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Abstract 
 

In this paper, we deal with the problem of M2M gateways' network selection for different 
types of M2M traffic in heterogeneous wireless networks. Based on the difference in traffic's 
quality of service (QoS) requirements, the M2M traffic produced by various applications is 
mainly classified as two categories: flexible traffic and rigid traffic. Then, game theory is 
adopted to solve the problem of network-channel selection with the coexistence of flexible and 
rigid traffic, named as flexible network access (FNA). We prove the formulated discrete game 
is a potential game. The existence and feasibility of the Nash equilibrium (NE) of the proposed 
game are also analyzed. Then, an iterative algorithm based on optimal reaction criterion and a 
distributed algorithm with limited feedback based on learning automata are presented to obtain 
the NE of the proposed game. In simulations, the proposed iterative algorithm can achieve a 
near optimal sum utility of whole network with low complexity compared to the exhaustive 
search. In addition, the simulation results show that our proposed algorithms outperform 
existing methods in terms of sum utility and load balance. 
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1. Introduction 

Machine-to-Machine (M2M) communications technology is a key technique of the Internet 
of things (IoT) to realize efficient, real-time transmission [1]. Consequently, many standard 
organizations are active in developing standards to support M2M communications, e.g. 
standard organizations, 3GPP, ETSI, GSMA, IEEE etc. [2]. In M2M communications, 
machines communicate with each others without human intervention. The goal of M2M 
communications is to provide ubiquitous connectivity among all machine nodes. 

In next-generation wireless network, different wireless access technologies (such as LTE 
cellular network, WiMAX and IEEE 802.11-based wireless local area network (WLAN) will 
be integrated into heterogeneous wireless networks to achieve more energy-efficient and 
spectrum-efficient communications. In wireless heterogeneous networks, due to the existence 
of diverse standards and uncooperative operators, it is difficult to deal with the challenges 
brought by massive machine nodes' demands on communications, for example, random access 
congestion, inefficient transmission caused by a great number of small data and the 
contradiction between limited network resources and massive data transmission requirements 
etc. [3],[4]. 

1.1 Motivations 
To achieve better performance of M2M communications, three important problems must be 
solved in the future M2M networks: the high performance of end-user devices, quality of 
service (QoS) guarantees, and interference [5]. Thereinto, QoS guarantees in M2M 
communications will be the focus of this paper. However, for M2M nodes, different 
applications have different requirements on communication, for example, some applications 
(e.g., navigation, smart grids, telehealth) require hard delay constraints [6], and other 
applications (e.g., payment) have less demand on delay constraints [2]. In addition, different 
types of M2M traffic require different degrees of QoS. Due to the fixed and limited resources 
of heterogeneous networks, the resources should be allocated to M2M nodes appropriately in 
order to satisfy different types of traffic's QoS requirements. How to provide efficient and 
reliable M2M communications in heterogeneous wireless networks has become an urgent 
problem. In recent years, many literatures have investigated this problem [2-10]. Among these 
methods, a hierarchical heterogeneous architecture is very suitable to achieve heterogeneous 
scalable connectivity and high capacity [2], [11], while satisfying QoS of different traffic. 

Significantly, in heterogeneous wireless networks environment, network selection is an 
efficient solution to guarantee users' QoS by using various network resources [12-21]. During 
the network selection process, the users select the radio access networks (RAN) that differ in 
technology, bandwidth, latency, etc. according to their different QoS requirements, such as, to 
maximize the throughput, to decrease the transmission delay, and so on. Recently, many 
studies have proposed various network selection schemes, e.g., potential game based network 
selection scheme [12], online network selection scheme [13], probabilistic based network 
selection scheme [14], etc. However, the experimental results in [22] showed that, compared 
to traditional human-to-human (H2H) traffic, M2M traffic exhibited different patterns in 
multiple aspects. Therefore, without considering the characteristics of M2M traffic during 
network selection procedure, these schemes mentioned in [12-21] can't be applied to M2M 
communications directly. In addition, a cost-effective and scalable M2M solution can be 
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offered by hierarchical network architectures, in which various M2M applications will be 
supported. 

1.2 Contributions 
In this paper, considering the QoS requirements of different M2M traffic, a wireless access 
scheme in the M2M gateways is investigated for hierarchical heterogeneous wireless network. 
Firstly, based on the results in [22], different types of M2M traffic's QoS requirements on 
wireless resources are analyzed. The M2M traffic produced by various applications (e.g., asset 
tracking, building security, fleet, miscellaneous, metering and telehealth [22]) is mainly 
classified as two categories, i.e., flexible traffic and rigid traffic, according to the QoS 
requirements of M2M traffic. Secondly, two metric functions are designed to describe the 
satisfaction degrees for two categories of M2M traffic. Game theory is adopted to solve the 
problem of the M2M gateways' network-channel selection with the coexistence of flexible and 
rigid traffic, named as flexible network access (FNA) in this paper. Different from network 
selection scheme in [12], the proposed FNA scheme considers the load balance and different 
types of M2M traffic's QoS requirements simultaneously. Then, we design a gateway's utility 
function that takes into account satisfaction degree and network load. The game with our 
proposed utility function is proved to be a potential game where a feasible pure strategy Nash 
equilibrium (NE) must exit [23]. Moreover, the sufficient condition for the feasibility of pure 
strategy NE is also analyzed. In addition, an iterative algorithm based on optimal reaction 
criterion [24] and a distributed algorithm with limited feedback based on the concept of 
learning automata [25] are presented to obtain the NE of the proposed game. Finally, 
simulation results show that the proposed scheme not only meets the QoS requirements of 
different types of M2M traffic but also improves the efficiency of network resources, i.e., 
achieving better load balance. 

1.3 Related Works 
In this subsection, some related works are discussed. The following two aspects would be 
covered: QoS assurance in M2M communications and network selection. 

