Computer Networks 54 (2010) 2239–2255

Contents lists available at ScienceDirect

Computer Networks
journal homepage: www.elsevier.com/locate/comnet

Cooperative user–network interactions in next generation
communication networks
Josephina Antoniou a,*, Vicky Papadopoulou b, Vasos Vassiliou a, Andreas Pitsillides a
a
b

University of Cyprus, Dept. of Computer Science, 75 Kallipoleos Street, P.O. Box 20537, CY-1678 Nicosia, Cyprus
European University Cyprus, Dept. of Computer Science, 6, Diogenes Street, P.O. Box 22006, CY-1516 Nicosia, Cyprus

a r t i c l e

i n f o

Article history:
Received 19 May 2009
Received in revised form 28 February 2010
Accepted 25 March 2010
Available online 31 March 2010
Responsible Editor: A. Capone
Keywords:
Next generation networks
Access network selection
Game theory
Cooperative games
Present value

a b s t r a c t
Next Generation Communication Networks employ the idea of convergence, where heterogeneous access technologies may coexist, and a user may be served by anyone of the participating access networks, motivating the emergence of a Network Selection mechanism.
The triggering and execution of the Network Selection mechanism becomes a challenging
task due to the heterogeneity of the entities involved, i.e., the users and the access networks. This heterogeneity results in different and often conﬂicting interests for these entities, motivating the question of how they should behave in order to remain satisﬁed from
their interactions. This paper studies cooperative user–network interactions and seeks
appropriate modes of behaviour for these entities such that they achieve own satisfaction
overcoming their conﬂicting interests.
Ó 2010 Published by Elsevier B.V.

1. Introduction
Converged Networks [1] allow different access networks,
terminals and services to coexist bringing forth a new communication paradigm, which is user-centric [2], i.e., the
user is no longer bound to only one access network but
may indirectly select the best available access network to
support a service session [3]. Upon a new service request
or even any dynamic change affecting the session (e.g.,
mobility) one of the participating access networks needs
to be selected in order to support the session. Next Generation Communication Networks – controlled by an IP Core
Network – need to be equipped with a Network Selection
mechanism to assign the best access network to handle service activation, or any dynamic session change. Such decision may result in a single access network or even multiple
networks cooperating to handle a service (the multiple
networks case is treated in [4]). This paper studies the
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resulting interaction between a user and a network, and
seeks the best behaviour for each entity such that their
conﬂicting interests are overcome and satisfaction is
achieved.
Interactions between entities with conﬂicting interests,
follow action plans designed by each entity in such a way
as to achieve a particular selﬁsh goal and are known as
strategic interactions. Game Theory is a theoretical framework that studies strategic interactions, by developing
models that prescribe actions in order for the interacting
entities to achieve satisfactory gains from the situation.
In this paper, we utilise Game Theory in order to model,
analyze and ﬁnally propose solutions for the user–network
interactions arising due to the Network Selection mechanism. Initially, we utilise Game Theory in order to model
the relationship between the user and the network as a
strategic game. Particularly, we utilise the notion of Present
Value (PV) for a sequence of payoffs in a repeated game [5]
in order to reach a decision that will be both user-satisfying and network-satisfying.
In an attempt to improve the user–network relationship
according to the knowledge acquired during the interaction history, we deﬁne a notion of adaptivity for the user
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as a player in the access network selection decision game,
and based on that, we propose a new user strategy for the
repeated user–network interaction game. The proposed
adaptive strategy, together with the rest of the strategies
studied in this paper, are evaluated through simulations
that explore their behaviour. The numerical results verify
that the players gain more when cooperating, as expected
from the theoretical analysis. Moreover, simulations show
that the proposed adaptive user strategy results in proﬁtable payoffs, also reinforcing the conclusions of the theoretical analysis.
The paper is organized as follows. Section 2 describes related work and motivates the subsequent work. Section 3
investigates the user–network interaction both as a oneshot and as a repeated interaction. The paper continues by
a study of access network selection (Section 4) leading to a
proposal of a new adaptive user strategy. A numerical evaluation of all strategies analyzed in the paper is found in Section 5 and ﬁnally, conclusions are drawn in Section 6.

2. Related work and motivation
Although network selection is a relatively young research area, it has been extensively studied in recent years
[6–8]. The growing popularity of networks that promote
technology convergence and allow the co-existence of heterogeneous access networks, has pushed towards the efﬁcient resource management of the overall converged
system upon a given dynamic change (e.g., service request,
context change, and mobility).
From the earlier works on network selection various approaches describing and analyzing the effects of this new
resource management mechanism have been introduced
and investigated. Such approaches include fuzzy logic
[9,10], adaptive techniques [2,11], utility-based and
game-theoretic models [12,13], technology-speciﬁc solutions, especially focussing on the inter-operation of cellular
systems with wireless LANs [8,14], as well as architectural
models focussing on a more comprehensive architectural
view [3]. Decision making in these works is either usercontrolled [10,12,14] or network-controlled [3,8,11]. The
interaction between them is not considered in detail and
the selection decision mainly involves one entity, in some
cases involving the other entity indirectly, i.e., decision is
taken by the network with the consideration of some user
preference [2,13], or the decision is taken by the user with
the consideration of some network-speciﬁc rankings [9].
In addition to the above techniques, more recent research development explores more dynamic/automated
solutions that, similarly to the earlier works, either are
based on the user as a decision-making entity [15,16], or
are network-controlled solutions proposing improvements
to the user-perceived quality during network selection
[6,17,18]. Besides the general solutions for network selection, speciﬁc solutions handling particular services such
as multicast, have been recently proposed [19,20]. These
focus on the effect of network selection on the particular
service (e.g., multicast) in addition to user and network
satisfaction aspects. Again, in these works the decisionmaking is either user-controlled or network-controlled.

