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ABSTRACT

To achieve full cooperative diversity gainswhile still maintaining spectral and energy efficiency, relay assignment schemes
for cooperative communications have been extensively studied in recent research. These schemes select only the best relay
from multiple relaying candidates to cooperate with a communication link. However, it is challenging to find the optimal
relay in distributed wireless networks due to the dynamic nature of such networks. In this paper, we first formulate the
problem of relay assignment as a non-cooperative, mixed strategy, repeated game, where relaying candidates are modeled
asrationa players. We then propose a Game Theory based Relay Assignment scheme GTRA, in which each player plays
against all the other players, and determines whether to cooperate with a communication link on a packet-by-packet basis
in a distributed manner. To adapt to dynamic environments, an adaptive learning al gorithm, i.e., modified-regret-matching
agorithm, isutilized by playersto learn optimal strategies of relay assignment, aswell as orienting the game to converge to
aset of correlated equilibriums, which is often more system efficient than a Nash equilibrium. To evaluate the performance
of GTRA, we compare it with BR, afictitious two player game based approach. Simulation results have shown that GTRA
outperforms BR in terms of network throughput, especially in environments where the channel fading becomes severe. It
is aso shown that GTRA can converge to a correlated equilibrium in a short period that enables the GTRA to work well in
dynamic environments. Copyright (© 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION schemes perform relay assignment in acentralized manner,
and choose relays based on measured link metrics. For

Relay assignment [1] for cooperative communications [2, instance, the metrics, such as distance, either towards

3], i.e., dynamically choosing the best relay from multiple
relaying candidates to cooperate with a communication
link, and thus forming multiple transmission paths or
virtual MIMO (multiple-input-multiple-output) systems to
the destination, has emerged as an effective technique
to improve the performance of wireless networks, by
exploiting the spatial diversity of the wireless medium.
Optimal relay assignment can enable a cooperative
communication system to achieve full diversity gainswhile
still obtaining high spectral and energy efficiency [4, 5].
However, finding the optimal relay in distributed wireless
networksischallenging, asthelink qualities vary over time
and the network topology may change.

A number of adaptive relay assignment schemes have
been proposed recently. In the literature, most of the
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the source or the destination [6, 7, 8, 9], signal-to-noise
ratio (NR) [10, 11], and channel gain [12, 13, 14,
15, 16], are used for relay selection, and these metrics
are assumed to be available at the source, destination
and al the relaying candidates. However, there is often
no centralized control in distributed wireless networks,
and the measured metrics are often inaccurate and tend
to vary in dynamic environments. Moreover, significant
communication overhead will be incurred in acquiring and
disseminating such information to al of the cooperative
participants, especially for the cooperative protocols, as
in [12, 13], that instantaneous channel state information
(CSl) isrequired at all the candidates for performing relay
selection.
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To develop adaptive and distributed relay assignment
schemes for wireless networks, game theory [17] based
approaches [18] have received much research attention.
In [19], game theory is used to model a wireless
network consisting of selfish nodes, wherein a credit-
based model involving exchanges of virtual currencies is
proposed to manage node interactions. Whether a node
cooperates with a communication link depends on the
credit that can be earned and the resource needed for
relaying a packet. The authors in [20] proposes a relay
assignment scheme based on a two-level Stackelberg
game, in which the source node and relay nodes are
modeled as buyer and sellers, respectively. The proposed
scheme jointly considers the benefit of both the buyer and
the sellers and can achieve the best system performance
with minimum power consumption. [21] presents a
game-theoretic analysis of a decode-and-forward (DaF)
[16] cooperative communication system over additive
white Gaussian noise (AWGN) [22] and Rayleigh fading
channels. The analysis shows that a mutually Nash
equilibrium (NE) existsif aproper power control methodis
utilized and users care about their long-term performance.
The game theory based schemes in the literature often
assume that players have complete information of the
game, i.e., all players' identities, strategies, payoffs, and/or
utility functions [20]. Furthermore, the game's history,
e.g., al actions have been taken by players in previous
stages, and the the actions' corresponding outcomes, is
also assumed to be known to al players in a multi-stage
game [19]. However, these assumption are not aways
hold in realistic scenarios, as nodes in wireless networks
usually only have locally observed information and limited
knowledge of others nodes' behavior. Therefore, adaptive
learning, e.g., estimating payoffs that may obtain by taking
certain actions, predicting the other players possible
behaviour, should be involved in game designs [23].

In this paper, we propose a Game Theory based
Relay Assignment scheme GTRA, in which the process
of relay assignment is modeled as a non-cooperétive,
mixed-strategy, repeated game, and the relaying candidates
are modeled as players. Packet transmissions between
a source and a destination are modeled as repeated
stages in the multi-stage game. At every stage of the
proposed game, each player plays against al the other
players, and determines whether to cooperates with the
communication link to assist the communication between
the source and destination in adistributed manner. To adapt
to dynamic environments, a modified-regret-matching
(MRM) agorithm [24] is utilized by players to learn
optimal strategies and to orient the game to converge to
a set of correlated equilibrium (CEs) [23]. To evaluate
the performance of GTRA, we compare it with another
game theory based approach BR [19], which models the
process of relay assignment as afictitioustwo player game.
Simulation results have shown that GTRA outperforms BR
in terms of network throught, especialy in environments
where the channel fading becomes more severe. It is aso
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Figure 1. Cooperative communications with relay assignment

shown that GTRA can converge to a set of CE in a short
period, which enables the GTRA to fit well in dynamic
environments.

Therest of the paper is organized asfollows. We present
the system model in Section Il. Section 111 formulates the
problem of relay assignment as a mixed-strategy game, and
shows how to orient the game to converge to a set of CE(s)
by using adaptive learning algorithms. The performance
analysis is presented in Section IV. Finadly, Section V
concludes the paper and discusses the future research
directions.