In M2M communications, the problem of QoS assurance focus on how to design an 
efficient scheme to guarantee different M2M nodes’ requirements. For example, [7] proposed 
a random access scheme that minimized resources requirements to meet the QoS constraints 
(outage probability) of different M2M groups. [8] designed a scalable hybrid MAC protocol 
for heterogeneous M2M networks where the M2M nodes have different QoS requirements. In 
[9], an opportunistic user association was proposed to provide fair resource allocation for 
M2M traffic while considering the QoS of human-to-human (H2H) traffic in the multi-service 
heterogeneous networks. In [10], a statistical QoS guarantees uplink wireless allocation 
scheme was developed for LTE networks where H2H and M2M coexist. However, the 
methods proposed in existing works aren’t suitable for our scenario where network selection is 
used to guarantee the M2M traffic’s QoS requirements in heterogeneous networks. 

Network selection problem is usually modeled using either a centralized or a decentralized 
approach. In most centralized approach, there is a concentrated controller to decides the users’ 
distribution among the networks. Such as, [15] proposed a user association scheme among 
mutiple base stations to balance load in heterogeneous networks, and an energy efficient cell 
selection scheme is proposed in [16]. While for the decentralized approach, the decision is 
made by users to choose the most suitable available RAN. For example, a signal strength 
based and a pricing based network selection schemes were proposed in [17] and [18], 
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respectively. In addition, there are many different mathematical theories which have been used 
for modeling the problem of network selection, such as, utility theory, multiple attribute 
decision making, fuzzy logic, game theory, combinatorial optimization, and Markov chain 
[19], in which game theory is widely adopted in the problem of network selection [20]. 
Authors in [12] proposed an ordinal potential game based network selection scheme to 
maximize the system throughput in heterogeneous networks with time-varying channel. [21] 
proposed a market-based approach to the problem of network selection in heterogeneous 
wireless networks where the selection mechanism is based on auction game. However, the 
above mentioned literatures don’t consider the characteristics of M2M traffic, such as, current 
works focus on the downlink network selection scheme, while for M2M communications, 
uplink transmission from M2M nodes to serve is more common for major applications. 

The rest of the paper is organized as follows. In Section 2, we give a detailed description of 
the system model, the problem of FNA is also formulated. The proposed game-theoretic 
formulation is given in Section 3. A centralized iterative algorithm and a distributed learning 
algorithm are presented in Section 4. The performance evaluation is given in Section 5. Finally, 
the conclusions are drawn in Section 6. 

2. System Model 

2.1 Wireless Access Networks 
We consider a particular service area in the coverage of the heterogeneous wireless network 
environment consisting of N  heterogeneous access networks (e.g., GSM/WCDMA/CDMA- 
2000/LTE, etc.), M  M2M gateways and many M2M nodes as shown in Fig. 1. In this paper, 
we focus on the uplink communication of M2M nodes, i.e., the transmission from M2M nodes 
to M2M servers. 

GSM

IP Core 
Network

WCDMA

LTE 4G
CDMA200

WiMax

WAN
M2M Server

M2M
Gateway

M2M Node M2M Node M2M Node M2M Node

M2M
Gateway

M2M Node M2M Node

M2M
Gateway

M2M Node M2M Node

LAN

Wireless 
connection(ZigBee,
WiFi, Bluetooth)

LAN LAN

 
Fig. 1. Illusion of hierarchical M2M system architecture in heterogeneous wireless networks. 

Fig. 1 captures a hierarchical M2M system architecture over heterogeneous wireless 
networks, wherein multiple M2M nodes and an M2M gateway forms a group. In a group, 
M2M nodes can't send data to the M2M server directly in uplink channel, they connect to 
M2M gateway firstly. Then, according to the QoS requirements of the received traffic and  
network load, the M2M gateway chooses wireless access channel to send these traffic. 
Consequently, the M2M gateway is a smart M2M device which is responsible for managing 
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M2M nodes, collecting M2M nodes' data and connecting to the M2M server in its group. 
Specifically, the M2M gateway communicates with the M2M server through a wide access 
network (WAN) connection. M2M nodes communicate with the M2M gateway by adopting 
the transport protocols, such as ZigBee, WiFi and Bluetooth. Note that an M2M gateway can 
serve multiple traffic by multi-transceiver or MAC protocols. 

We assume that the set of access networks is {1,2, , }NN =   and the set of M2M gateways 
is {1,2, , }MM =  . Network j N∈  can provide {1,2, , }j jKK =   channels with different 
bandwidth. The k th ( jk K∈ ) channel of Network j  ( j N∈ ) j

kCH can serve j
kS  M2M 

gateways simultaneously. In this paper, we consider both large-scale path loss attenuation and 
small-scale fading in the channel model. The path loss factor is ϒ . The channel gain between 
the i th M2M gateway and the base station of the network j   is ijh , i M∀ ∈  and j N∀ ∈ . We 
model ijh  as zero-mean mutually independent, circularly symmetric complex Gaussian 
random variables with unit variance, and noise is modeled as independent, zero-mean additive 
white Gaussian noise with variance 2σ . 

We assume that iR  is the selected network-channel strategy of the i th gateway. The 
network-channel selection set of the i th M2M gateway is 

1

0 1 1 1
0 1 1{ , , , , , ,, j

i i i ik iK iR R R R RR =         
1, , , , , }

j N

j N N
iK i iKR R R     , where j

i ikR R=   indicates that the i th M2M gateway selects the 
channel j

kCH . Note that 0
0i iR R=   denotes that i th gateway selects none of the network to 

access. 

2.2 FNA Problem 
In the hierarchical heterogeneous network, an M2M gateway may receive massive and various 
M2M traffic from its group members. Due to the diverse and limited heterogeneous network 
recourses, an effective network selection strategy should be adopted by all gateways to satisfy 
M2M traffic's QoS requirements. In this paper, we propose a gateways' network access 
scheme to mitigate the contradiction between limited resources and massive transmission 
requirements, named as FNA scheme. The objective of FNA scheme is not only to satisfy the 
QoS requirements of different types of traffic but also to improve the efficiency of network 
resources. After analyzing different types of M2M traffic's requirements on wireless 
resources1 and based on the result in [22], we mainly classify these types of M2M traffic as 
two categories: flexible traffic and rigid traffic. In flexible traffic category, traffic's satisfaction 
degree raises with allocated bandwidth increasing, such as building security in [22]. In rigid 
traffic category, traffic's satisfaction degree keeps fixed if allocated bandwidth is larger than 
the required threshold, such as asset tracking and telehealth etc. It can be seen that the 
satisfaction degree is the parameter that describes the deviation between allocated resources 
and traffic’s QoS requirements. Note that the value of traffic's satisfaction degree ranges from 
0 to 1. If traffic's satisfaction degree is equal to 0, then no resources are allocated. Traffic's 
satisfaction degree is equivalent to 1, when the allocated resources can satisfy the traffic's QoS 
requirements perfectly. 