Since network selection is a mechanism involving
important decision making, it is essential to take into consideration some strategical planning on behalf of the entities involved in this decision. Game theory is a theoretical
framework for strategical decision-making. It has been a
very popular approach among recently presented research
works [4,7,21,22]. These explore various game theoretic
models such as non-cooperative games [21,22], and cooperation schemes where limited resources and/or need for
quality guarantees exist [4,7].
Cooperative approaches [4,7] explore the formation of
coalitions between the various networks, where a terminal
is capable to simultaneously connect to and be served by
more than one network. The game selects the best group of
networks to serve a new connection or a service demand forecast. In the non-cooperative papers, Cesana et al. [21] study
the competition between the mobile users when they are able
to select from a set of available access networks, each aiming
to minimize the potential selection cost, whereas Cesana et al.
[22] consider network selection to be a non-cooperative game
between the users and the networks instead of between the
users themselves. A user in this game seeks to maximize quality of service and a network seeks to maximize its number of
customers. Mathematical programming is used to ﬁnd the
equilibrium in this game.
The current paper is closer to [22] because it models a
game where the interacting entities involve the mobile
user and the candidate access networks. As in [22], both
the user and the network have different payoff functions
reﬂecting their own satisfaction: best predicted quality
per unit payment for the user and greatest proﬁt for the
network. The current paper improves on the work of
Cesana et al. [22] by capturing additional elements (e.g.,
user payment and network cost), and in addition it identiﬁes and formalizes the cooperative properties instead of
the non-cooperative aspects of the user–network interaction addressed in [22]. We utilise the mathematical framework and theoretical tools from Game Theory in order to
capture the involvement of both interacting entities in
the Network Selection mechanism, i.e., the user and the
available networks. The game-theoretic framework enabled us to compute a solution for Network Selection that
is both user- and network-controlled, and most importantly, the solution is satisfactory for both the user and
the available networks.
3. User–network interaction
In this section we explore, using game theoretical tools,
the relationship between the user and the network participating in a converged system. Particularly, we investigate
the interaction resulting from the network selection procedure, and we aim through the proposed game model to
reach a decision that is both user-satisfying and networksatisfying.
3.1. Incentives
The interaction between a user and a network in a converged system may be viewed as an exchange between
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two entities. The user gives some kind of compensation
(most likely monetary) and the network gives a promise,
in this case of a speciﬁc quality level, such that the promise
can be evaluated in terms of compensation, i.e., a quality q
that corresponds to a compensation c.
Investigating the interaction between entities, we seek
to discover the incentives for each entity to select certain
strategies, i.e., sets of actions, that result in (i) a cooperative
behaviour, and (ii) are such that both entities are satisﬁed.
The incentive function is usually realized by the payoff of
each entity involved. Considering a typical scenario situation of the user–network interaction, we assume that the
payoffs of the user and the network are the following:
– The payoff of the user is the difference between the perceived satisfaction, which is considered to be an increasing function of perceived quality, and the compensation
offered by the user to the network. The perceived quality is based on quality measurements (e.g., the signal
strength received by the terminal from the speciﬁc
access network and the signal alteration rate measured
at the terminal). The details of such a function are left
for future work.
– The payoff of the network is basically the proﬁt of the
network, represented as the difference between the
compensation received from the user for the speciﬁc
service, and the cost of supporting the session, which
is considered to be an increasing function of the
requested quality level.
Both payoffs are based on the fact that the compensation and the quality level representing satisfaction in the
user payoff, as well as the cost of supporting a session in
the network payoff are comparable. In the ﬁrst case, the
compensation and satisfaction may be measured by similar
units of satisfaction, i.e., the more compensation given the
less the units of satisfaction for the user, and the more quality received the more the units of satisfaction for the user. In
the second case, quality corresponds to the cost for setting
up the resources to support it and again we may view the
comparison in terms of units of satisfaction, i.e., the more
compensation received the more the units of satisfaction
for the network, whereas the more the quality to be supported, the less the units of satisfaction for the network.
3.2. General assumptions and requirements
In order to explore the realization of the above incentives, we proceed to model the user–network interaction
as a game, based on the following initial assumptions:
(1) The players in the network selection game are heterogeneous players, aiming at different payoffs. This
assumption is realistic given the diverse nature of
a network and a user.
(2) The modeling of the game assumes a complete
game, i.e., one in which players are aware of the
available actions and corresponding payoffs of their
opponents, but of imperfect information, since the
players make decisions without having knowledge
of their opponents’ moves.
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(3) There is a minimum and a maximum compensation
as well as a minimum and a maximum quality.
(4) There is always a probability that quality degradation will be perceived by the user. This assumption
is justiﬁed by the dynamic nature of the network;
even if the network decides to offer the requested
quality.
(5) At any time the sum of the payoffs of the two players
is a constant value, not equal to zero, i.e., a general
sum game model; neither player wins as in a zerosum game. This is a reasonable assumption since
we aim to extract conclusions on the cooperation
of the two entities.
(6) Both the user and the network have non-negative
payoff functions. This assumption is introduced in
order to motivate the players to participate in the
interaction (reﬂecting a selection of an appropriate
access network during Network Selection).
The above assumptions result in the following speciﬁcations, which are imposed by the game model:
– Assumption (6) results in the requirement that the
maximum compensation offered by the user is less than
or equal to the satisfaction corresponding to the minimum requested quality. Thus, given that compensation
and satisfaction from perceived quality are measurable
in comparable units, the maximum compensation
offered by the user should be deﬁned to be less than
or equal to the satisfaction corresponding to the minimum requested quality. In this way, the user plays the
game without risking to have a negative payoff, satisfying Assumption (6).
– Assumption (6) results in the requirement that the minimum compensation offered by the user is greater than
or equal to the cost of the maximum requested quality.
Thus, given that the compensation and cost of supporting a requested quality are measurable in comparable
units, the minimum compensation offered by the user
should be deﬁned to be greater than or equal to the cost
for the maximum requested quality. In this way, the
network plays the game without risking to have a negative payoff satisfying Assumption (6).
– Moreover at any time of the user–network interaction,
we require that the network’s cost from supporting
the requested service is less than the compensation
offered by an amount  > 0, such that the network
may gain at least marginal proﬁt from this interaction.
Given  > 0, it is better for a network not to reject the
user’s offer, but accept it and decide whether to cooperate,
i.e., offer the requested quality, or cheat, i.e., offer a lower
quality than the one requested. On the other hand, we also
allow the user to be able to cheat by not giving the amount
of compensation, offered as incentive to initiate the user–
network interaction.
Initially, we treat this interaction as one-shot, in order to
derive some fundamental properties of the interaction;
however, in practice users and networks interact multiple
times. The theoretical analysis of the one-shot model of
the game reveals that cooperation between the entities is
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not achieved. Thus, we move onto investigate whether the
knowledge of previous outcomes, when considering a repeated interaction model, results in cooperative behaviour.

3.3.1. Equivalence to Prisoner’s Dilemma
Consider the well-known Prisoner’s Dilemma Game
(Deﬁnition 3.2).

3.3. One-shot user–network interaction game

Deﬁnition 3.2 (Prisoner’s Dilemma type of game [23]). Consider a one-shot strategic game with two players in which
each player has two possible actions: to cooperate with his
opponent or to defect from cooperation. Furthermore,
assume that the two following additional restrictions on
the payoffs are satisﬁed:

In this subsection, we examine the interaction by considering it ﬁrst to be a one-shot game, i.e., that it is not affected by outcomes of previous interactions and that it
does not affect any future interactions between the two
entities.
The user–network interaction model is deﬁned as follows.
Deﬁnition 3.1 (User–network interaction game). Let the
user choose an incentive compensation scheme ji 2 K to
offer to the network, where K = {j1, j2, . . ., jn}, in order to
encourage the network to make and keep a promise of
offering qi 2 Q, where Q = {q1, q2, . . ., qn}. The user has the
capability to cheat and offer j0i , such that 8i 2 ½n; j0i < ji ,
but this will not be known to the network until the end of
the game when payoffs are collected. The network makes a
decision of whether to accept the user’s compensation ji
and promise to offer qi or to reject it. If the network rejects
the offer, the interaction terminates and the payoff to both
players is 0. If the network accepts the offer, it can decide
to keep the promise of supporting qi or to cheat, by offering
q0i , such that 8i 2 ½n; q0i < qi . This will be known by the user
also at the end of the game, when payoffs are collected.
Regardless of the network’s decision, there is a random
event, represented by Nature, i.e., an event that is not
controlled by neither the network nor the user. This
random event has two outcomes: the quality offered by
the network degrades (the user perceives a lower quality
q0i < qi ), or the perceived quality indicates no degradation
(quality qi perceived by the user). A quality degradation
might be observed by the user, even when the network
takes all the necessary measures to keep the promise for
the requested quality. Whether the network cheats, or
Nature’s event is degradation, or whether both occur,
the user perceives a quality q0i without knowing what
caused it.
In the rest of the section, we assume a ﬁxed requested
quality qi and corresponding compensation ji, so we simplify ji to j, and qi to q. Table 1 illustrates the possible payoffs of the user and the network in the user–network
interaction game, where p(q) represents the satisfaction
resulting from the perceived quality q, and c(q) represents
the cost for supporting quality q. The payoffs are presented
by order pairs: the ﬁrst term is the user payoff and the second term is the network payoff.

Table 1
User and network play the Prisoner’s Dilemma, nature’s play: no
degradation.

User accepts and
cooperates
User accepts and
cheats

Network accepts and
cooperates

Network accepts
and cheats

p(q)  j, j  c(q)

p(q0 )  j, j  c(q0 )

p(q)j0 , j0  c(q)

p(q0 )j0 , j0  c(q0 )

(1) The order of the payoffs is shown in Table 2 for each
player j 2 {1,2} and is such that Aj > Bj > Cj > Dj.
(2) The reward for mutual cooperation should be such
that each player is not motivated to exploit his
opponent or be exploited with the same probability,
A þD
i.e., for each player it must hold that Bj > j 2 j .
Then, the game is said to be equivalent to a Prisoner’s
Dilemma type of game.
Consider now the following outcome for the user–network interaction game: the network accepts the user’s offer and the outcome of Nature’s random event is no
degradation. We prove that this outcome of the game is
equivalent to a Prisoner’s Dilemma type of game. In the
subsequent discussion, we make use of the following
fact:
Fact 3.3. For a set quality q it holds that p(q)j > 0, i.e., the
difference between the maximum satisfaction perceived by
the user and the maximum compensation given by the user is
greater than 0. Similarly, the difference between the minimum
satisfaction and the minimum compensation is greater than 0,
0
0
i.e. p(q )  j > 0.
We make the following assumptions for the user–network interaction game:
(1) The difference between the maximum and minimum satisfaction, p(q)p(q0 ), is greater than the difference between the maximum and minimum
compensation, j  j0 , that may be offered by the
user, since the user will always prefer that the maximum compensation offered is set as low as it is
allowed by the platform administrator, whereas
the satisfaction received from the maximum quality
may be evaluated as high as possible, since no such
constraints exist.
(2) The network accepts to participate in the interaction
in a riskless manner, i.e., only if the range of possible
compensations exceeds the range of possible costs,
j  j0 > c(q)  c(q0 ).
Proposition 3.4. Consider the user–network interaction
game. Assume that the network accepts the user’s offer, and
the event of Nature does not generate degradation. Then the
game is equivalent to a Prisoner’s Dilemma game.
Proof. By Deﬁnition 3.1 we immediately conclude that:
Claim 3.5. There are two possible actions for both players: to
cooperate and to cheat (i.e., defect from cooperation).

