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Abstract. Wireless mesh networks (WMNs) are widely used to expand
the current wireless network coverage. In this paper, we present a
hypergraph-based channel selection method to allocate channels, which
can be used to alleviate the accumulative interference from multiple weak
interfering links in WMNs. Firstly, we build the ternary interference
hypergraph model for all links in a WMN. Then we present a interfer-
ence mitigating hypergraph game to solve the distributed channel selec-
tion problem. It is proved that the proposed game is an exact potential
game with at least one Nash equilibrium (NE). Finally, a best reply (BR)
based channel selection algorithm for the interference mitigating hyper-
graph game is presented to obtain NEs. Simulation results show that the
presented channel selection method with hypergraph model has a lower
global accumulate protocol interference than the existing method with
binary graph model.
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1 Introduction

Wireless mesh networks (WMNs) are widely used to expand the current wireless
network coverage, which consist of mesh routers and mesh clients [1]. The inter-
ference caused by multiple links simultaneous transmitting is one of the major
reasons of the capacity reduction in WMNs [2]. When multiple neighboring wire-
less links occupy a same channel to transmit, they would cause serious mutual
interference and cannot transmit data simultaneously. The link-layer binary con-
flict graph is often utilized to model the interference between the logical links in
WDMNSs [3,4]. In a link-layer binary conflict graph, vertices are the logical links.
And the edge between two vertices reflects the interfere relationship between
these two corresponding links who cannot transmit information at the same
time.
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However, it is clear that several weak interfering links of a certain link may
cause strong interference together to that link [5]. When the cumulative inter-
ference power exceeds a threshold, it can produce bad influence on quality of
service (QoS) of that certain link. The binary edge of the traditional conflict
graph ignores the accumulative effect of multiple weak interfering links in above
case. Hence, there is need to consider the influence of cumulative interference
from multiple sources to the links. Hypergraph model is an appropriate math-
ematics tool to analyze the effect of accumulative interference. Some existing
works studied the resource allocation of wireless networks based on hypergraph
model [5-8]. The same problem also exists in WMNs. However, there is no exist-
ing work studying the hypergraph based multi-channel selection in WMNs.

In this paper, we present a hypergraph-based channel selection method to
mitigate interference in WMNs. Firstly, we construct the ternary interference
hypergraph according the interferer identification of each link in the mesh net-
work. Then a interference mitigating hypergraph game is proposed to allocate
channel distributedly. The proposed game is proved to be an exact potential
game with at least one pure strategy Nash equilibrium (NE). Finally, a best
reply (BR) algorithm for the interference mitigating hypergraph game is pre-
sented to achieve NEs. It can be found from simulation results that the presented
hypergraph-based channel selection method has a lower global interference in
contrast with the traditional binary conflict graph method.

2 System Model and Problem Formulation

The model of a multi-channel wireless mesh network is considered with N sta-
tionary mesh routers. These mesh routers are denoted by N = {1,2,...,N}. In
this paper the expression of nodes and mesh routers are utilized interchange-
ably. It is assumed that C' orthogonal frequency channels, C = {1,2,...,C}, are
dedicated to the information transmission of the mesh network.

It is assumed that all node transmit information with a same transmission
power Py,.. For an available link (m,n), the received power at the receiver of link
(m, n) should exceed a certain power threshold 74, thus we have P.d(n,m)* >
Ytr. Here d(n,m) is the range of node n and node m, « is the fade loss factor.

The maximal communication range can be denoted as Dy, = {/ ’ytrPtjl. Then
the networks logical topology can be predetermined. We assume that each link
is symmetric and the set of all mesh links is denoted by £ (There are L links in
L). In this work, we focus on the problem of channel allocation and interference
mitigation without considering the interface constraints.

2.1 Binary Conflict Graph

The interference threshold of the received power of each node is denoted by Vi,
and the interference range is D;,; = \"/’ytht;l, Dy < Dint. Then a binary
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Fig. 1. Illustration of hypergraph interference model.

variable I(p, ) can be used to represent the interference relationship of two
links p = (m,n) and o = (m',n') (p,0 € £, p # 0),

17 Ptrd(p7 Q)a 2 Yint
I = S 1
(p’ Q) { 07 Ptrd(p7 Q)a < Yint, ( )

where d(p,0) = min(d(m,m’),d(n,m’),d(m,n’),d(n,n')) is the distance
between links p and . It is clear that I(p, o) = I(g, p). The set of binary mutual
interfering links of p is ¢, = {0 : I(p, 0) = 1}.