2. SYSTEM MODEL

2.1. Cooperative Communication Model

As shown in Fig. 1, we consider a wireless network
consisting of uniformly and randomly distributed nodes,
which are functionally equivaent in terms of radio
communications, signal processing, and power supply.
Multiple pairs of source and destination nodes are
randomly selected for data packet transmissions. For a
pair of source s and destination d, we assume that there
exits a number of common-neighboring nodes N which
are connected with both of s and d, as nodes are usually
densely deployed. Therefore, a node, e.g., node n; € N,
may overhear the packet transmission between s and d due
to the broadcast nature of the wireless medium. Node n;
may cooperate with the communication link between s and
d by retransmitting the packet overheard from s.

We consider the use of decode-and-forward (DaF)
[16] as the cooperative protocol, which operates in two
phases, namely, direct transmission and relay transmission.
In the direct transmission phase, the source transmits a
packet to the destination and all the relaying candidates.
In the relay transmission phase, a relay is chosen
from the relaying candidates to retransmit the packet
that overheard in the direct transmission phase to the
destination. Then, the destination combines the signals
received from both the source and the relay, and applies
maximal ratio combining (MRC) [25] for optimal packet
decoding. To reduce network operations and power
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consumption, the relay transmission will be invoked only
if a packet transmission failsin the direct transmission. We
assume that the destination can feedback the improvement
on received signals signa-to-noise-ratio (SNR) to the
assigned relay by using acknowledgment (ACK) or
negative-acknowledgment (NACK) packets with extended
datafields.

2.2. Wireless Channel Model

The wireless channel is modeled as a log-distance
shadowing path loss channel whichisdefined as PL(d) =
PL(do) +10 -7 - log(4-) + Xo, where PL(d) is the
path loss at distance d, PL(do) is the known path loss
a a reference distance do, 7 is the path loss exponent,
and X, is a zero-mean Gaussian random variable with
standard deviation o. For the links between two nodes,
e.g., 7 and j, the channel coefficient h,;; which capturesthe
effects of path-loss, shadowing, and fading, are assumed
to be reciprocdl, i.e., hij = hj;;. The channel coefficients
are constant for a given transmitted block, or a codeword,
but are independent and identically distributed (i.i.d.) for
different blocks[11]. For different links, the channel fading
coefficients are statistically i.i.d., which is a reasonable
assumption as nodes are usually spatially deployed [26].

3. ANALYSIS OF THE PROPOSED
GAME

3.1. Description of The Proposed Game

The process of relay assignment is modeled as a non-
cooperative, mixed strategy, repeated game G, which is
denoted as G = (N, A, U), where

e N ={ni, - ,nn} denotesthe set of players;

e A={Ai, -, A} denotes the set of actions;

o U={u1, - ,um} denotes the set of utility
functions.

In the proposed game, the nodes are model ed as rational
players, which means that the nodes are expected to
follow acommon set of strategies and choose actions from
the strategies to maximize their utilities. In a distributed
system, the nodes behaves selfishly, i.e.,, a node aways
chooses actions to maximize its own utility, without
considering the utilities of other nodes. For a player, e.g.,
n;, the strategy A; consists of two actions, i.e, A; =
{ce, nec}, where cc denotes that the player n; decides to
cooperates with the communication link between s and d
by retransmitting the overheard packet, and ncc denotes
that n; chooses to remain silent. As a mixed-strategy
game, each player takes its actions in accordance with a
probability distribution. That is, the player n; chooses the
actions of cc and nec with the probabilities of p; (cc) and
pi(ncc), respectively, such that p; (cc) + ps(nee) = 1.

Since the number of packets transmitted between the
source and destination is often assumed to be large, we

model the process of relay assignment as a multi-stage
game, and the process of relay assignment iteratesin each
stage of the game. Each candidate simultaneously playsthe
game against the other candidates in a distributed manner.
Whether a candidate cooperates with a communication
link or not depends on the payoff it may obtain. As
the environment is assumed to be dynamic, each player,
e.g., ni, updates its strategy by adjusting the probability
distribution over the actions of cc and nce, according to
thelink qualities between s — n,; (source-relay) and n; —
d (relay-destination).

Each packet transmission is modeled as a stage in the
multi-stage game and consists of the following steps:

1. The source transmits a packet to the destination and
al the players.

2. Each player chooses an action of cc or ncc
autonomously and simultaneously, based on the
probability distribution of p;(cc) and p;(nce),
respectively.

3. Each player evaluates the quality of the selected
action by computing the obtained payoff.

4. Each relay updates its strategy by adjusting the
probability distribution of p;(cc) and p; (ncc).

3.2. Payoff Calculation

In this game theory based approach, payoff is used to
describe the difference between the benefit, i.e., improve-
ment on link quality achieved by relay retransmission, and
the cost associated, i.e., the channel occupancy time of a
relay, and the energy consumed by the relay. The utility
function designed to compute the payoff is defined as

v = iy SN Bonia = SNBoa ( Toite = Toir,
SNRS,d Ta'ur
P,,
twsp),

where SN R, 4 denotes the SNR of the received signal
at the destination d that is transmitted by the source s in
the direct transmission phase, and SN R ;.4 denotes the
SNR of the signal that combines the signals received from
the source s and the selected relay n;, respectively. Th,, ¢,
and T, -, represent the packet retransmitting time and
the packet receiving time at the relay n;, respectively. The
value difference between T, :, and Ty, ., reflects the
packet processing, queuing, and channel access contention
delays at node n;. Tu.» IS the average amount of time
needed for preparing a packet retransmission without
considering processing, queuing, and channel access
contention delays. T4 iscaculated as

Tav'r = TTA + T307 (2)

where Tra denotes the transceiver's receiving to
transmitting turnover time which is a constant value for
a specific radio hardware, and Tso is the average backoff
time at n; without any channel contention, and the value

Wirel. Commun. Mob. Comput. 2010; 00:1-10 © 2010 John Wiley & Sons, Ltd. 3

DOI: 10.1002/wcm
Prepared using wecmauth.cls

http://mc.manuscriptcentral.com/wcm



©CoO~NOUTA,WNPE

Wireless Communications and Mobile Computing

A Game-theoretic Approach for Relay Assignment over Distributed Wireless Networks X. Liang et al.

is determined by the underlying medium access control
(MAC) layer protocol.