1 Note that although there are various requirements on wireless resources for M2M traffic, bandwidth is 
one of the most important requirements. Therefore, we only consider requirements on bandwidth for 
different M2M traffic in this paper. 
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(a)  Rigid traffic                                                               (b) Flexible traffic 

Fig. 2. The relationship between allocated bandwidth and M2M traffic's satisfaction degree. 

Fig. 2 (a) and (b) present the satisfaction degree as a function of allocated bandwidth for 
rigid traffic and flexible traffic, respectively. In Fig. 2 (a), for rigid traffic, once allocated 
bandwidth is larger than required threshold resources, satisfaction degree approaches to 1. It 
can be perceived from Fig. 2 (b) that satisfaction degree raises with allocated bandwidth 
increasing when traffic is flexible. 

3. Game-Theoretic Formulation and Performance Analysis 
In this section, we will resort to game theory to model the problem of FNA in M2M communi- 
cations and analyze the existence and feasibility of NE. 

3.1 Problem Formulation and Game Model 
In this paper, we emphasize on how M2M gateways select wireless channel to meet different 
traffic's QoS requirements and maximize the utility of the whole network simultaneously. First, 
the utility of the whole network is presented. Then, we analyze how to model the FNA 
problem the utility by game theory. 

First of all, for convenience of mathematical modeling, we describe the relationship 
between the allocated bandwidth and M2M traffic's satisfaction degree through specific 
mathematical expressions. Then, two satisfaction functions are given to describe the 
satisfaction degree of rigid traffic and that of flexible traffic, respectively. 

For rigid traffic, satisfaction function can be computed as 

( )
( )

1 ( )

reqr

req

req

b
b bSa b b b b

b

κ
κ

κ κ
κ

= =
++

                                                       (1) 

where b  is the allocated bandwidth, reqb  is the required bandwidth of the rigid traffic, i.e., 
threshold value. κ  is a selected constant. The larger κ  is, the steeper the curve will be. 

For flexible traffic, satisfaction function can be obtained as 

max

ln(1 )( )
ln(1 )

f bSa b
b
+

=
+

                                                                 (2) 
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where maxb  is the maximum channel bandwidth among all channels in the heterogeneous 
networks. 

Without loss of generality, we assume that the i th M2M gateway selects the channel j
kCH . 

Let , ,i j kr  denotes the utility reward of the i th M2M gateway when the channel j
kCH  is 

selected, and , ,i j kr  can be expressed as 
2

, ,
, , 2 , ,2log 1 i iji j k j

i j k k i j kj
k

P hSa
r g b

n σ

 
 = + −
 
 

                                                (3) 

where , ,i j kSa  denotes the sum of different types of traffic's satisfaction degree in the i th 
gateway, j

kn  is the number of M2M gateways who select the channel j
kCH , iP  is the transmit 

power of the i th gateway, , ,i j kb  describes the allocated bandwidth for the i th M2M gateway 
in the channel j

kCH . Supposing that there are 1
iW  types of rigid traffic and 2

iW  types of 
flexible traffic in the i th M2M gateway, , ,i j kSa  can be calculated by 

( )
( )

1 , , , ,
, , 2

1 max, , ,

ln(1 )
ln(1 )

iW
i j k i j ki

i j k
s s req i j k

b b
Sa W

bb b

κ

κκ=

+
= +

++
∑                                           (4) 

where ,s reqb  denotes the required bandwidth of the s th type of M2M traffic. According to (1) 
and (2), the satisfaction degree of traffic presents the maximum capability of the M2M 
gateway satisfying the traffic’s requirements (we don’t consider access control protocol 
among different traffic in this paper). In addition, since larger satisfaction degree will lead to 
more utility based on (3), the satisfaction degree of i th M2M gateway , ,i j kSa  is the sum of the 
satisfaction degree of all its traffic, which is in accordance with the design principle of the 
utility function in (3) although , ,i j kSa  may be large than 1. Consequently, the sum of 
satisfaction degree of the rigid traffic in the i th M2M gateway can be expressed by the first 
term of (4). Moreover, the satisfaction degree of different flexible traffic in an M2M gateway 
is the same based on (2). The sum of satisfaction degree of the flexible traffic in i th M2M 
gateway is computed by the second term of (4). The parameter j

kg  in (3) indicates the price of 
the selected channel j

kCH  and can be obtained as 
ln(1 )

ln(1 )

j j
j k k

k j
k

C ng
Cβ

+
=

+
                                                              (5) 

where j
kC  denotes the achievable rate of the channel j

kCH , β  is a constant. 
The price of channels increases as the number of M2M gateways that get access to the 

channel (denoted as j
kn ) raising. Hence, in order to balance the network load, M2M gateways 

prefer to select the quite free channel. According to the price mechanism, we define 
load-balance-index of the whole network as L  to reflect the utilization of heterogeneous 
wireless resources, and L  can be computed by 

2 2

1 1 1 1

1
1 ( ) ( )

j jK KN N
j j

k k
j k j k

M

n n n n
M= = = =

= =
− −∑∑ ∑∑

L                                        (6) 

where 
1

/ N
jj

n M K
=

= ∑  denotes the average number of M2M gateways in each channel. From 
(6), we know that the greater L  is, the better the load balance of network will be. It can be 
observed from (3)-(5) that M2M gateways desire to select channel which has capability to 



3796                    Tian et al.: A Flexible Network Access Scheme for M2M Communications in Heterogeneous Wireless Network 

support their M2M traffic. However, due to the price mechanism, M2M gateways tend to 
obtain a better tradeoff between satisfaction degree and cost during channel selection process. 