2243

J. Antoniou et al. / Computer Networks 54 (2010) 2239–2255

For the network,

Table 2
General payoffs for the Prisoner’s Dilemma.

Player 1 cooperates
Player 2 cheats

Player 2 cooperates

Player 2 cheats

B1, B2
A1, D2

D1, A2
C1, C2

>

Claim 3.5 combined with Deﬁnition 3.2 imply that the actions of the players in the user–network interaction game
match the actions of the players of a Prisoner’s Dilemma
game. In particular, Table 3 maps each player’s payoffs
(for the cases that the network accepts the user’s offer),
of Table 1 to actions Aj, Bj, Cj, Dj, where j 2 {1, 2}, as deﬁned
in Deﬁnition 3.2.
We proceed to prove:
Lemma 3.6. Set Aj, Bj, Cj, Dj according to Table 3. Then it
holds that: Aj > Bj > Cj > Dj for each j 2 {1, 2}.
Proof. The user–network interaction game satisﬁes condition 1 of Deﬁnition 3.2, when the network accepts the
user’s offer and no degradation occurs.
Examining the user, we verify straightforward that
p(q)  j0 > p(q)  j, thus A1 > B1, and that p(q0 )  j0 >
p(q0 )  j, thus C1 > D1, since j > j0 . Given Fact 3.3 and
the assumption that p(q)  p(q0 ) > j  j0 , it holds that
B1 > C1.
Examining the network, we verify straightforward
that j  c(q0 ) > jc(q), thus A2 > B2, and that j0  c(q0 ) >
j0  c(q), since c(q) > c(q0 ), thus C2 > D2. Assuming that the
network accepts to participate in the interaction in a
riskless manner, i.e., only if the range of possible compensations exceeds the range of possible costs, then
j  j0 > c(q)c(q0 ), and B2 > C2. h
We now proceed to prove that:
Lemma 3.7. The user–network interaction game, satisﬁes
condition 2 of Deﬁnition 3.2.
Proof. To prove the claim we must prove that the reward
for cooperation is greater than the payoff for the described
A þD
situation, i.e., for each player it must hold that Bj > j 2 j .
For the user,

pðqÞ  j >
>

pðqÞ  j0 þ pðq0 Þ  j
2

pðqÞ þ pðq0 Þ j0 þ j


2

2

ð1Þ

;

since p(q) > p(q0 ) and j > j0 .

Table 3
The mapping between the user and network payoffs and the payoffs in the
Prisoner’s Dilemma type of game.
User payoffs (j = 1)
Aj
Bj
Cj
Dj

0

p(q)  j
p(q)  j
p(q0 )  j0
p(q0 )  j

Network payoffs (j = 2)

j  c(q0 )
j  c(q)
j0  c(q0 )
j0  c(q)

j  cðqÞ >

j  cðq0 Þ þ j0  cðqÞ
j þ j0
2

2
cðqÞ þ cðq0 Þ
:

2



ð2Þ

Claim 3.5, Lemmas 3.6 and 3.7 together complete the proof
of Proposition 3.4. h
The decision of each player in the user–network interaction game is based on the following reasoning [23]: if
the opponent cooperates, defect to maximize payoff (Aj in
Table 3); if the opponent defects, defect (payoff Cj instead
of payoff Dj). This reasoning immediately implies:
Corollary 3.8. ([23]) In a one-shot Prisoner’s Dilemma game,
for any proﬁle of the game, a best response strategy of both
players is to defect.
Proposition 3.4 combined together with Corollary 3.8
immediately imply:
Corollary 3.9. In the one-shot user–network interaction
game, when the event of Nature is no degradation, a best
response strategy of both players is to cheat.
Corollaries 3.8 and 3.9 give rise to the question of how
cooperation could be motivated, since the user and the
network must cooperate in order to satisfy their corresponding needs for higher quality levels and higher compensation; if both players are motivated to cheat, then
the quality and compensation are kept at minimum levels.
A memoryless user–network interaction results in no
cooperation between the players. This observation is further investigated next, by modelling this memoryless
interaction as a sequential game model, where the moves
of the players occur sequentially and not simultaneously.
Again, we observe in the sequential game, where neither
the future nor the past inﬂuence the players’ decision, that
the resulting payoffs motivate the players to cheat than to
cooperate.
3.3.2. Sequential moves game
Here, we present a sequential moves game modeling
the user–network interaction, in order to check whether
the same conclusions hold. In this game, the two involved
entities make sequential decisions, i.e., the user makes a
decision ﬁrst and the network makes the decision second,
to check whether the same conclusions hold. The game
ends by a random event, which is not controlled by either
of the two entities. We utilise a notion from Game Theory
to model this sequential decision-making: sequential
moves games, a.k.a extensive games.
According to this model, the user is a ﬁrst-mover, the
network moves second, and each player has one more
move before the event of Nature, which randomly sets
the outcome of the game to be equal to degradation. The
payoff functions and the set of actions of the players remain the same as in the one-shot game. Extensive games
can be represented as trees, where branches represent
decisions and nodes represent decision makers (except
the leaves which represent end states). So, the user–net-
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work interaction game is modeled in extensive form as
illustrated in Fig. 1.
In the case where the network decides to cooperate and
keep the promise to the user, degradation might or might
not be perceived. If degradation is not perceived, the payoff
to the user is the result of the difference between an
increasing function of quality q, representing the user’s satisfaction, p(q), and the offered compensation j, such that
p(q)  j; the payoff to the network in this case, is the difference between the received compensation j and an
increasing function of quality q 2 Q, representing the network’s cost, c(q), that is j  c(q). On the other hand, if degradation is perceived, the quality perceived is q0 < q, and
the payoff to the user changes to p(q0 )  j, where
p(q0 ) < p(q). However, the payoff to the network does
not change; we assume that both the compensation
offer and the setup for supporting a speciﬁc quality level
(and consequently the relevant cost), happen at the beginning of a session, whereas any degradation is not observed
until the end of the session. In the case that the network
decides to cheat, the payoffs to the network also change,
since the cost for quality q0 < q decreases such that
c(q0 ) < c(q). All the payoffs are illustrated at the leaves of
the tree in Fig. 1.
Both players want to make choices that maximize their
payoff since they are rational players. Let us ﬁrst examine
the behaviour of the network. The ﬁrst choice involves
whether to accept or reject a compensation by the user.
Since we have considered only the cases where the compensation offered is always greater than or equal to the
network’s cost, the best choice for the network is to accept
the offer made by the user. Given that the network will accept the compensation offer, it knows that the lower the
quality for which it reserves resources, the lower its own
cost will be. Since, according to the payoffs, the network
will not experience any punishment for cheating in the

one-shot game, and since the current decision of the network has no impact on any future interactions between
the two players, the network is motivated to only offer
minimum quality, increasing its own payoff but also cheating in every case that the quality promised was greater
than the minimum. Since Nature does not affect the network’s payoff, cheating is the decision that will give the
highest payoff to the network.
Now, since the user is a rational player and wants to
maximize his own payoff, he will choose to offer a payment that in combination with the quality level requested
will give him the highest attainable payoff. Using backward induction thinking, i.e., by considering which is the
best move for the network, the user may guess that the
best response to the network’s best behaviour of cheating
is to only offer minimum compensation, expecting in return minimum quality. This is done in order to maximize
his own payoff as well, by making sure not to experience
any losses due to the network’s cheating behaviour. Corollary 3.10 summarizes these ﬁndings:
Corollary 3.10. In the sequential moves one-shot game
modelling the user–network interaction the outcome of the
game is the following:
The user offers minimum compensation and the network
supports minimum quality, with analogous payoffs as in the
case where both entities were cheating.
3.3.3. Conclusions
The above discussion on the one-shot game leads to the
conclusion that cooperation between the user and the network is not supported for all quality levels. This conclusion
motivated our research to move towards a different model
for the user–network interaction game, a repeated game
model. The result of this study is presented in the next section, where we model the user–network interaction game