P, isthetransmission power level of player n;. P, is
the medium power level between P,.i,, and Pr,q., Where
Prin @d Ppq. arethe minimum and maximum available
transmission power levels of player n;.

w1, wa, and ws are the weighting factors for the metrics
of SNR, delay, and energy consumption, respectively. The
values of the weighting factors can be adjusted to adapt to
the QoS requirements of the communication link.

In (1), thefirst term represents the improvement (in per-
centage) on the link quality in terms of SNR by employing
the relay transmission. The second term denotes the rela-
tive delay for preparing a packet retransmission, including
processing, queuing, and channel access contention delays.
The third term represents the relative energy efficiency,
compared with using a fixed, medium transmission power
level. If aplayer takes the action of cc, the achieved payoff
computed by using (1) reflects both the benefit and cost;
otherwise if a player chooses the action of ncc, the payoff
is zero, as there is neither benefit nor cost caused by the
action.

3.3. Correlated Equilibrium

In a game, if players can receive a signal containing
strategy recommendations from a central coordinator, and
all the players follow the recommendations on how to play
the game, the outcome of the game can converge to a set
of CE(s), which is often the most system efficient state of
the game [27]. In a CE, it is the best interest of a player
to follow the recommendations, i.e., a player will not get
a higher payoff by taking any other actions, provided all
other players follow the recommendations. In the context
of relay assignment, a CE can be interpreted as a steady
dtate, as none of the nodes has incentive to unilaterally
deviate from the recommendation profile to increase its
payoff.

For a game, a probability distribution p is a CE of the
game, if andonly if V n; € N, a; € A;, Va; € A;, it holds
that

> plaia) [Ui(a;,aﬂ) - Ui(ai,afi)] <0,

a_,€A_;

or equivalently,

Y. plailai) [ui(a;a—i) - ui(ai,a,i)] <0, (4

a_;€EA_;

where A, denotes n;’s action space, and A_; denotes
the action space of n;’s opponents, i.e., al player except
n;. a; 1s the action chosen by n; from A;, and a_;
is the action combination of n;’s opponents. w;(a;,a—;)
is n;’s obtained payoff by taking the action of a;, and
its opponents taking the action combination of a_;.
p(ai,a—;) isthejoint probability distribution over actions

for al players. EQ. (4) can be interpreted as that when
the player n; is recommended to choose action a;, then
choosing a; (a; € Ai,a; # a;) will not lead to a higher
payoff.

3.4. Convergence to Correlated Equilibrium

Orienting the relay assignment game to converge to a set
of CE(s) isnot trivia, asacentral coordinator broadcasting
recommendations on how to play the game is often
not available in distributed wireless networks. A feasible
approach [28] of orienting agameto a set of CE(s) isusing
the common history of the game asacoordinator. That is, a
game can converge to a set of CE(s) if each player adjusts
its strategy by tracking a series of regret values, which
are quantitative measures for not taking certain actions in
previous stages.

3.4.1. Calculation of Regret Values

Regret-matching (RM) [28], also cdled no-regret
learning, can be used by players to calculate the regret
values.

Assuming player n; has taken action a; a each of
the past M stages, the difference of average payoff
DM (a;, a;) between the player that has actually obtained
and the player that would have obtained if it had taken the
action a; instead of action a; isdefined as

/

1 ’
D?I(a“ai) = M Z (u;n(aiza—i) - u;n(a’ha—i))7

m<M
, (5)
where u;"(a;,a—;) is the payoff the player would have
obtained if the player had taken action a; a stage m, and
ug" (ai, a—;) isthe payoff the player has actualy obtained
by taking action a; at stage m.
For any two actions a; and a;, the regret value for not
taking action a; at the previous M stagesis defined as:

RZM(a;,ai) = max{DzM(a;,a,i),O}. (6)

The regret value is proportional to the difference of the
average payoffs, and is lower bounded by zero to ensure
that the probabilities of taking any actions are positive.
If the regret value is zero, it means that the player has
obtained a higher payoff by taking action a; than taking a;,
and thus there is no regret. Otherwise, if the regret value
is greater than zero, it means that the player would have
obtained a higher payoff if the player had taken action a;.

As observed in (5) and (6), the implementation of
RM requires that the player should know the payoffs
it would have obtained if its actions in previous stages
had been different from the actions that the player has
actually taken. However, it is difficult for a player to
compute the payoff that the corresponding action has not
been taken. A common approach [27] in the literature
is that using a coordinator broadcasting references to al
the players at each stage of the game, indicating the
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potential payoffs that players would have obtained if the
players had taken certain actions in the previous stage.
By observing the references, the players can compute the
payoff differences and thus calculate the regret values.
However, this approach is often not feasible in distributed
wireless networks wherein central coordinating is often not
available.