The utility of whole network is defined as 

, ,
j

sum i j k
i j k

u r
M N K∈ ∈ ∈

= ∑∑ ∑                                                          (7) 

Note that ˆˆ, ,
0

i j k
r =  ( ˆ ˆˆ ˆ, , ,jj k j j k kN K∀ ∈ ∈ ≠ ≠ ) if the i th M2M gateway selects the 

channel j
kCH . In order to improve the performance of whole network, this paper is aimed at 

maximizing the sum utility reward sumu  with the network resources constraints. Formally, the 
FNA problem can be expressed as 

max : ( , ),

:
: ( ) ,

, ,1 ,1

i i
sum i iR

j j j
k i k k

i

j

u R R i

subject to
Co R CH S

for j k j N k K

R

M

M

δ

−∈

∈

∀ ∈

− ≤

∀ ≤ ≤ ≤ ≤

∑                                 (8) 

where iR−  denotes the network-channel selection strategies of all M2M gateways excluding 
the i th M2M gateway. j

kCo  ( j N∀ ∈  and jk K∀ ∈ ) represents the constraint on the number 

of M2M gateways which select the channel j
kCH . j

kS  is the maximum number of M2M 
gateways which the channel j

kCH  can serve simultaneously. Thus, j
kS  denotes the capability 

of network and is determined by both the total bandwidth of the channel j
kCH  and the 

bandwidth required by M2M traffic. 
1, 0

( )
0, 0

x
x

x
δ

=
=  ≠

, and ( )j j
i k k

i
R CH n

M
δ

∈

− =∑ . Next, we 

will establish a game-theoretic formulation for FNA problem. 
Each M2M gateway selects a channel to maximize the sum utility reward sumu . 

Furthermore, network-channel selection strategy profiles which go against constraints 
{ | , , , }j

k jCo j k j kN K∀ ∈ ∈  can not be selected. However, it is difficult to know which 
network-channel selection strategy profiles are infeasible in advance. Thus, sumu  can not be 
used as gateways' utility function. Inspired by the game model given in [24], we define the 
utility function of the i th M2M gateway as 

( , )

( ( ))

( )
j

j

i i i
j j

sum k i k
j k i

j j
sum k k

j k

U R R

u S R CH

u S n
N K

N K

ξ δ

ξ

−

∈ ∈ ∈

∈ ∈

= + Θ − −

= + Θ −

∑ ∑ ∑

∑ ∑
M

                                (9) 

where 
, 0

( )
0, 0
x x

x
x
<

Θ =  ≥
, ξ  is a non-negative constant, and it is chosen to be large enough to 

ensure that 0iU < , j N∀ ∈ , when j j
k kn S> . The second term in (9) represents the constraints 

in (8). 
Then we define the M2M gateways' FNA game as 

[ ,{ } ,{ } ]i i i iUM M∈ ∈=G M R                                                  (10) 
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where the rational M2M gateways are regarded as the players. iR  is the pure strategy space, 
and G  is a game with common utility as i sU U=  , ,i s M∀ ∈ . 

We assume j
i kR CH= , and define function ( , )i iR R−V  as 

( , ) ( ) ( 1)j j j j
i i sum k k k kR R u S n S nξ−  = + Θ − −Θ − + V                         (11) 

Theorem 1: G  is a potential game with the potential function V . 
Proof: Assume that j

i kR CH= 

  is an arbitrary strategy of the i th M2M gateway, and 
ˆ
ˆ
j

i k
R CH′ =  is an alternate strategy of the i th M2M gateway, the strategies of the other M2M 
gateways remain unchanged. Then, we have 

ˆ ˆ ˆ ˆ
ˆ ˆ ˆ ˆ

( , ) ( , )

( ) ( )

( ) ( ) ( ) ( )
j j

i i i i i i
j j j j

sum k k sum k k
j k j k

j j j j j j j j
sum sumk k k kk k k k

U R R U R R

u S n u S n

u S n S n u S n S n

N K N K
ξ ξ

ξ ξ ξ ξ

− −

′ ′
′ ′

′ ′∈ ∈ ∈ ∈

′ ′ ′ ′
′′ ′ ′

′−

′= + Θ − − − Θ −

′= + Θ − + Θ − − − Θ − − Θ −

∑ ∑ ∑ ∑
   

   

(12) 

where j
kn 

  and ˆ
ˆ
j

k
n  indicate the number of M2M gateways in channel j

kCH 

  and ˆ
ˆ
j

k
CH  

respectively when the network-channel selection strategy profile is ( , )i iR R− . j
kn ′
′



  and ˆ
ˆ
j

k
n ′

′
 

denote the number of M2M gateways in channel j
kCH 

  and ˆ
ˆ
j

k
CH  respectively when the 

network-channel selection strategy profile is ( , )i iR R−′ . It can be found that 1j j
k kn n ′

′= + 

   and 
ˆ ˆ
ˆ ˆ 1j j
k k

n n′
′
= + . Thus, (12) can be further expressed as 

ˆ ˆ ˆ ˆ
ˆ ˆ ˆ ˆ

( , ) ( , )

( ) ( 1) ( ) ( 1)

( , ) ( , )

i i i i i i

j j j j j j j j
sum sumk k k k k k k k

i i i i

U R R U R R

u S n S n u S n S n

R R R R

ξ ξ
− −

′ ′ ′ ′
′ ′ ′ ′

− −

′−

   ′= + Θ − −Θ − + − − Θ − −Θ − +   
′= −

   

   

V V

(13) 

Hence, according to the definition of potential game in [23], G  is a potential game whose 
potential function is V .                                                                                                             □ 

3.2 Analysis of NE 
In this subsection, the existence and feasibility of the NE of the proposed game are 
investigated. First of all, the existence of the NE of G  is analyzed. 

Lemma 1: The maximizer for iU  is a Pareto optimal pure strategy NE of G , if 
j

j kj
K S M

N∈
≥∑ . 