Fig. 1. The one shot sequential moves game of user–network interaction in extensive form.
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as a repeated game with inﬁnite horizon [5], particularly as
a repeated Prisoner’s Dilemma game, with the payoffs for
each period as indicated in Table 1.
3.4. Repeated user–network interaction game
If the one-shot game model were an accurate representation of the real interaction, why would networks ever be
motivated to satisfy users’ requests for higher qualities?
The reason is that, in reality, the interactions between networks and users are not one-shot but re-occurring. More
importantly, the previous outcomes of their interactions
affect their future behaviours. In such relationships, the
players do not only seek the immediate maximization of
payoffs but instead the long-run optimal solution. Such situations are modelled in Game Theory by repeated games.
There are two kinds of repeated games: the ﬁnite horizon
repeated games and the inﬁnite horizon repeated games,
which are actually models of games of unknown length
[5]. We categorize the user–network interaction model as
an inﬁnite horizon repeated game, since the users keep
requesting new sessions from the networks but the number of such requests is not known.
A repeated game makes it possible for the players to
condition their moves on the complete previous history
of the various stages, by employing strategies that deﬁne
appropriate actions for each period. Such strategies are
called trigger strategies [24]. A trigger strategy is a strategy
that changes in the presence of a predeﬁned trigger; it dictates that a player must follow one strategy until a certain
condition is met and then follow a different strategy, for
the rest of the game. One of the most popular trigger strategies is the grim trigger strategy [5], which dictates that the
player participates in the relationship, but if dissatisﬁed for
some known reason, leaves the relationship forever. The
grim trigger strategy may be used by the user in the
user–network interaction game, such that if degradation
is detected by the user in one stage, in the next stage the
user may punish the network by leaving the relationship
(e.g., stop interacting with the speciﬁc network). Given
such a strategy, the network has a stronger incentive to
keep the promise given for a certain quality, since it faces
the threat of losing its customer forever. The threat of
non-renewal of the user’s contract to the network, secures
compliance of the network to keep the promise of quality.
Exchanges based on such threats of non-renewing a relationship, which is based on a particular agreement between the two parties, are often referred to as Contingent
Renewal Exchanges [24]. Therefore, the user employs a grim
trigger strategy to elicit performance from the network and
the loss of the relationship is costly to the network because
it has a negative impact on the user–network relationship.
Another popular strategy used to elicit cooperative performance from an opponent, is for a player to mimic the actions of his opponent, giving him the incentive to play
cooperatively, since in this way he will be rewarded with
a similar mirroring behaviour. This strategy is referred to
as tit-for-tat strategy [5].
The subsequent study of the repeated user–network
interaction employs the grim strategy as a possible strategy for the user and the tit-for-tat strategy as a possible
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strategy for the network, since the strengths of each strategy mentioned above are considered appropriate for the
user–network interaction. Moreover, we deﬁne two more
strategies for the user and one more strategy for the network. Speciﬁcally, for the user we deﬁne: (a) the Cheatand-Leave strategy and (b) the Leave-and-Return strategy,
and for the network we deﬁne the Cheat-and-Return strategy. The Cheat-and-Leave strategy is deﬁned for the user to
reﬂect the user’s option to cheat, since the grim strategy is
a cooperative strategy. The user leaves after cheating in
this case, i.e., does not continue interaction with the particular network, in order to avoid any punishment for cheating. The Leave-and-Return strategy is a cooperative strategy
similar to the grim strategy but we deﬁne it so as to capture the case where the punishment if the network cheats
does not involve the user leaving the relationship forever,
but leaving for only one period and returning in the subsequent interaction period. Similarly, the Cheat-and-Return
strategy gives the opportunity to the Network to cheat,
and since it cannot in reality leave the user–network relationship (if the user selects to interact with a particular
network), it returns to the interaction and accepts the
user’s punishment, if any. Consequently, the proﬁles considered in the analysis involve combinations of these
strategies.
3.4.1. Present value
Examining the user–network relationship, there is a
probability that there will not be an interaction in the future between the particular user and the particular network due to exogenous factors. Therefore, there is always
a probability that the game will not continue in the next
period. Let this probability be denoted as p. In order to
compare different sequences of payoffs in repeated games,
we utilize the idea of the present value of a payoff sequence
[5], and we refer to it as the Present Value (PV). PV is the
sum that a player is willing to accept currently instead of
waiting for the future payoff, i.e., accept a smaller payoff
today that will be worth more in the future, similar to
making an investment in the current period that will be increased by a rate r in the next period.
Therefore, if the payoff in the next period were equal to
1, today the payoff a player would be willing to accept
1
would be equal to 1þr
. If there is a probability that the game
will not continue in the next period, equal to 1  p, then
the payoff a player is willing to accept today, i.e., the
player’s PV, would be equal to 1p
, where p gives the prob1þr
ability of termination of interaction, which is not controlled by the network. Let d ¼ 1p
, where d 2 [0, 1] and
1þr
often referred to as the discount factor in repeated games
[5].
Therefore, given a payoff X in the next period, its PV in
the current period equals d  X. Now, for an inﬁnitely repeated game, a PV should include the discounted payoff
of all subsequent periods of the game. Let the payoff from
the current period be equal to 1. Then, the additional payoff a player is willing to accept for the next period equals to
d, for the period after that the additional payoff equals to d2
and so on. Thus, PV equals to 1 + d + d2 + d3 + d4 +   , which,
according to the sum of inﬁnite geometric series, equals to
1
. Therefore, for a payoff X payable at the end of each per1d
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iod, the present value in an inﬁnitely repeated game equals
X
to 1d
.
In order to determine whether cooperation is a better
strategy in the repeated game for both the network and
the user, we utilize PV and examine for which values of
d ¼ 1p
a given strategy is a player’s best response to the
1þr
other player’s strategy. A strategy in an inﬁnitely repeated
game, gives the action to take at each decision node.
Namely, for each period the network has the choice of
two actions: either to take the risk and cooperate with
the user offering the requested quality, or to cheat and offer
the lowest quality. In case the network cheats, and the
grim trigger strategy is used, the user will leave the network at the end of the session, because degradation will
deﬁnitely be perceived.
3.4.2. Equilibria
Since in such a game we have an inﬁnite number of
decision nodes, we describe decision nodes in terms of
histories, i.e., records of all past actions that the players
took [25], thus a history corresponds to a path to a particular decision node in the inﬁnitely repeated game tree.
When a strategy instructs a player to play the best
response to the opponent’s strategy after every history,
i.e., giving the player a higher payoff than any other
action available after each particular history, it is called
a subgame perfect strategy [5]. When all players play
their subgame perfect strategies, then we have an equilibrium in the repeated game, known as a subgame perfect
equilibrium [5].
Deﬁnition 3.11. When a player cheats in one period, and
leaves in the next period to avoid punishment by the other
player, the strategy employed is referred to as the cheatand-leave strategy.
Deﬁnition 3.12. When a player cheats in one period, and
returns to cooperation to accept the punishment by the
other player, the strategy employed is referred to as the
cheat-and-return strategy.
In repeated games, where histories of previous periods
are known and players move simultaneously, and also
where, in all periods, the same moves result in the same
payoffs, then a subgame perfect equilibrium can be shown
to exist by ﬁxing all moves of both players to the proposed
equilibrium strategy, and then for one move of any one
player, we allow one player to change his action. If no such
change can increase the payoff obtained by the proposed
equilibrium strategy, then the strategy is a subgame perfect strategy, and if both players employ subgame perfect
strategies, then we have a subgame perfect equilibrium.
Since, in our game, the above conditions are met we may
check for subgame perfect equilibrium by allowing each
player to change one move, i.e., from cooperate to cheat,
and keep all other moves ﬁxed to the conditional-cooperation proﬁle. The cheat-and-leave period expresses this idea
for the user, since the grim strategy, i.e., the user’s proposed equilibrium strategy, prescribes leaving once cheating is detected in the last period of the game. The cheatand-return expresses this idea for the network, since the
tit-for-tat strategy, i.e., the network’s proposed equilibrium

strategy, prescribes returning after own cheating if no
cheating from opponent occurs in the last period of the
game.
Let the user have a choice between the two following
strategies: (i) the grim strategy, i.e., offer a compensation
j and keep offering the compensation as long as the network cooperates and no degradation is perceived; if degradation is perceived, then leave the relationship forever, and
(ii) the cheat-and-leave strategy. Let the network have a
choice between the two following strategies: (a) the titfor-tat strategy, i.e., mimic the actions of its opponent,
and (b) the cheat-and-return strategy. When neither of
the two players cheats, the game proﬁle is one of cooperation as identiﬁed in Deﬁnition 3.13.
Deﬁnition 3.13. When the user employs the grim strategy
and the network employs the tit-for-tat strategy, the
proﬁle of the repeated game is referred to as conditionalcooperation proﬁle of the game.
Next, we formulate Theorem 3.14, which identiﬁes the
conditional-cooperation proﬁle as a subgame perfect equilibrium for the repeated user–network interaction game.
Theorem 3.14. In a repeated
0

user–network interaction

Þ
jj
game, assume d > cðqÞcðq
jcðq0 Þ and d > pðqÞj0 , where d is the
0

discount factor of the repeated game. Then, the conditionalcooperation proﬁle is a subgame perfect equilibrium for the
game.
Proof. Since the players’ strategies suggest that cheating
by either player would eventually result in a termination
of the interaction, we assume a history of cooperative
moves in the past. Then in the current period, both the user
and the network could choose to either cooperate or cheat.
Assume that the user plays the grim strategy. If the network cooperates, PV is equal to,