MRM has been proposed for players to estimate the
payoffs that the corresponding actions have not been
actually taken, by only using the available historica
information. That is, a player only need to know the
probability distribution over its actions, and the payoffs
it has obtained in the previous stages, to determine the
probabilities of actions from the actually realizations only.
MRM can be interpreted as a reinforcement or stimulus-
response mechanism, as in the procedure of MRM, a
relative high payoff at stage m will tend to increase the
probability of playing the same action at stage m + 1.

In MRM, the difference of the average payoffs of player
n; would have obtained if it had taken the action a; every
time in the previous stages instead of teking a; is defined

where p!"(a;) and pi*(a;) denote the probabilities of
taking a; and a; at stage m, respectively. Thefirst termin
(7) isan estimation of the average payoff the player would
have obtained if player n; had taken the action of a, in
the previous M stages; and the second term isthe average
payoff that player n; has actually obtained by taking action
a; a every stagein the past M stages.

The modified regret value of not playing a; isdefined as

f”(a;,ai) = max(CiM(a;,ai),O) (8)

Eq. (7) and (8) show that a player can estimate itsregret
value of not taking a certain action by only using locally
available information, i.e, the probabilities of actions, and
the payoffs actually obtained in the previous stages.

3.4.2. Strategy update: adjusting probability
distribution of actions
To maximize payoffs in a multi-stage game, a
player updates its strategy by adjusting the probability
distribution over different actions throughout the game. In
MRM, aplayer, e.g., n;, updates its probabilities of actions
at stagem + 1 as:

A Game-theoretic Approach for Relay Assignment over Distributed Wireless Networks

’ (5 / ].
mt1 = (1 - —)Ymin(10™(a..a. -
Pi (az) - (1 m.y)mln(qu (azaaz)7 K; 1) +
pi M a) = 1= > p" (@),
al#a;
©)

where a; and a; € A; and a; # a;, K; is the number
of actions available for player n;, p is a sufficiently
large number which controls the probabilities of action
switching and convergence speed. To ensure the game
converge to alimit CE, the term % decreases to zero as
m increases, where 0 < 6 < 1 and 0 < vy < 0.25. More
details on parameter settings can be found in [24].

Eq. (9) can beinterpreted asfollows. Thefirst term, with
weight (1 — -5), denotes the modified regret value of not
taking a;, and shows how strongly the player intends to
switch from a; to a; at the next stage m + 1. The second
term, with weight % denotes the uniform distribution
over the available actions of n;. This uniform distribution
guarantees that all possible actions at stage m + 1 can be
taken with the probabilities of % at least. Thefirst termis
upper bounded to ensure that the sum of the probabilities
does not exceed one.

The mathematic property of (9) shows that if an action
can get a relative high payoff at stages m, then the
belief of taking the same action at m + 1 is reinforced.
For an action, a higher payoff will generate a greater
reinforcement. All the effects, e.g., belief reinforcement,
action switching, decrease with the evolution of the game,
asm increases over time.

3.5. GTRA Algorithm based on MRM Learning

In the relay selection game, for player n;, the probabilities
of taking actions cc and ncc at stage m are denoted as
pi* (cc) and pi* (nce), respectively. The pseudo code of the
GTRA agorithm implemented at n; islisted in Algorithm
1.

Algorithm 1 The GTRA agorithm based on MRM
learning

begin
initialization
Generate an arbitrarily probability distribution of p? (cc) and p? (ncce),
and p? (cc) + p? (nce) =1.
for m=123, - - - ,
1. Compute the difference of average payoff C}" (a;, a;) using (7).
2. Compute the regret value Q™ (a; ,a;) using (8).
3. Update the probability distribution > (cc) and p7™ ™! (ncc) at stage
m + 1using (9).
if cc is the action chosen at each of the m stages,
then adjust the probabilitie s of taken actions of ncc and cc as:
P (nee) = (1 - 225) min(L QP (nee, ce), 1) + =2+
p;”Jrl(cc) =1- p;”Jrl(ncc).
else adjust the probabilitie s of taken actions of cc and ncc as:
pzn'+1(cc) =(1- 71:;7 ) min(%QE”(cc, nee), 1) + ﬁ;
pzn'+1 (nce) =1 — p?l+1 (ce).
end for
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3.6. Convergence of the GTRA Algorithm

For the number of stages M, the relative frequency of
players action a played until M stagesis defined as

zM(a)zﬁngM D am =a}|, (20)

where a,,, denotes all the users action at stage m. It has
been proved in [24] that z)s is guaranteed to converge
amost surly a8 m — oo to the set of CE(s) of the
game G, if each player plays according to the adaptive
MRM learning procedure, and adjusts its probability
distribution over actions as defined in (9). As the number
of packets transmitted from the source to the destination
is often assumed to be large, i.e., the number of stagesis
sufficiently large, the relay assignment game will converge
to aset of CE(9).

4. PERFORMANCE EVALUATION

To study the performance of GTRA, We compare it with
BR, which models the process of relay assignment as
a fictitious game. In BR, a player deems al the other
players in the game as a fictitious opponent and plays
against the opponent. At every stage of the game, if
a player estimates that the retransmission probability
of the fictitious opponent at the stage is less than the
retransmission probability at the mixed NE, the player will
retransmit the packet; otherwise, the player will remain
silent.

4.1. Simulation Environment

We simulate a WSN where 20 sensor nodes are randomly
distributed in a 50m x 50m area. A constant bit rate
(CBR) traffic with 5 packets per second is used as the
communication pattern, and the source and destination
nodes are chosen randomly in each simulation run. We
define the network lifetime is the time when the first node
exhausts its battery’s energy. Table | lists the detailed
simulation parameters.