Proof: Supposing that { } { }i i i iR M M∈ ∈⊂ R  is a maximizer for iU . Obviously, there exists no 
other network-channel selection strategy { }i iR M∈  satisfying 

( , ) ( , ), \o o
i i i i i iU R R U R R i sM− −≥ ∀ ∈                                      (14) 

if, for some s , 
( , ) ( , )o o

ss s ss sU R R U R R− −>                                                 (15) 
Hence, no M2M gateway can increase its utility without decreasing the other M2M 

gateway's utility. According to the definition of Pareto optimality in [26], [27], { }o
i iR M∈  is a 

Pareto optimal solution to G . 
Additionally, i M∀ ∈ , if , o

i i i iR R RR′ ′∈ ≠  is an alternate strategy of the i th M2M gateway, 
we have 

( , ) ( , )o o o
i i i i i iU R R U R R− −′ <                                                  (16) 



3798                    Tian et al.: A Flexible Network Access Scheme for M2M Communications in Heterogeneous Wireless Network 

That is, an arbitrary M2M gateway can never get a utility which is larger than the utility 
obtained by { }o

i iR M∈  if it changes its own strategy unilaterally. From the definition of NE in 
[27], the network-channel selection strategy profile { }o

i iR M∈  is also a pure strategy NE of 
game G . 

Obviously,  1 2( , ,..., ) 0o o o
i MU R R R ≥  when j

j kj
K S M

N∈
≥∑ , according to the definition in 

[23] and [27], { }o
i iR M∈  must be a feasible channel selection strategy profile. Thus the lemma is 

proved.                                                                                                                                       □ 
If there are no constrains, every NE of our formulated game can be used as a solution. 

However, it is known from Lemma 1 that there may exist one feasible pure strategy NE when 
the constrains { | , , , }j

k jCo j k j kN K∀ ∈ ∈  are considered. Nevertheless, it is still unclear 
whether an arbitrary NE can satisfy the constrains or not. In following, we will analyze the 
feasible of the NE of G . 

Lemma 2: The network-channel selection strategy profile that violates the number of M2M 
gateways constraints (i.e., { | , , , }j

k jCo j k j kN K∀ ∈ ∈ ) is not the pure strategy NE of G , if 
,th j Nξ ξ> ∈                                                           (17) 

where thξ  is defined as 

,
max { ( , ) (0, )} 

i i
th sum i i sum ii R

u R R u R
M R

ξ − −∈ ∈
= −                                         (18) 

Proof: Assuming that { }i iR M∈  violates constraint { | , }j
k jCo j kN K∈ ∈ , but is a pure 

strategy NE of G . Then, 0
0i iR R≠   and ( , ) 0,i i iU R R i M− < ∀ ∈ . 

For a discrete strategy 0
0

j
i k iR CH R= ≠   violates , \ 0j

kCo i M∈  

1 1
1 1

( , )

( , ) ( ( ))

( ( ))

( ( ))

( , ) ( ( ))

( , ) ( ( ))

N N

i i i

sum i i ii
ii

j j
k ii k

ii
N N
K ii K

ii
j j

sum i i k ii k
ii

j j
sum i i k ii k

ii

U R R

u R R S R CH

S R CH

S R CH

u R R S R CH

u R R S R CH

M

M

M

M

M

ξ δ

ξ δ

ξ δ

ξ δ

ξ δ

−

−
∈

∈

∈

−
∈

−
∈

= + Θ − −

+ + Θ − − +

+ Θ − −

= + Θ − −

= + − −

∑

∑

∑

∑

∑

 

                                      (19) 

1 1
1 1

,

,

(0, )

(0, ) ( ( ))

( ( ))

( ( ))

(0, ) ( ( ))

N N

i i

sum i ii
ii

j j
k ii k

ii ii i

N N
K ii K

ii
j j

sum i k ii k
ii ii i

U R

u R S R CH

S R CH

S R CH

u R S R CH

M

M

M

M

ξ δ

ξ δ

ξ δ

ξ δ

−

−
∈

∈ ≠

∈

−
∈ ≠

= + Θ − −

+ + Θ − − +

+ Θ − −

= + − −

∑

∑

∑

∑

                                       (20) 

From (19) and (20), we have 
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,

( , ) (0, )

( , ) (0, ) ( ( ))

( ( ))

i i i i i
j j

sum i i sum i k ii k
ii

j j
k ii k

ii ii i

U R R U R

u R R u R S R CH

S R CH
M

M

ξ δ

ξ δ

− −

− −
∈

∈ ≠

−

= − + − −

− − −

∑

∑

                 (21) 

Firstly, base on the precondition ( )j j
k ii kii

S R CH
M
δ

∈
< −∑ , if 

,
( )j j

k ii kii ii i
S R CH

M
δ

∈ ≠
< −∑ , 

,
( ) ( ) 1j j

ii k ii kii ii ii i
R CH R CH

M M
δ δ

∈ ∈ ≠
− − − =∑ ∑ , then 

( , ) (0, ) ( , ) (0, )i i i i i sum i i sum iU R R U R u R R u R ξ− − − −− = − −                        (22) 

Hence, when ( , ) (0, )sum i i sum iu R R u R ξ− −− < , 

( , ) (0, ) 0i i i i iU R R U R− −− <                                                         (23) 

Secondly, if 
,

( ) ( )j j j
ii k k ii kii ii i ii

R CH S R CH
M M

δ δ
∈ ≠ ∈

− ≤ < −∑ ∑ ,  

,
( )j j

k ii kii ii i
S R CH

M
δ

∈ ≠
= −∑ , then 

( , ) (0, )

( , ) (0, ) ( ( ))

( , ) (0, )

i i i i i
j j

sum i i sum i k ii k
ii

sum i i sum i

U R R U R

u R R u R S R CH

u R R u R
M

ξ δ

ξ

− −

− −
∈

− −

−

= − + − −

= − −

∑                     (24) 

Similarly, if ( , ) (0, )sum i i sum iu R R u R ξ− −− < ,  

( , ) (0, ) 0i i i i iU R R U R− −− <                                                    (25) 