PV cooperate ¼

j  cðqÞ
1d

:

If the network cheats, PV will be a sum of what the network may get in the current period and what the network
may get in the rest of the game beginning in the next period. Thus,

PV cheat ¼ j  cðq0 Þ þ

d0
:
1d

For the network to be motivated to cooperate with the user
instead of cheating, we must show that PV in case of cooperation is preferable for the network than PV in case of
cheating. The inequality is given next,

PV cooperate > PV cheat ¼

j  cðqÞ

> j  cðq0 Þ þ

1d

d0
:
1d

0

Þ
Simplifying, we get d > cðqÞcðq
jcðq0 Þ . Now, assume that the user
plays the cheat-and-leave strategy. If the network cooperates, its PV is equal to,

PV cooperate ¼ j0  cðqÞ þ

d0
:
1d

On the other hand, if the network cheats, its PV is equal to,
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d0
:
1d

PV cheat ¼ j0  cðq0 Þ þ

Clearly, in case the user plays the cheat-and-leave strategy,
the network is not motivated to cooperate since:

PV cheat > PV cooperate :
Next, assume that the network employs a tit-for-tat strategy, and the user may choose to cooperate or cheat. The PV
if the user cooperates is the value of the current payoff,
p(q)  j discounted for the whole inﬁnite game.

PV cooperate ¼

pðqÞ  j
1d

:

The PV if the user cheats, i.e., offers a compensation j0 < j
and then leave the relationship, is the current payoff
p(q)  j0 plus the forever discounted payoff for leaving
the relationship, which is 0

PV cheat ¼ pðqÞ  j0 þ

d0
:
1d

The inequality of cooperation compared to cheating is given next,

PV cooperate > PV cheat ¼

pðqÞ  j
1d

> pðqÞ  j0 þ

d0
:
1d

0

j
Simplifying, we get d > pjðqÞ
j0 . Now, assume that the network plays the cheat-and-return strategy. If the user cooperates, its PV is equal to:

PV cooperate ¼ pðq0 Þ  j þ

d0
:
1d

On the other hand, if the user cheats, its PV is equal to,

PV cheat ¼ pðq0 Þ  j0 þ

d0
:
1d

Clearly, in case the network plays the cheat-and-return
strategy, the user is not motivated to cooperate since:

PV cheat > PV cooperate :
0

Þ
Thus, it has been shown that as long as d > cðqÞcðq
jcðq0 Þ and

Deﬁnition 3.16. When a player cooperates as long as the
other player cooperates, and leaves for one period in case
the other player cheats, returning in the subsequent period
to cooperate again, the strategy employed is referred to as
the leave-and-return strategy.
Based on the newly deﬁned strategy, another proﬁle of
the game is deﬁned next.
Deﬁnition 3.17. When the user employs the leave-andreturn strategy and the network employs the tit-for-tat
strategy, the proﬁle of the repeated game is referred to as
one-period-punishment proﬁle of the game.
It is assumed that when punished, a player accepts the
punishment without cheating. This set of strategies is not
as strict as the one previously considered, since the punishment lasts for only one period for the player that cheats. It
has been proven in [26], that the conditions to sustain
cooperation with grim trigger strategies, which are the
stricter strategies that may be employed by the players
in a repeated Prisoner’s Dilemma, are necessary conditions
for the possibility of any form of conditional cooperation,
i.e., a grim trigger strategy can sustain cooperation in the
iterated Prisoner’s Dilemma under the least favourable circumstances of any strategy that can sustain cooperation.
Motivated by the result in [26], and assuming a history
of cooperation between the user and the network, we show
that it is easier to impose cooperation in the repeated
user–network interaction game under the conditionalcooperation proﬁle elaborated in Deﬁnition 3.13, where
the imposed punishment ends in the termination of the
interaction, rather than under the one-period-punishment
proﬁle.
Theorem 3.18. Consider the repeated user–network interaction game: assuming a history of cooperation, the minimum
conditions required to impose cooperation under the conditional-cooperation proﬁle, are also necessary in order to
impose cooperation under the one-period-punishment proﬁle,
for both the user and the network.

0

j
d > pjðqÞ
j0 , the conditional-cooperation proﬁle is the sub-

game perfect equilibrium for the user–network interaction
game. h
Remark 3.15. For the network, cooperation is motivated if
0

Þ
0
d > cðqÞcðq
jcðq0 Þ . Since c(q ) < c(q) < j, Theorem 3.14 implies that

the bigger c(q0 ) is the more motivated the network is to
cooperate; in other words, if the network cannot save a
substantial fraction of the cost by cheating, then it is best
to cooperate. For the user, cooperation is motivated if
j0
0
d > pjðqÞ
j0 ; since j < j and j < p(q). Theorem 3.14 implies
that the greater j0 is, the better it is for the user to cooperate, in other words; unless the user can lower j0 substantially, he will gain more by cooperating.
Let the strategies selected by the user and by the network, be such that the punishment they impose on their
opponent, in case the opponent cheats, lasts only for one
period; namely, let the user employ the leave-and-return
strategy and the network employ the cheat-and-return
strategy as these are deﬁned below.

Proof. Given a history of the game where both players
have cooperated in the past, and that the user has
decided to cooperate for the current period, the network
has two options: to cooperate or to cheat. If the network cooperates, PV will consist of the payoff j  c(q)
in the current period, plus a discounted version of this
payoff for the next period plus a discounted version of
the same payoff for all the rest of the periods. We consider the ﬁrst two periods separately in order to be able
to compare PV when cheating, since the behaviour of
the network alternates in these periods of the game.
Therefore,

PV cooperate ¼ j  cðqÞ þ d  ðj  cðqÞÞ þ

d2  ðj  cðqÞÞ
:
1d

If the network cheats, PV is a sum of what the network may
get in the current period, what the network may get in the
next period (when it is punished) and what it may get in
the rest of the game beginning two periods from the current period. Thus,
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PV cheat ¼ j  cðq0 Þ þ d  0 þ

d2  ðj  cðqÞÞ
:
1d

The network’s motivation to cooperate is calculated in
terms of d, by showing through an inequality that PV in
case of cooperation is preferable for the network than PV
in case of cheating as follows:

PV cooperate > PV cheat
d2  ðj  cðqÞÞ
1d
2
d

ð
j

cðqÞÞ
:
> j  cðq0 Þ þ d  0 þ
1d

¼ j  cðqÞ þ d  ðj  cðqÞÞ þ

0

Þ
Simplifying, we get d > cðqÞcðq
jcðqÞ . Now, considering that the
network decides to cooperate in the current period, the
user has two options as well: to cooperate or to cheat.
The PV of the user if he cooperates is the sum of the current
payoff, p(q)  j, the discounted same payoff for the next
period, and the discounted same payoff for the rest of the
inﬁnitely repeated game. We consider three discounted
periods to facilitate the comparison with the user’s PV in
the case that he cheats.