The Castalia[29, 30] wireless sensor network simulator,
which is based on the OMNeT++ [31, 32] discrete event
simulation platform, isused asthe simulation environment.
Thedatalink layer in Castaliais modified to facilitate MRC
combining and decoding, and we also extend the ACK and
NACK signals with new fields to feedback the received
signals’ SNR information.

4.2. Performance Evaluation

Fig. 2 illustrates the evol ution of the GTRA game in which
5 players cooperating with a source-destination link, and
¢ and ~ are set to 0.5 and 0.1, respectively. In this game,
the total number of joint action space is 32, as each player
either chooses cc or nec in adistributed manner.

The result shows that a player tekes its actions of cc
and ncc with arbitrary probabilities in the beginning of

X. Liang et al.

Table I. Simulation Parameters

Parameters Value

Wireless channel model log shadowing path loss channel
Path loss exponent 24

Channel deviation (indB) | 1

Collision model Additive interference model
Physical and MAC layer |EEE 802.15.4 standard

Packet length 50 bytes

Transmitting power level [-25, -15, -10, -7, -5, -3, -1, 0] dbm

Node'sinitial energy 123

Data transmission rate 250 kbps

Simulation time 100s

w1 0.5

w2 0.3

w3 0.2

1 T T T T T T T T T
o —
05 //' i
2 - N R R
s e e-cer-ece - -
g —=—p(nce,cc,nee,nee,nec)
5 0.14 --#-- p(nce,nce,nee,nee,ce) |
0 —-4=-p(cc,nce,nce,Nee,nee)
g - v-- p(nce,nce,ce,nee,nec)
= —ama, - p(ncc,nce,nee, ce,nee)
s RNy --»-p(Ncc,Ncc,nce,nce,Nec;
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Number of stages

Figure 2. Evolution of the GTRA game

the game. Then, each player adjusts the probabilities of
different actions by computing a series of regret values.
After about 60 iterations, the GTRA game converges, i.e.,
the joint probability distribution of players converge to
a set of CEs. We can observe that the 2 joint actions,
i.e, (nce,ce,nee, nee,nee) and (nce, nee, nee, nee, cc)
are chosen with probabilities of about 0.74 and 0.24,
respectively. The other joint probability distributions are
al of smal vaues, i.e, less than 0.01 (we only plot
the curves of 6 joint probabilities because of limited
space). Theresult can be interpreted asfollows. A strategy
recommendation signal, generated at each player by using
the MRM agorithm based on historical information,
recommends the players on how to play the relay
assignment game. That is, with the probabilities of about
0.74 and 0.24, the signa recommends the player n. and
ns to act as relays, respectively. At the same time, the
signa recommends the other players to remain silent.
The joint probabilities except p(ncc, cc, nee, nee, nec)
and p(ncc, nce, nec, nee, ec) are al of very small values,
which means that the possibilities of joint actions
except the two joint actions (ncc, cc, nee, nee, nee) and
(nece, nee, nee, nee, cc) can be neglected. It can be also
observed in Fig. 2 that there are some deviations from the
recommended strategies even after the game converges.
The are two reasons for the strategy deviation. First, as
a mixed strategy game, a player takes its actions with
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Figure 3. Network throughput versus channel deviation o

a probability distribution, which means that the player’'s
strategy is of a probabilistic nature throughout the game.
The other reason is the result of applying the MRM based
algorithm. That is, a player takes each of its actions with
the probability of % at least at every stage, as shown in
(9), to ensure that all actions have chances to be eval uated.
By doing so, a player explores the dynamic environment
continuously.

To investigate the performance of GTRA in a wireless
channel with different fading, the average network
throughput versus the channel deviation isshowninFig. 3.

The simulation results show that GTRA outperforms BR,
especially when the channel deviation o becomes higher.
We explain this as follows. The parameter of X, with
standard deviation o reflects the signal attenuation caused
by the channel fading. That is, the higher the channel
deviation o, the more variation of the instantaneous
strength of the received signals. In awireless channel with
higher variations, packets transmitted between a source
and destination are more likely to be corrupted. Therefore,
itismore critical to choose the best relay to cooperate with
the communication link to help the packet delivery. In BR,
aplayer, eg., n;, assumes that its opponent n_,’s strategy
is stationary, and estimates n_;’s possible behavior by
simply tracking the frequency of actions that has been
taken by n_; in previous stages. This approach works
well in static environments but does not fit in dynamic
environments. In contrast, GTRA is more adaptive in relay
assignment, as players continuously evaluate the qualities
of the actions that have been taken in previous stages, as
well as evaluating the actions that have not been taken
by using the adaptive learning agorithm MRM. Then,
players update their strategies by adjusting the probability
distribution of the actions based on the payoff differences.
Therefore, the flexible nature of the learning algorithm
allows GTRA to adapt to dynamic environments, especially
in networks with varying link qualities.

Fig. 4 and Fig. 5 show the impacts of the weighting
factor ws for energy consumption on the performance of
network throughput and lifetime, respectively.
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Figure 5. Network lifetime versus weighting factor for energy
consumption

Fig. 4 shows that the network throughput decreases
with the increment of ws. The reason is that when ws is
small, the benefit of acting as arelay (SNR improvement)
outweighs the cost (energy consumption), thus players
tend to retransmit packets to obtain higher payoffs which
lead to a better performance on network throughput.
However, when the w3 increases over a certain value,
the cost becomes a dominating factor in computing the
payoffs. In order to obtain higher payoffs, players tend
to remain silent instead of retransmitting packets, which
resultsin alower network throughput.

Fig. 5 illustrates that the network lifetime away
increases with theincrement of ws. Thereason isthat when
w3 becomes sufficient large, the cost is an important factor
in payoff computing. Thus, al players tend to remain
silent instead of retransmitting packets, which leads to a
longer network lifetime. However, as observed in Fig. 4
and Fig. 5, the longer lifetime is achieved by sacrificing
the performance on network throughput. Therefore, a
tradeoff must be considered when choosing the value of
the weighting factor ws.