According to the definition of NE in [23] and [27] and arbitrariness of { }i iR M∈ , we can find 
that (23) and (25) contradict the presupposition that { }i iR M∈  is a NE of G  if 

,
max { ( , ) (0, )}

i i
sum i i sum i thi R

u R R u R
M R

ξ ξ− −∈ ∈
> − = . Thus, { }i iR M∈  is not a pure strategy NE of G . 
When the network-channel selection strategy violates other constraints, we can prove the 

lemma in the same way. Therefore, the lemma is proved.                                                        □ 
From Lemma 2, it can be seen that the pure strategy NE of the game will satisfy the 

constraints { | , , , }j
k jCo j k j kN K∀ ∈ ∈  when j thξ ξ> . It means that if thξ ξ> , the pure 

strategy NE of G  must be feasible. thξ  can be regarded as “threshold” of parameter ξ  for 
achieving the feasible solutions. 

4. Algorithm 

4.1 Iteration Algorithm of Network-channel Selection Based on Satisfaction 
Degree 
In this subsection, an iterative algorithm of network-channel selection based on satisfaction 
degree (IANCSS) is designed, as shown in Algorithm 1. The NE of the proposed game can be 
obtained by updating the strategies of M2M gateways based on the best response rule. Firstly, 
the convergence of IANCSS is proved as follows. 

Algorithm 1. Iteration Algorithm of Network-channel Selection Based on Satisfaction Degree 
Initial state:  

At the benginning, the i th gateway M2M performs the local sensing to obtain all channel and 
network information, Initial strategy profile 0 0( , )i iR R− , i M∀ ∈ , 1t = ; 

Algorithm process: 
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1: while ( ( ), ( )) ( ( 1), ( 1)),  i i i i i iU R t R t U R t R t i M− −≠ − − ∀ ∈  do 
2:     for 1:i M= do 
3:         ( 1) arg max ( ( ), ( ))

i i
i i i iR

R t U R t R t
R −∈

+ =  
4:         ( ) ( 1)i iR t R t= +  
5:     end for 
6:     1t t= +  
7: end while 

Lemma 3: IANCSS converges to a feasible pure strategy NE of G  in finite steps from any 
initial starting strategy profiles, if thξ ξ> . 

Proof: The maximum value of iU  is denoted as max
iU . Because the number of M2M 

gateways is finite, max
iU < ∞ . For any initial starting strategy profile, since 

( ( 1), ( )) ( ( ), ( )) 0,i i i i i iU R t R t U R t R t i M− −+ − ≥ ∈                              (26) 
then IANCSS is a non-decreasing procedure. Therefore, the procedure must converge in finite 
steps. 

When IANCSS converges to a strategy profile *{R }i i M∈ , for an arbitrary M2M gateway 
i  , i M∈ , and an alternative pure strategy iR′ , i iR′∈R ,we have 

* * *( , ) ( , )i i i i i iU R R U R R− −′≥                                            (27) 
therefore, the strategy profile *{R }i i M∈  is a pure strategy NE of G  according to the definition 
of NE in [27]. Moreover, according to the results in Lemma 2, the i th M2M gateway will 
never select strategy profile which violates the constraints { | , , , }j

k jCo j k j kN K∀ ∈ ∈  if 
thξ ξ> . 

Hence, the Lemma is proved.                                                                                           □ 

4.2 Distributed Network-channel Selection Algorithm Based on Learning 
Automata 
IANCSS needs global information and a centralized controller, which is difficult to realize in 
practical. In this subsection, we design a distributed network-channel selection algorithm 
based on learning automata ( DNCSALA ) [25] to obtain the NE with limited feedback 
information. 

Assuming that the knowledge of ,{ }ij i jh M N∀ ∈ ∀ ∈  is perfectly available at base stations but 
unknown at each M2M gateway. We extend the game G  to a mixed strategy in order to apply 
the learning algorithm. Let 

1

0 1 1
0 1 1 1{ , , , , , , , , , , , }

j N

j j N N
i i i iK i iK i iKp p p p p p p=p       be the mixed 

strategy of iR  of the i th M2M gateway, where j
ikp   denotes the probability that the i th 

M2M gateway selects the k th channel in the network j . 
If the mixed strategy network-channel selection game is played successively, it could be 

modeled as a stochastic game of learning automata. Each M2M gateway (i.e. player) is 
represented by a learning automaton and the actions of the automaton are the network-channel 
selection strategies of M2M gateways. 

1

0 1 1
0 1 1( ) { ( ), ( ), , ( ), , ( ), , ( ),

j

j j
i i i iK i iKt p t p t p t p t p t=p     

1, ( ), , ( )}
N

N N
i iKp t p t   is the action probability distribution of the i th automaton at instant t . 

The normalized utility of the i th M2M gateway is the reaction to the i th automaton, 
which can be expressed as (t)iγ . Let (t) U (t)i iγ α=  be the normalized U (t)i , where U (t)i  is 
the utility of the i th M2M gateway. α , 0 1α< < , is a parameter to guarantee the value of 

(t)iγ  lying in the interval [0,1) . In this paper, we use an adaptive normalize parameter 
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mechanism, as M2M gateways usually have no prior knowledge of their utilities. The details 
of the learning algorithm is given in Algorithm 2. 

Algorithm 2. Distributed Network-channel Selection Algorithm Based on Learning Automata. 