PV cooperate ¼ pðqÞ  j þ d  ðpðqÞ  jÞ þ

d2  ðpðqÞ  jÞ
:
1d

If the user decides to cheat, PV is a sum of the current payoff p(q)  j0 , the discounted payoff p(q0 )  j in the next
period (since the network employs the tit-for-tat strategy),
and the cooperation payoff p(q)  j discounted for the rest
of the game,

d2  ðpðqÞ  jÞ
:
1d

PV cheat ¼ pðqÞ  j0 þ d  ðpðq0 Þ  jÞ þ

We compare PVs for cooperation and cheating in the
inequality given next,

PV cooperate > PV cheat
d2  ðpðqÞ  jÞ
1d
2
d

ðpðqÞ  jÞ
:
> pðqÞ  j0 þ d  ðpðq0 Þ  jÞ þ
1d

¼ pðqÞ  j þ d  ðpðqÞ  jÞ þ

0

jj . The cooperation threshSimplifying, we get d > pðqÞ
pðq0 Þ
olds for each player, given its opponent’s different strategies, are summarized in Table 4.
The conditions for sustaining cooperation under the
conditional-cooperation proﬁle are necessary for sustaining cooperation under the one-period-punishment proﬁle
as well. h

Table 4
Cooperation thresholds.
Conditional
cooperation
0

Network cooperates If:

Þ
d > cðqÞcðq
jcðq0 Þ

User Cooperates If:

j
d > pjðqÞ
j0

0

One-period
punishment
0

Þ
d > cðqÞcðq
jcðqÞ
0

jj
d > pðqÞ
pðq0 Þ

3.4.3. Conclusions
It appears to be easier to sustain cooperation when
strategies that involve harsher punishments are used. For
0

Þ
the network, cooperation is motivated if d > cðqÞcðq
jcðqÞ , which

is a similar result with the result for the conditional-cooperation proﬁle. The difference between the two results is
the second term in the denominator, c(q) instead of c(q0 ).
Therefore, the second result is always greater than the ﬁrst
since c(q) > c(q0 ). For the user, cooperation is motivated if
jj0 , differing from the result of the conditionald > pðqÞ
pðq0 Þ
cooperation proﬁle in the second term of the denominator
only. Since p(q0 ) < p(q), and given the initial model
assumptions that any compensation offered is less or equal
to the minimum satisfaction that could be received, the
second result (under the one-period-punishment proﬁle)
is always greater than the ﬁrst result (under the conditional-cooperation proﬁle), since based on the above the
denominator is always less.
On a more practical note, in order to be able to enforce
these solutions in a real heterogeneous communication
network, additional issues must be considered such as the
possible architecture that would enable easier management
of the heterogeneity of the system, the repeatability of the
user–network interaction, and the compensation set. The
architecture considered to host such model is envisioned
to be a hierarchical system, where a platform administrator
(either a centralized or a distributed process) has knowledge of all participating access networks joined to a
common core network, which is either IP-based with SIP
signalling, or supporting a fully implemented IP Multimedia
Subsystem (IMS) infrastructure to ensure multimedia support over all participating networks in an access-agnostic
manner. Such architecture would support the existence of
several autonomous entities (e.g., content and context providers, and network operators) motivating the overall architecture to be more user-centric instead of network-centric,
since all these entities have a common goal of satisfying
the user in order to receive the appropriate compensation/
payment as in the user–network interaction model.
Furthermore, the existence of several autonomous entities acting independently requires the existence of certain
policies which may integrate the interests of these entities
by enforcing some rules for the better management and
operation of the overall system. Such policies may deal
with setting the compensation, i.e., the payment, corresponding to a particular quality level of a requested service. This has to do with the range of qualities in which a
particular content (e.g., a video) is available and the corresponding costs and allowable proﬁts.
In addition, policies may have to do with strategy/proﬁle conﬁgurations enforced onto users and networks by
the platform administrator process. To achieve the repeatability, which is a major element in these strategies, there
arises the need for the existence of a variable as part of the
internal logic of a user terminal or a network gateway node
such that both the user and the network may remember the
previous action of the opponent entity. Thus, ideas of reward and punishment, elaborated in the theoretical model,
may be implemented. In any case, the element of repeatability exists, since each user terminal has a number of
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activated access network interfaces (corresponding to different Radio Access Technologies – RATs) with which it
interacts repeatedly; each of these access networks may
be under a different proﬁt-seeking network operator who
participates in the heterogeneous communication system.
4. Access network selection decision
4.1. The user as an adaptive entity
Having examined the generic relationship between a
user and a network through two different types of strategies for each of the players, in this section we propose a
model for network selection in a converged environment,
which is based on the knowledge obtained from the analysis of these strategies. The Network Selection decision is
modelled as a game between one user of the converged
environment and the participating access networks that
are available to the speciﬁc user: the networks play simultaneously as one player (the payoff for the player called
Networks is given as an array of payoffs corresponding to
each of the individual access networks).
The situation we model is the following: the user plays
ﬁrst and offers a compensation to Networks, and Networks
examine the compensation and decide how many networks will accept and how many networks will reject the
compensation. Any subset of Networks could accept or reject the proposed offer, including all accepting and all
rejecting. In the latter case the game terminates with zero
payoff to the user and to Networks. If one or more networks
accept the compensation, then for each network, the user
predicts his own satisfaction, in terms of p(q)expected, and
selects the network that is predicted to offer the highest
satisfaction, evaluated using several parameters; if only
one network accepts, the selection is trivial.
The evaluation of p(q)expected is based on an evaluation
of user and network context in an attempt to predict the
possible satisfaction from the received quality, and is different for each network. Network context includes such
parameters as: QoS offered by the network, maximum
throughput offered by the network, current signal strength
at the terminal, current signal alteration rate at the terminal, current noise/interference, etc. These parameters are
compared to the service QoS requirements corresponding
to the speciﬁc service request, the user terminal capabilities and the user preferences in order to generate an adequately accurate prediction of the possible satisfaction
(in terms of perceived quality). Currently, the expected satisfaction is only considered in terms of service quality.
However, an interesting enhancement would be to consider service cost as a part of this function and investigate
the satisfaction-cost tradeoff. Future work plans to investigate this aspect further.
The user’s decision to select one of the networks, induces the speciﬁc network to start interacting with the
user, having the options to cooperate with the user or to
cheat, while the rest of the networks do not interact any
further with the user during the game. From then on, the
interaction between the user and the network is as previously described in the repeated user–network interaction
model. The payoffs for the networks that are not selected

are zero, while the payoffs for the user and the selected
network are the same as previously discussed. The ﬂow
of the network selection game is outlined in Fig. 2.
Within the context of network selection, the user–network interaction may be improved to reﬂect a user preference towards networks that do not often demonstrate
degradation. Perceived degradation could be a Nature-induced random event or could be the result of the network
cheating and offering a lower level of quality than the one
requested. Nature-induced degradation is a random event
with a probability of re-occurring; it is acceptable to assume that such a random event will re-occur in a uniformly random manner. However, such prediction cannot
be made for perceived degradation in the case that the network cheats. We employ the idea of an adaptive player,
such that the user’s decision of which network to select
considers a normalized weight of the network’s past degradation behaviour, based on the acquired knowledge a user
gains over the course of the repeated game [26]. This normalized weight is placed as a coefﬁcient to the p(q)expected
function, thus it is considered additionally to the parameters previously mentioned to comprise this evaluation
function.
Thus, when the user must evaluate his predicted satisfaction from selecting each one of the available networks,
the evaluation should also consider this weighted coefﬁcient, calculated dynamically from observing past network
behaviour. Being an adaptive player, the user makes a
more informed selection decision that considers the past.
More speciﬁcally, this is achieved by multiplying the predicted satisfaction p(q)expected by a variable a (Deﬁnition
4.1), representing the normalized weight of past degradation behaviour (the bigger the weight value, the less the
degradation observed in the past.1)
Deﬁnition 4.1. In the network selection game, a user
possesses an internal state, which, based on a network’s
history of degradation behaviour, acts as a normalized
weight coefﬁcient, a 2 [0, 1], to its payoff function for
better evaluation of the predicted satisfaction from a
particular network. Given that the user has an expected
satisfaction for a service request, e, such that
p(q)expected P e, the value of a at the end of an interactive
period is modiﬁed according to (3)

a¼

8


pðqÞfinal e
>
>
> aprev ious þ aprev ious  pðqÞfinal ; if
<
1;
>
>
>
:a

prev ious

pðqÞfinal P e; a 6 1
if pðqÞfinal P e; a P 1



pðqÞfinal
e

;

otherwise:
ð3Þ

By introducing the variable a 2 [0, 1], the user considers
the network’s history, approaching the selection decision
in an adaptive manner, i.e., by evaluating p(q)expected  a instead of only p(q)expected.

1
To achieve this, we assume that the user has an internal state, which
modiﬁes a after every interactive period with the network, and that a has a
different value for each different network that interacts with the user.
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Fig. 2. Network Selection model based on user–network interactions.