Wirel. Commun. Mob. Comput. 2010; 00:1-10 © 2010 John Wiley & Sons, Ltd. 7

DOI: 10.1002/wcm
Prepared using wecmauth.cls

http://mc.manuscriptcentral.com/wcm



©CoO~NOUTA,WNPE

o
[Ny

U OO A DMBEMDIAMDIMBAEDIAMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRPRPRPERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOUUOPRARWNRPOOONOODURAWNRPOOO~NOOOGMWN

Wireless Communications and Mobile Computing

A Game-theoretic Approach for Relay Assignment over Distributed Wireless Networks

5. CONCLUSIONS AND FUTURE
RESEARCH

In this paper, we have studied the problem of relay
assignment for cooperative communications, and have
formulated the problem as a non-cooperative, mixed
strategy, and repeated game, in which each player plays
againgt al the other players, and determines whether to
cooperate with a communication link on a packet-by-
packet basis in a distributed manner. To learn optimal
cooperating strategiesin dynamic environments, the MRM
adaptive learning algorithm has been implemented at each
player to adjust the probability distribution over actions, as
well as orienting the game to converge to a set of CE(9),
Simulation results have shown that GTRA outperforms
BRin terms of network throughput, and can converge in
a short period that enables it to work well in dynamic
environments.

In future research, we will examine the issue of
system fairness to ensure that each node to achieve
an effort-balance, and to receive a fair share of the
channel access in both retransmitting packets for other
nodes and sending its own packets. Furthermore, we
will also consider employing a power alocation scheme
to prolong the network lifetime, as well as reducing
concurrent transmission interferences to improve the
network performance.

ACKNOWLEDGEMENTS

This work was supported in pat by the Canadian
Natural Sciences and Engineering Research Council under
grant RGPIN 44286-09. This work was also supported
in part by The NAP of Korea Research Council of
Fundamental Science & Technology; The MKE (The
Ministry of Knowledge Economy), Korea, under the
ITRC (Information Technology Research Center) support
program supervised by the NIPA (Nationa IT Industry
Promotion Agency) (NIPA-2010-(C1090-1011-0004)).

REFERENCES

1. Ahmed K. Sadek, Weifeng Su and K. J. Ray Liu.
Multinode Cooperative Communications in Wireless
Networks. IEEE Transactions on Sgnal Processing,
2007, val. 55, 341-355.

2. A. Nosratinia, T.E., Hunter, and A. Hedayat.
Cooperative communication in wireless networks.
|EEE Communications Magazine, 2004, vol. 42, 74-
80.

3. Yao-Win Hong, Wan-Jen Huang, Fu-Hsuan Chiu
and C.-C. Jay Kuo. Cooperative Communications
in Resource-Constrained Wireless Networks. |EEE
Sgnal Processing Magazine, 2007, vol. 42, 47-57.

10.

11.

12.

13.

14.

X. Liang et al.

. Xu Feng, F.C.M. Lau, Q.F. Zhou and Yue Dian-Wu.

Outage Performance of Cooperative Communication
Systems Using Opportunistic Relaying and Selection
Combining Receiver. IEEE Sgnal Processing Let-
ters, 2009, vol. 16, no. 2, 113-136.

. Xuedong Liang, llangko Baasingham and Vic-

tor C.M. Leung. Cooperative Communications
with Adaptive Relay Selection for QoS Provi-
sioning in Wireless Sensor Networks. The 52nd
IEEE Global Communications Conference (GLOBE-
COM’09), 2009, 1-8.

. Gentian  Jakllari, Srikanth V. Krishnamurthy,

Michalis Faloutsos, Prashant V. Krishnamurthy
and Ozgur Ercetin. A Cross-Layer Framework for
Exploiting Virtua MISO Links in Mobile Ad Hoc
Networks. | EEE Transactions on Mobile Computing,
2007, vol. 6, 579-594.

. Min Chen, Xuedong Liang, Victor C.M. Leung and

llangko Balasingham. Multi-Hop Mesh Cooperative
Structure based Data Dissemination for Wirel ess Sen-
sor Networks. The 11th International Conference on
Advanced Communication Technology (ICACT’ 09),
2009, 102-106.

. M. Chen, T. Kwon, S. Mao, Y. Yuan and V.

C.M. Leung. Reliable and Energy-Efficient Routing
Protocol in Dense Wirdess Sensor Networks.
International Journal on Sensor Networks, 2008, vol.
4, no. 12, 104-117.

. Xuedong Liang, Min Chen, Yang Xiao, Ilangko Bal-

asingham and Victor C.M. Leung. A Novel Cooper-
ative Communication Protocol for QoS Provisioning
in Wireless Sensor Networks. The 5th International
Conference on Testbeds and Research Infrastructures
for the Development of Networks & Communities and
Workshops (TridentCom'’ 09), 2009, 1-6.

Yuxia Lin, Joo-Han Song and Vincent W.S. Wong.
Cooperative Protocols Design for Wireless Ad-Hoc
Networks with Multi-hop Routing. Mobile Networks
and Applications, 2009, vol. 14, no. 2, 143-153.
Todd E. Hunter and Aria Nosratinia. Distributed
Protocols for User Cooperation in Multi-User
Wireless Networks. The IEEE 47th annual Global
Telecommunications Conference (GLOBECOM' 04),
2004, 3788-3792.