1. At the beginning, set the initial channel selection probability vector (0)ip  as 
(0) 1/ (1 )j j

ik j
p K

N∈
= +∑ , i jM N，∀ ∈ ∈ . Each M2M gateway chooses a network-channel 

selection strategy according to its probability vector (0)ip ; 
2. At every time instant 0t > , each M2M gateway chooses an action ( )iR t  according to its action 

probability vector ( )i tp 2. 
Note that all the M2M gateways have the same reaction, which can be easily broadcasted by the 
base stations; 

3. Each M2M gateway obtains a reaction ( )iU tα  from the base station; 
4. Each M2M gateway updates its action probability through the rule in (28), where 0 1sζ< <  is a 

step size parameter 

( 1) ( ) ( ) ( ), ( )
( 1) ( ) ( )(1 ( )), ( )

1, , ; 0, ,

j j s j j
ik ik i ik ik i
j j s j j

ik ik i ik ik i

p t p t t p t R R t
p t p t t p t R R t

i M j N

ζ
ζ

 + = − ≠


+ = + − =
= =

γ
γ





 

                          (28) 

5. If i M∀ ∈ , there exists a component of ( )i tp   which is close to 1, selected as 0.99, then 
6.      The algorithm stops. 
7. Else 
8.       Back to step 2 
9. End if 

At each instant, the required information of each M2M gateway is the normalized utility 
after each play and its current action. It does not need to know any prior information of the 
network. M2M gateways only compute the probabilities (real numbers) of their actions and the 
base stations just compute the normalized common utilities. So the complexity of proposed 
DNCSALA is significantly reduced. 

Since G  is a game with common utility, according to the theorem 4.1 in [25], DNCSALA 
algorithm converges to a pure strategy NE of G  if sζ  is sufficiently small. When multiple 
pure strategy NEs exist, we can run DNCSALA several times and choose the strategy profile 
with the highest utility. 

In conventional learning automata, the step size sζ  is a predetermined constant and has 
great impact on the convergence speed. Normally, the larger sζ  is, the faster DNCSALA will 
converge. In this paper, we design an adaptive step size mechanism to increase the speed of 
convergence. 

Specifically, we define the time-varying step size as 

1 1

2 1 2

1

, 0
,
,
,

s

s
s

s
m m

t T
T t T

t T

ζ
ζ

ζ

ζ −

 ≤ ≤
 < ≤= 

 >

 
                                                       (29) 

2 Each M2M gateway generates a random number between 0 and 1, and selects an action if the random number 
locates within the selected range of the action which is determined by its action probability vector. 
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where 1 2 1mT T T −< < <  are ordered positive integers, mT  is defined as positive infinity, 
1 2 1s s s

mζ ζ ζ< < < <  denote the ordered step size values, m  is a finite positive integer. 
We note that this adaptive step size mechanism does not affect our theoretical results, and 

adaptive step size mechanism is very useful in practice as it can adaptively control the speed of 
convergence of DNCSALA under a desired level. 

5. Simulation Results and Performance Analysis 
In this section, the performance of both IANCSS and DNCSALA is evaluated. Group control is 
one of the M2M features and the group division is based on location and function. Hence, it is 
reasonable to assume that an M2M gateway sends a single type of traffic. In simulations, we 
assume that there are two kinds of gateways: flexible gateway and rigid gateway. The flexible 
gateway and the rigid gateway only support flexible traffic and rigid traffic, respectively. The 
parameters of the system are set as follows. 

Assuming that gateways are randomly set in a rectangular area with the coordinates of four 
vertexes (-100m,100m), (100m,100m), (-100m,-100m) and (100m,-100m). The number of 
heterogeneous access networks N  is set to 3, and the base stations of these networks are 
located at coordinates (-90m,0m), (0m,0m) and (90m,0m), respectively. The number of 
channels provided by each network jK  is set to 2, {1,2,3}j∀ ∈ . The normalized bandwidth of 
each channel is set as {0.5,0.9,0.5,0.8,1,0.6}. Let j

kS =3, {1,2,3}j∀ ∈  and {1,2}k∈ , the pass 
loss factor 4ϒ = , and 10β = . We assume that all M2M gateways have the same transmitted 
power P , and the average signal-to-noise 2/SNR P σ= . According to the definition of 
gateways' strategy space, we know that the network-channel selection strategy space of the 
i th M2M gateway iR  is equal to 1 1 2 2 3 3

1 2 1 2 1 2{0, , , , , , }CH CH CH CH CH CH . Throughout this 
section, the performance evaluation is carried out by using MATLAB simulator, and the 
simulation results in all figures are averaged, via up to 10, 000 independent runs (Monte-Carlo 
simulation). 
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Fig. 3. Convergence speed of IANCSS under different numbers of gateways when 5SNR = dB. 

Firstly, the convergence of our proposed IANCSS algorithm is evaluated. The convergence 
speed of IANCSS under different numbers of gateways is plotted in Fig. 3, where 5SNR = dB. 
Since the convergence speed of IANCSS is mainly related to initial state and utility function, 
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we assume that all gateways are flexible ones for simplicity. The conclusions can be easily 
extent to other situations. It can be known from Fig. 3 that the convergence speed is very fast 
( no more than 3 iterations when the number of M2M gateways is small ). Furthermore, we 
find that the number of M2M gateways has little effect on the convergence speed. 
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Fig. 4. Evolution of the choice probabilities of the actions (i.e. mixed strategy) of the 4th rigid gateway 

when 5SNR = dB. 

Fig. 4 shows the evolution of the choice probabilities of the M2M gateway's actions 
(i.e.mixed strategy for DNCSALA ) with the step size 0.1sζ = , 0.2sζ = , 0.3sζ =  and 
adaptive step size, where 5SNR = dB, the number of flexible gateways fM  is set to 4, and the 
number of rigid gateways rM  is set to 4. The normalized required bandwidth of 4 rigid 
gateways reqb  is {0.5,0.6,0.7,0.7} . We let 1 0.1sζ = , 2 0.2sζ = , 3 0.3sζ = , 1 40T = , 2 90T =  
for adaptive step size mechanism. It can be seen from Fig. 4 that DNCSALA has a good 
convergence. When 0.1sζ = , the 4th M2M gateway's strategy converges to the 1

2CH  ( 1
42 1p = ) 

after about 300 iterations. When 0.2sζ = , the 4th M2M gateway's strategy converges to the 
1
2CH  after about 100 iterations. When 0.3sζ = , the 4th gateway's strategy converges to the 
1
1CH  after about 80 iterations because of the existence of multiple NEs. When the adaptive 

step size mechanism is adopted, the 4th gateway's strategy converges to the 1
2CH  after about 

90 iterations. From these results we know that the convergence speed is fast when sζ  is lager 
and the number of the M2M gateways' strategies is small. Furthermore, DNCSALA may 
converge to different NEs with the different step sizes sζ  even for the same channel 
realization. 
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Fig. 5. Comparison of performance with the different algorithms when 8M = . 