4.2. A new adaptive user strategy
Once the user makes a selection decision, he interacts
with the selected network by specifying an appropriate
strategy for this interaction. In Section 3.4 we have proposed two game proﬁles; in the conditional-cooperation
proﬁle, the user punishes the network forever if degradation is perceived even once, while in the one-period-punishment proﬁle, the user punishes the network with only one
period of absence, even if the network demonstrates degradation frequently.
The conditional-cooperation proﬁle involves a harsh
punishment to the network in case of cheating, i.e., the
user leaves the relationship forever. This strongly motivates the network to cooperate. However, in case of cheating the relationship terminates forever and one could
argue that this is costly for both the user and the network,
considering the ﬁnite and relatively small number of access networks. On the other hand, the one-period punishment proﬁle is less motivating for cooperation because
punishment is minimum, i.e., leaving for only one period,
and this is known to both players. Considering the adaptive
way in which the user takes a decision during the selection
process, with the use of a, we propose a new strategy for
the user to be employed as a means to interact with the selected network. This strategy should select a punishment
that adaptively sets the number of periods that the user
will leave the network according to the past behaviour of
the network in order to motivate the network to keep
cooperating, without having to enforce the harsh punishment of the grim strategy.
Let the user’s strategy be the following: cooperate as
long as the network cooperates; if the network cheats, then
leave for an x number of periods; after that, return and

cooperate
again. Let the number x be equal to 1 if a = 1

or a1 otherwise; such that a network with a lower value
for a suffers a separation of more periods with the user,
whereas a network with a higher value for a is punished
for less periods (minimum punishment is 1 period).
Deﬁnition 4.2. In the network selection game, the Adaptive-Return strategy for the user dictates that if the user
perceives degradation, he punishes the network by leaving
for an x number of periods, before returning back to
cooperation. The value of x is a user-generated value as
deﬁned in (4)

(
x¼

1;
if a ¼ 1
da1e; otherwise:

ð4Þ

It is important that the network has a motivation to
cooperate with the user, when the user employs the Adaptive Return strategy. Given that a trigger strategy employing a forever-lasting punishment is the strategy that
provides the strongest motivation to cooperate [26], we
show that when the user employs the Adaptive Return
strategy, the network is at least as motivated to cooperate
with the user as when the user employs the one-period
punishment strategy, because the minimum number of
punishment periods imposed by the Adaptive Return strategy equals to one. However, the knowledge that the number of punishment periods could increase according to the
network’s behaviour, increases the motivation of the network to cooperate.
0

Þ
Theorem 4.3. Assume that d > cðqÞcðq
jcðqÞ in the repeated user–
network interaction game. Then, when the user employs the
Leave-and-Return strategy, i.e., when the proﬁle of the game
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is the one-period-punishment proﬁle, the network is motivated to cooperate. This condition on d is also necessary to
motivate cooperation by the network when the user employs
the Adaptive-Return strategy.

Proof. Given a history of the game where both players
have cooperated in the past, and the user employs the
Adaptive-Return strategy, the network has two options in
the current period: cooperate or cheat. When the network
cooperates, the PV is as follows:

PV cooperate ¼

ðj  cðqÞÞ  ð1  dxþ1 Þ dxþ2  ðj  cðqÞÞ
þ
:
1d
1d

The sum of a ﬁnite geometric progression is used to calculate the discounted value for the ﬁrst x + 1 periods. If the
network cheats, PV is:

PV cheat ¼ j  cðq0 Þ þ

ð1  dx Þ  0 dxþ2  ðj  cðqÞÞ
þ
:
1d
1d

The conditions necessary to impose cooperation are calculated next:

PV cooperate > PV cheat
ðj  cðqÞÞ  ð1  dxþ1 Þ dxþ2  ðj  cðqÞÞ
þ
1d
1d
x
xþ2
ð1

d
Þ

0
d
 ðj  cðqÞÞ
þ
:
> ðj  cðq0 ÞÞ þ
1d
1d

¼

Since d 2 (0, 1), x P 1, and dx+1 6 d2, such that
0Þ
dx+1  1 6 d2  1, we may simplify for d to get d > cðqÞcðq
jcðqÞ ,
similarly to the value of d when employing the one-period
punishment strategy. In fact the simpliﬁcation of dx+1 6 d2,
considers the case, that the Adaptive-Return Strategy generates a punishment of only one period, whereas if we consider greater values of x, the motivation for the network to
cooperate increases, showing that the conditions for sustaining cooperation by the network when the Adaptive-Return strategy is used by the user are necessary for
sustaining cooperation under the one-period-punishment
proﬁle. h

5. User and network behaviour with different strategies
This section examines the numerical behaviour of user
and network strategies deﬁned and used in the previous
sections. The evaluation is based on a Matlab [27] implementation of an iterated user–network interaction game,
where all user and network strategies are played against
each other multiple times in order to evaluate the behaviour of each strategy in terms of payoff. The implementation of the user–network interaction game was based on
a publicly available Matlab implementation of the Iterated
Prisoner’s Dilemma Game [28], which has been extended
to include all the strategies examined in this paper. It is
important to note that the payoffs in both sets of simulations presented, obey the two conditions required for
equivalency of payoffs to Prisoner’s Dilemma game payoff
as these are deﬁned in Deﬁnition 3.2.
The implementation makes use of the following guidelines, set to reﬂect the analytical model of the repeated
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user–network interaction game. In each simulation run,
both players play their strategies and get payoffs accordingly. In the ﬁrst set of simulations the payoffs are the following: when the user leaves, they both get 0 in the
speciﬁc period, if one cheats and one cooperates, the ﬁrst
gets 4 and the other gets 1, if they both cheat, each gets
2, and if they both cooperate each gets 3. In the second
set of simulations, we investigate the behaviour of the
players when the numerical difference between cheating
and cooperating increases. The payoffs for the second set
of simulations are the following: when the user leaves,
they both get 0 in the speciﬁc period, if one cheats and
one cooperates, the ﬁrst gets 100 and the other gets 1, if
they both cheat, each gets 40, and if they both cooperate
each gets 60. We use simple numbers as payoffs to help
us get some scores for different strategy combinations
but these numbers follow the relationships of the payoffs
as described in their general case in the repeated game
model (Table 3). Furthermore, for the adaptive strategy,
the value of a is randomly generated at the beginning of
each simulation run but adapted according to the network’s behaviour during the actual simulation (since each
run simulates an iterative process). A randomly generated
perceived quality and a ﬁxed threshold of expected quality
are also implemented for the strategies in all simulation
runs.
A randomly generated number of iterations was run
for each set of simulations to get cumulative user and
network payoffs for each combination of a user strategy playing against a network strategy. The user payoffs per strategy and the network payoffs per strategy
are eventually added to give the most proﬁtable user
and network strategies respectively, for the total number of iterations of a simulation run; then the average
cumulative payoffs from all simulation runs are calculated. Although the number of iterations is randomly
generated, we still repeat the process 100 times for
each set of simulations, i.e., by randomly generating
100 different numbers of iterations, in order to include
behaviours when the number of iterations is both small
and large.
For the ﬁrst set of simulations, i.e., with the payoffs
ranging from 0 to 4, the payoffs are calculated for an average of 264.38 iterations per simulation run.2 In both tables
we see a score for each strategy combination. The score
corresponds to either a user payoff (Table 5) or a network
payoff (Table 6).
The results for the ﬁrst set of simulations, show that the
most proﬁtable user strategy is the Adaptive-Return strategy, and that the most proﬁtable network strategy is the
Tit-for-Tat strategy for most payoffs.3 Furthermore, the
combination of these two strategies in the same game proﬁle gives the highest cumulative payoffs to both players.