A.Slbrahim, A.K. Sadek, Weifeng Su and K.J.R Liu.
Cooperative communications with relay-selection:
when to cooperate and whom to cooperate with?
IEEE Transactions on Wireless Communications,
2008, vol. 7, no. 7, 2814-2817.

Aggelos Bletsas, Ashish Khisti, David P. Reed and
Andrew Lippman. A Simple Cooperative Diversity
Method Based on Network Path Selection. |EEE
Journal on Selected Areasin Communications, 2006,
659-672.

Zhong Zhou, Shengli Zhou, Jun-Hong Cui and
Shuguang Cui. Energy-Efficient Cooperative Com-
munication Based on Power Control and Selective

8 Wirel. Commun. Mob. Comput. 2010; 00:1-10 © 2010 John Wiley & Sons, Ltd.

DOI: 10.1002/wcm
Prepared using wcmauth.cls

http://mc.manuscriptcentral.com/wcm

Page 8 of 10



Page 9 of 10

©CoO~NOUTA,WNPE

o
[Ny

U OO A DMBEMDIAMDIMBAEDIAMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRPRPRPERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOUUOPRARWNRPOOONOODURAWNRPOOO~NOOOGMWN

X. Liang et al.

15.

16.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.

Wireless Communications and Mobile Computing

Single-Relay in Wireless Sensor Networks. |[EEE
Transactions on Wreless Communications, 2008,
vol. 7, no. 8, 3066-3078.

Aggelos Bletsas, Hyundong Shin and Moe Z.
Win. Cooperative Communications with Outage-
Optimal Opportunistic Relaying. |EEE Transactions
on Wireless Communications, 2007, vol. 24, no. 3,
3450-3460.

J. Nicholas Laneman, David N. C. Tse, and Gregory
W. Wornell. Cooperative Diversity in Wireless
Networks: Efficient Protocols and Outage Behavior.
| EEE Transactions on Information Theory, 2004, vol.
50, 3062-3080.

M. Felegyhazi and J.P. Hubaux. Game Theory in
Wireless Networks: A Tutorial. Technical Report:
LCA-REPORT-2006-002, EPFL, 2006.

Michael Maskery, Vikram Krishnamurthy, and Qing
Zhao. Decentralized Dynamic Spectrum Access
for Cognitive Radios: Cooperative Design of a
Non-Cooperative Game. |IEEE Transactions on
Communications, 2009, vol. 57, no. 2, 459-469.
Simone Sergiilia, Fabrizio Pancaldi and Giorgio
Matteo Vitetta. A game theory approach to selection
diversity in wireless ad-hoc networks. The 8th 2009
IEEE international conference on Communications
(ICC’' 09, 2009, 4184-4189.

Beibei Wang, Zhu Han and K.J. Ray Liu. Distributed
Relay Selection and Power Control for Multiuser
Cooperative Communication Networks Using Stack-
elberg Game. |EEE Transactions on Mobile Comput-
ing, 2009, val. 8, no. 7, 975-990.

Yingda Chen and Shalinee Kishore. A Game-
Theoretic Analysis of Decode-and-Forward User
Cooperation. |EEE Transactions on Wreless Com-
munications, 2008, vol. 8, no. 7, 1941-1951.

Marvin K. Simon and Mohamed-Slim Alouini.
Digital Communication over Fading Channels: A
Unified Approach to Performance Analysis. John
Wley & Sons, Inc, 2000.

Beibei Wang, Yongle Wu and K.J. Ray Liu. Game
theory for cognitive radio networks: An overview.
Computer Networks, 2010, vol. 54, no. 14, 2537-
2561.

Sergiu Hart and Andreu Mas-Colell. A reinforcement
procedure leading to correlated equilibrium. Eco-
nomic Essays, 2001, 181-200.

D. G. Brennan. Linear Diversity Combining Tech-
niques. Proceedings of the IEEE, 2003, vol. 91, no.
2, 1331-356.

A.K. Sadek, Yu Wei and K.JR. Liu. When Does
Cooperation Have Better Performance in Sensor
Networks?. |EEE The 3rd Sensor and Ad Hoc
Communications and Networks (SECON'06), 2006,
188-197.

Lin Chen. A Distributed Access Point Selection
Algorithm Based on No-Regret L earning for Wireless

A Game-theoretic Approach for Relay Assignment over Distributed Wireless Networks

Access Networks. The 71st |EEE Vehicular Technol-
ogy Conference (VTC2010-Spring), 2010, 1-5.

28. SergiuHart and Andreu Mas-Colell. A Simple Adap-
tive Procedure Leading to Correlated Equilibrium.
Econometrica, 2000, vol. 68, no. 5, 1127-1150.

29. Hai N. Pham, Dimosthenis Pediaditakis and Athanas-
siosBoulis. From Simulation to Real Deploymentsin
WSN and Back. |EEE International Symposiumon a
World of Wireless, Mobile and Multimedia Networks
(WoWMoM'’ 07), 2007, 1-6.

30. The Castalia Website.
http://castalia.npc.nicta.com.au/, 2011.

31. Andras Varga. The OMNeT++ Discrete Event
Simulation System. Proc. The 15th European
Smulation Multiconference (ESW’'01), 2001, 319-
324.

32. The OMNeT++ Website. http://mww.omnet++.org/,
2011.

AUTHORS’ BIOGRAPHIES

Xuedong Liang is a Post-
doctoral Research Fellow at
the Department of Electrical
and Computer Engineering, the
University of British Columbia
(U.B.C)), Vancouver, Canada
He received his Ph.D degree in
the Department of Informatics, University of Oslo, Odlo,
Norway, in 2009. His research interests are in the areas of
wireless communication protocols, cooperative communi-
cations, game theory and its applications, resource aloca-
tion and optimization, QoS provisioning, forma modeling
and validation of wireless networks.

