpamnii pi3HOPiTHUX 0€3pOTOBUX TEXHOJOTIH
JnocTyny. BukoHano aHaii3 myOmikamiil 11010 BUKOPUCTaHHS TEOPETUKO-ITPOBOTO MiAXO0AY A0 MpodiieM MoOyAoBH
Ad-hoc mepex. IIpobnema ¢popMyBaHHSI KOOTIEPATUBHUX irOp IPYHTYETHCS Ha MPUHIMIIAX TEOpii KoamiliiHol B3a-
€Mo1ii aOOHEHTIB MOOIJILHOTO 3B'S3KY B THMYAcOBHX Mepexxax. [Iporonyerbest BukopucroByBatu Bekrop lllermi sik
CIociO PO3MOMIJICHHS BUTPAIILY.

Karudosi cioBa: 6e31poTtoBi Mepexi,Bekrop Lllemnti, sikicTh 00CTyroByBaHHsI, KOOIIEpAaTHBHA I'pa, MOOUTEHUMN
abOHEHT, Pecypcu Mepexi.

TEOPETHUKO-UT'POBOM NMOX0/1 K KOOIIEPAIIUA
B ABTOHOMHBIX BECITPOBO/JHBIX CETAX

B. M. Bapmansan, B. B. Typkuna

PaccmaTpuBaroTcst mpuHIMIIBL TOCTpoeHus1 OecripoBoaHbIX Ad-hoc cereit. [lokazaHo, 4TO ynydIlleHHUE KauecT-
Ba 00CTy)XMBaHUsI B MOOMIBHBIX Ad-hoc ceTsix ocTuraercs myreM WHTErpanuy pa3HOPOIAHBIX OECIPOBOJHBIX TEX-
HOJIOTH JocTyma. BelnonHeH aHaiu3 myOnuKaIui 06 NCIoNIb30BaHUH TEOPETHKO-UTPOBOTO IIOAX0/a K IpobieMam
noctpoennsi Ad-hoc cereii. [Ipobiaema popmMHupoBaHKsT KOOIIEPATUBHBIX MI'P OCHOBBIBAETCS HA MPHHIUNAX TEOPHU
KOAJMIMOHHOTO B3aUMOJIEHCTBHS a0OHEHTOB MOOMIILHOM CBSI3U B OJIHOPAHTOBBIX ceTsx. IIpemiaraercss HCHoNb30-
BaTh BekTop lllerun B kauecTBe criocoba pacrpeaeneHus BEIUTPHIIIA.

Kunrouessble cioBa: GecripoBoHble ceTd, Bekrop Lllemnu, kagecTBO 00CIyKMBaHUS, KOOIIEpaTUBHAS UIpa, Ce-
TEBBIE PECYPChI, A0OHEHT MOOWIILHOH CBSI3H.
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