2
Minimum iterations generated: 8, maximum iterations generated:
1259.
3
Except for the payoff received from the combination with the user’s
Cheat&Leave strategy. However, the difference between the payoffs
received by the network from playing either the Tit-for-Tat strategy or
the Cheat&Return strategy, in combination with the user’s Cheat&Leave
strategy, is negligible.
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Table 5
User payoffs from all strategy combinations (1st simulation set).
User strategies

Grim
Cheat&Leave
Leave&Return
Adaptive-Return

Network strategies

Table 6
Network payoffs from all strategy combinations (1st simulation set).
User strategies

Tit-for-tat

Cheat&Return

793.14
6.62
793.14
793.14

4.42
4.65
252.92
355.05

Based on these numerical results, we deﬁne the AdaptivePunishment proﬁle (Deﬁnition 5.1) for the game to consist
of the Adaptive-Return strategy for the user and the Tit-forTat strategy for the network.
Deﬁnition 5.1 (Adaptive-Punishment proﬁle). When the
user employs the Adaptive-Return strategy and the network
employs the Tit-for-Tat strategy, the proﬁle of the repeated
game is referred to as Adaptive-Punishment proﬁle of the
game.
For the second set of simulations, i.e., with the payoffs
ranging from 0 to 100, the payoffs are calculated for an
average of 240.59 iterations per simulation run.4 As previously, we see in both tables a score for each strategy combination. The score corresponds to either a user payoff
(Table 7) or a network payoff (Table 8).
It is interesting to observe that for the second set of
simulations, again the most proﬁtable strategy for the user
is the Adaptive-Return strategy and the network’s most
proﬁtable strategy is the Tit-for-Tat strategy, except for
the payoff in combination with the user’s Cheat&Leave
strategy. Overall, however, the preferred proﬁle for the
game is still the Adaptive-Punishment proﬁle. The increase
in the differences between cooperating and cheating payoffs, resulted in higher overall payoffs but has not changed
the general payoff trend for the two players. In total, the
highest payoffs are experienced by the players when they
decide to use cooperating strategies instead of cheating;
this result motivates the players to go ahead and
cooperate.
Furthermore, it is worth noting that, for both simulation sets, when the user plays the Leave&Return strategy, the payoffs received by the user are comparable
(though less) to the highest payoffs received, i.e., payoffs
for employing the Adaptive-Return strategy. The justiﬁcation for these results is the following: we have shown
by Theorem 4.3 that the minimum conditions for the
network to cooperate when the user employs the Adaptive-Return strategy, are necessary for the network to
cooperate when the Leave&Return strategy is employed.
In fact, the conditions for the two strategies are at least
equal, and given this, it is expected to observe payoff
values that are numerically closer compared to payoff
values for the other user strategies, although it appears
that the Adaptive-Return strategy manages to achieve
slightly higher overall payoffs than the Leave&Return
strategy.
4
Minimum iterations generated: 2, maximum iterations generated:
1124.

Grim
Cheat&Leave
Leave&Return
Adaptive-Return

Network strategies
Tit-for-tat

Cheat&Return

793.14
3.82
793.14
793.14

7.42
4.23
617.21
618.57

Table 7
User payoffs from all strategy combinations (2nd simulation set).
User strategies

Grim
Cheat&Leave
Leave&Return
Adaptive-Return

Network strategies
Tit-for-tat

Cheat&Return

14435.4
164.2
14435.4
14435.4

47.8
108.36
4894.76
4974.47

Table 8
Network payoffs from all strategy combinations (2nd simulation set).
User strategies

Grim
Cheat&Leave
Leave&Return
Adaptive-Return

Network strategies
Tit-for-tat

Cheat&Return

14435.4
65.2
14337.4
14435.4

146.8
95.49
12850.4
12861.8

An additional observation is that the Leave&Return
strategy is weaker in the case the network decides to cheat,
because the user’s reaction is a ﬁxed-period punishment.
On the other hand, when the user employs the AdaptiveReturn strategy, the punishment period is not ﬁxed but
adapts to the network’s past behaviour, appearing to consequently achieve an improvement in the overall user payoff. It is important to note here, that according to the
theoretical results when the Adaptive-Return strategy is
used it is easier to motivate cooperation than when the
Leave&Return strategy is used. Therefore, it is more likely
for the network to decide to cheat when Leave&Return is
used.
Further, when interpreting the obtained payoffs, we
should keep in mind that each simulation investigates a
single user–network interaction, thus not considering
dependencies that may arise in an evaluation of multiple
co-existing interactions, where a user may interact with
several networks and vice versa. Future work plans to
investigate such aspects.
6. Conclusions
In this paper, we have studied the interaction between a
user and a network resulting from Network Selection in
Next Generation Communication Networks and we utilized Game-Theoretic tools in order to capture this interac-
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tion. This framework enabled us to compute a cooperative
solution that is satisfactory for both the user and the network in a repeated interactive situation between the two
entities.
Prior to analyzing the repeatability of the interaction, we
introduced a model that captures the interaction of the two
entities at any time, and does not consider their previous
and future actions. The study revealed that the problem in
this case is equivalent to the fundamental game theoretic
problem of Prisoner’s Dilemma. This enabled us to extract
previous knowledge from game theory in order to understand our problem. In particular, we concluded that in this
model a best response strategy of both players is to cheat.
This conclusion gave rise to the question of how cooperation between the user and the network could be motivated, since it is expected to be beneﬁcial so as to satisfy
their corresponding needs for higher quality levels and
higher compensation. Our second model addressed this
question through a sequential moves game, in order to reﬂect better the reality that the decisions of the involving
entities are taken in sequential time units. The study revealed that the behavior of the two players would be the
same as in the previous (one-shot game) model: they will
both try to cheat, since repeatability is still not considered.
This undesired behavior of the interacting entities
emerges because the network will not experience any punishment for cheating the user. This observation has led to
the next model, which successfully solves this inadequacy
of previous models: in this model, the interaction between
the user and the available networks is represented as a repeated game. Moreover, we utilized some notions from
economic game theory, such as the present value, in order
to evaluate the proﬁts of the players in case they choose to
cheat/cooperate given that their previous actions will affect the other player’s future actions. In particular, we assume that the user will punish the network by switching
to another network, in the event that he experiences some
degradation in the perceived quality of service.
The study has shown that if a harsh punishment is given
to the network in case of cheating, i.e., the user leaves the
relationship forever, this strongly motivates the network to
cooperate. However, in case of cheating the relationship
terminates forever. On the other hand, if punishment is
minimum, i.e., leaving for only one period, and this is
known to both players, it is less motivating for them to engage in cooperation. This motivates a new adaptive user
strategy, which is not as harsh as leaving forever, but also
not as soft as returning after one period.
This adaptive user strategy feeds on the complete history of the network behaviour. This proposed user strategy
as well as the proposed adaptive a component, that affects
the network leaving period selection, compose a new,
game-theoretic, adaptive network selection approach.
The importance of this new strategy lies in the following:
the network will only choose to cooperate if it is motivated
to do so by its corresponding payoffs. We have shown in
the theoretical results that already the motivation for the
network is weaker when the Leave&Return strategy is used
than when the Grim Strategy is used, i.e., when the network is threatened with the minimum punishment it is
not as motivated to cooperate than when it is threatened
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with the maximum punishment. However, we must consider that the application of the Grim strategy in next generation communication networks, is not realistic because a
user may only select from a ﬁnite number of access networks; leaving forever would be disastrous for the user
in the long run, as could be left with no access network
to select. Therefore, the user will choose to employ the
Adaptive-Return strategy because it offers a solution which
theoretically is at least as motivating for cooperation as the
Leave-and Return strategy, with varying punishments
depending on the history of the network’s behaviour. In
addition, the use of this particular strategy is numerically
shown to achieve at least as high payoffs as the other user
strategies, thus it is considered a satisfactory solution both
theoretically and numerically.
The approach is evaluated both analytically and numerically through Matlab simulations. The theoretical results
show that the proposed approach easily motivates cooperation between the user and the network and the simulative
results provide supporting evidence that the proposed approach can result in comparatively higher payoffs for both
players.
Future work plans to explore further the repeated nature of the interaction between network and user. In particular, we plan to seek additional optimal solutions of the
repeated user–network interaction game and identify
players’ behaviour, as well as overall system performance.
Furthermore, future work plans to explore the development of additional tools that enable capturing the effect
of the previous outcomes of the interaction between the
entities in any future decisions.
The repeated nature of the user–network interaction has
been studied with the use of the notion of the discount factor. This notion will be analyzed further as part of future
work. Moreover, we aim to discover other such tools that
may be able to capture the characteristics of this interaction.
Moreover, this work investigates some repeated proﬁles
which proved to be more probable or reasonable to investigate since they capture rational behaviours of the players.
However, an interesting extension to our study concerning
repeated proﬁles is to investigate the outcomes of the
interaction between the user and the network when the
players employ irrational behaviours. In particular, it is
interesting to investigate the outcome of the interaction
when the players decide to cheat although their reasoning
does not recommend it. Such decisions may be chosen in
situations where the players do not have perfect knowledge of the environment, and a rational decision may not
ﬁnally lead to desired outcomes for them. Studying such
irrational behaviors may lead to useful results concerning
interactions with imperfect knowledge or unpredictable
players. This study constitutes an important future
improvement of our current work.
Finally, on the evaluation side, future work plans to
implement the proposed theoretical solutions for the selected interactive situations, as enhancements to control
infrastructures for heterogeneous communication systems,
e.g., IP Multimedia SubSystem (IMS), in order to practically
evaluate the effects of the implementation of these theoretical proposals on the performance of a heterogeneous
converged network.
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