Min Chen, is a professor at
Huazhong University of Science
and Technology, hewas an assis-
tant professor in School of Com-
puter Science and Engineering
a Seoul National University
(SNU). He was a research asso-
ciatein Dept. of Computer Science at University of British
Columbia (UBC) for half year. He has worked as a Post-
Doctoral Fellow in Dept. of Electrical and Computer Engi-
neering at UBC for three years since Mar. 2009. Before
joining UBC, he was a Post-Doctoral Fellow at SNU for
one and half years. He has published more than 120 techni-
cal papers. Heisthe sole author of atextbook OPNET Net-
work Simulation (Tsinghua Univ. Press, 2004). Dr. Chen
received the Best Paper Runner-up Award from The Fifth
International Conference on Heterogeneous Networking
for Quality, Reliahility, Security and Robustness (QShine)
2008. He serves as editor or associate editor for Wiley
I. J. of Wireless Communication and Mobile Comput-
ing, |IET Communications, Wiley 1. J. of Security and
Communication Networks, Journa of Internet Technol ogy,

Wirel. Commun. Mob. Comput. 2010; 00:1-10 © 2010 John Wiley & Sons, Ltd. 9
DOI: 10.1002/wcm
Prepared using wecmauth.cls

http://mc.manuscriptcentral.com/wcm



©CoO~NOUTA,WNPE

o
[Ny

U OO A DMBEMDIAMDIMBAEDIAMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRPRPRPERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOUUOPRARWNRPOOONOODURAWNRPOOO~NOOOGMWN

Wireless Communications and Mobile Computing

A Game-theoretic Approach for Relay Assignment over Distributed Wireless Networks X. Liang et al.

KSII Transactions on Internet and Information Systems,
and International Journal of Sensor Networks. He is a
managing editor for International Journal of Autonomous
and Adaptive Communications Systems. Heisa TPC co-
chair of BodyNets 2010. He is a symposia co-chair and
workshop chair of CHINACOM 2010. He is the co-chair
of MMASN-09, UBSN-10, GCCN-10 and NCAS-11. He
was the TPC chair of ASIT-09, ASIT 2010, TPC co-chair
of PCSI-09 and PCSI-10, publicity co-chair of PICom-09.
He serves as the corresponding guest editors for severa
international journals, such as ACM/Springer Mobile Net-
works and Applications (MONET), Internationa Journal
of Communications System (1JCS). He is an IEEE senior
member.

Victor C.M. Leung received
the B.A.Sc. (Hons)) degree in
electrical engineering from the
University of British Columbia
(UB.C) in 1977, and was
awarded the APEBC Gold
Medal as the head of the
graduating class in the Faculty of Applied Science.
He attended graduate school at U.B.C. on a Natural
Sciences and Engineering Research Council Postgraduate
Scholarship and completed the Ph.D. degree in electrical
engineering in 1981.

From 1981 to 1987, Dr. Leung was a Senior Member
of Technical Staff at MPR Teltech Ltd., specidizing in the
planning, design and analysis of satellite communication
systems. In 1988, he started his academic career at the
Chinese University of Hong Kong, where he was a
Lecturer in the Department of Electronics. He returned
to U.B.C. as a faculty member in 1989, currently holds
the positions of Professor and TELUS Mohility Research
Chair in Advanced Telecommunications Engineering in
the Department of Electrical and Computer Engineering.
Heisamember of the Intitute for Computing, Information
and Cognitive Systems a U.B.C. He aso holds
adjunct/guest faculty appointments at Jilin University,
Beijing Jiaotong University, South China University of
Technology, the Hong Kong Polytechnic University and
Beijing University of Posts and Telecommunications. Dr.
Leung has co-authored more than 500 technical papers
in international journals and conference proceedings,
and several of these papers had been selected for
best paper awards. His research interests are in the
areas of architectural and protocol design, management
algorithms and performance analysis for computer and
telecommunication networks, with a current focus on
wireless networks and mobile systems.

Dr. Leung is a registered professional engineer in the
Province of British Columbia, Canada. He is a Fellow of
IEEE, a Fellow of the Engineering Institute of Canada,
and aFellow of the Canadian Academy of Engineering. He
is a Distinguished Lecturer of the IEEE Communications
Society. He has served on the editorial boards of the
IEEE Journal on Selected Areas in Communications

Wireless Communications Series, the |IEEE Transactions
on Wireless Communications and the |[EEE Transactions
on Vehicular Technology, and is serving on the editorial
boards of the |EEE Transactions on Computers, Computer
Communications, the Journal of Communications and
Networks, as well as severa other journals. He has guest-
edited several journal specia issues, and served on the
technical program committee of numerous international
conferences. He is a General Co-chair of CSA 2011,
Chinacom 2011, and MobiWorld and GCN Workshops
a |EEE Infocom 2011. He chaired the TPC of the
wireless networking and cognitive radio track in IEEE
VTC-fall 2008. He was the General Chair of AdhocNets
2010, WC 2010, QShine 2007, and Symposium Chair for
Next Generation Mobile Networksin IWCM C 2006-2008.
He was a General Co-chair of BodyNets 2010, CWCN
Workshop at Infocom 2010, ASIT Workshop at |EEE
Globecom 2010, MobiWorld Workshop a IEEE CCNC
2010, IEEE EUC 2009 and ACM MSWiM 2006, and a
TPC Vice-chair of IEEE WCNC 2005.

10 Wirel. Commun. Mob. Comput. 2010; 00:1-10 (© 2010 John Wiley & Sons, Ltd.

DOI: 10.1002/wcm
Prepared using wcmauth.cls

http://mc.manuscriptcentral.com/wcm

Page 10 of 10