 

Fig. 5 presents the comparison of the sum utility for different algorithms, where 4fM = , 
4rM =  and {0.5,0.6,0.7,0.7}reqb = . “scheme in [12]” denotes the scheme proposed in [12], 

in which each gateway selects channel to maximize its throughput and to balance the load of 
network. “Random selection” scheme means that each M2M gateway selects a channel to 
access randomly. From Fig. 5, due to using globe information, the performance of IANCSS is 
most close to that of exhaustive search, and is better than that of DNCSALA. Compared to 
“scheme in [12]”, our proposed two algorithms have better performance of the sum utility due 
to the gain obtained by selecting channels according to the characteristics of M2M traffic. 
While the “scheme in [12]” only considers to maximize network throughput. Also, we can find 
that the performance gap between the proposed two algorithms and “scheme in [12]” increases 
as the SNR increasing. Furthermore, without using any information, the performance of 
“random selection” is worst. 

We can also see from Fig. 5 that the performance of DNCSALA algorithm decreases as sζ  
increasing, since multiple NEs exist in most situations and it is very likely for DNCSALA to 
miss the optimal (or near-optimal) NE when sζ  is large. For DNCSALA, we can expect that 
the larger the value of sζ  is, the worse the system performance will become. If the value of 

sζ  is adequately small, the performance can be improved further, but operation complexity 
grows. Meanwhile, it can been found that the proposed adaptive step size mechanism can 
strike a good balance between performance and convergence speed. 
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Fig. 6. The sum utility against the number of gateways with different algorithms . 

Fig. 6 shows the effect of the number of gateways on the sum utility among different 
algorithms, where, for a given number of gateways, half of these gateways is flexible gateway, 
and the rest is the rigid gateway. The normalized required bandwidth of flexible gateways is 
randomly set between 0 and 1. It can be seen from Fig. 6 that raising the number of gateways 
has positive effect on the sum utility when the number of gateway is small. The sum utility 
decreases if the number of gateways is larger than the saturation point (the saturation point is 
8). Due to punishment for the unfeasible solution, the sum utility decreases to zero when the 
number of gateways exceeds 18 which is the maximum serve capability of the networks. In 
addition, our proposed two algorithms outperform the “scheme in [12]” and “Random 
selection” for all number of gateways and different SNR. 
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Fig. 7. Comparison of performance with different M2M gateway proportions when 5SNR = dB. 

In Fig. 7, we illustrate the impact of M2M gateway proportions on the sum utility of 
different algorithms, where 5SNR = dB, F-GW and R-GW denote flexible gateway and rigid 
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gateway, respectively. When there are 4 rigid gateways, the normalized required bandwidth of 
4 flexible gateways is set to {0.5,0.6,0.7,0.7} . When there are 8 rigid gateways, the 
normalized required bandwidth of all flexible gateways is set to {0.5,0.6,0.7,0.7,0.5,0.6,  
0.7,0.7} . According to (1) and (2), the satisfaction degree of the rigid gateway reduces quickly 
when the allocated bandwidth is less than the required bandwidth. For flexible gateway, 
satisfaction degree increases with allocated bandwidth raising. Therefore, the larger the 
proportion of flexible gateway will lead to higher utility. Furthermore, it can be obtained from 
Fig. 7 that the sum utility of the “scheme in [12]” keeps fixed for different M2M gateway 
proportions due to the lack of considering the characteristics of different M2M traffic during 
the process of network-channel selection. 
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Fig. 8. Comparison of load-balance-index with different algorithm when 8M = . 

Fig. 8 plots the utility of heterogeneous wireless resources for different algorithms, where 
4fM = , 4rM =  and the normalized required bandwidth of 4 flexible gateways 
{0.5,0.6,0.7,0.7}reqb = . Load-balance-index L  is the reciprocal of the variance of the 

number of M2M gateways in each channel and can be calculated by (6). When the number of 
M2M gateways in each channel is more close to the mean value n , the load-balance degree L  
is great. Therefore, L  can be used to describe the performance of load balance, i.e., utilization 
of resources. Due to adopt our designed price mechanism of channels, IANCSS, DNCSALA 
and exhaustive search can achieve the almost same load balance, and are better than “scheme 
in [12]”, the performance of random select algorithm is worst, which proves that the price 
mechanism of channel is an efficient way to make gateways selecting different channels and to 
achieve better load balance. Furthermore, It can be found from Fig. 8 that the SNR  has little 
impact on L . 

From Fig. 3 to Fig. 8, it can be known that the performance of IANCSS is most close to that 
of exhaustive search, and the convergence speed of IANCSS is very fast. However, IANCSS 
needs global information of network and is difficult to realize. By comparison with IANCSS, 
DNCSALA is a distributed algorithm with limited feedback, and doesn't need the global 
information. In addition, we can adjust the value of the step size parameter or use adaptive step 
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size mechanism to obtain a tradeoff between the performance and the convergence speed. In 
summary, DNCSALA is more flexible and practical in contrast with IANCSS. 

6. Conclusion 
In this paper, a game-theoretic method is adopted to solve the problem of M2M gateways' 
FNA in heterogeneous wireless networks. We prove that the FNA game is a potential game 
which exists at least one pure strategy NE, and the sufficient condition for the feasibility of the 
pure strategy NE is also provided. A iteration algorithm (IANCSS) and a distributed learning 
algorithm (DNCSALA) are proposed to obtain the pure strategy NE of the proposed game. 
Simulation results show that although IANCSS has a good performance and the convergence 
speed of it is very fast, DNCSALA is more practical related to the IANCSS. Compared to the 
exhaustive search, the proposed two algorithms can achieve a near optimal sum utility of 
whole network. These two algorithms can also substantially improve the utility of whole 
network and achieve better load balance under the constraints on network resources compared 
to the “scheme in [12]” and the “random selection” scheme. 
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