A binary conflict graph G(L£,Z) can be used to model interference in the mesh
network, where each vertex | € £ corresponds to link [ and each edge I(l,l') € Z
corresponds to the binary interference link relationship of links I and I’. Because
the binary interference link relationship is symmetric, the binary conflict graph
G(L,7) is also symmetric.

2.2 Hypergraph Interference Model

The binary conflict graph can only models the strong interference relationship
between two links and does not consider the accumulative effect of the power
from multiple weak interfering sources which may constitute a strong interferer.
To capture the influence of accumulative interference, the definition of hyper-
graph is given as follows.

Definition 1. Hypergraph I' = (£,€ = (e;)ica), which is on a finite set £ (A
is a finite set of indexes), is a group (e);ca of subsets of L. Here (e)ica is a
hyperedge of hypergraph I'.

According to above the definition, it can be found that hyperedge can com-
prise a subset of vertex set £ with multiple vertices. As shown in the Fig. 1, in
the given hypergraph there are 6 vertices, 4 two-verticed edge and 2 hyperedges,
ie., (3,1,6) and (3,5,6). Similar to [5], random hypergraph is constructed with
the maximum cardinality of hyperedges ) = 3 in this work. It can be found
from existing works [6-8] that Q = 3 can reach a tradeoff between computation
complexity and network performance in most wireless networks.
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In the mesh network, when the cumulative interferences from multiple weak
interfering links (p, 0) to a certain link 7 = (m,n) is above a threshold, it can
cause a conflict to the link 7 = (m,n), i.e., (7, p, 0) form a hyperedge (7 # p # o).

Then a ternary variable H (T, p, o) can be used to represent the interference
relationship of two links the hyperedge (7, p, 0),

1; Ptrcz(mv p)a + Ptrd(mv Q)a 2 ’yz/nt or
H(rp,0) = Pud(n,p)® + Pud(n, 0)* = 7y, (2)
0, else,
where d(m, p) is the minimum range between node m and the nodes in link p
and 7/, is the cumulative interference threshold. It is clear that the hyperedge
interference link relationships and the hypergraph are asymmetric, i.e., there
may be H(7,p,0) # H(p,T,0). The set of interfering hyperedges of 7 is ¥, =
{(7,p,0) : H(7,p,0) = 1}. The set of hyperedge interfered links of p is £2, = {7 :

H(r,p,0) = 1}.

2.3 Problem Formulation

For the link 7, its channel strategy is denoted as a, € C. Then the accumulate
protocol interference of link 7 is expressed as:

To(ara—s)= Y 8(rp)+ Y 81,1 0), 3)

PEPT (1,p,0)€¥~

where (7, p) is the indicator function as follows:

1, ar=a
o ={y v @)

The global accumulate protocol interference level of the mesh network can

be written as :
Y((J,) = ZTT(aT7a*‘F)? (5)
TEL

where @ = {a;}rc, the channel selection profile of the network. The multi-
channel allocation in the mesh network is formulated as the following optimiza-
tion problem
main Y(a). (6)
It is clear that the above non-linear programming problem is NP-hard [9].
It cannot achieve the optimal solution by the traditional convex optimization
algorithms, like gradient descent algorithm.
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3 Interference Mitigating Hypergraph Game

3.1 Game Model

To solve (6), any direct search method would incur super high complexities.
Considering the distributive and autonomous decision making of the router pairs
of links, we propose an interference mitigating hypergraph game approach for
wireless mesh network multi-channel allocation.

The game is denoted as G = {L, A, I', {ur }rer}, where £ is link player set,
A is the nodes strategy space, I' is the hypergraph topology of the network, w.,
is the utility of link 7. The utility function is defined as follows:

ur(ar,a—r) = —{Tr(ar,a_7) + pE@;JQT Tp(ap, a—p)}- (7)

Each player’s objective is to maximize its utility as follows:

Joax ur(ar,a_r), 7€ L. (8)

3.2 Analysis of NE

Nash equilibrium (NE) is a kind of stable solution being widely used in game
models.

Definition 2. An action selection profile a* is a pure strategy NE if and only
if no player can improve its utility by deviating unilaterally, i.e.,

UT(aT*7a‘—T*) > uT(aT7a—T*)7VT € L,Va, € Aa-,—va’T* # ar. (9)

Theorem 1. The presented interference mitigating hypergraph game G is an
exact potential game [10]. The optimal channel allocation strategy, which can
achieve the global network hypergraph interference minimization, is a pure strat-
egy NE of the game at least.

Proof. The potential function can be constructed as follows:
pla)=-Y(a) =~ ¥ Tr(ar,a.). (10)
TeL

It is shown that the potential function is equal to the negative value of the global
interference level. Then we analyze the changes of the potential function after an
arbitrary player 7 unilaterally changes its action selection from a, to d,, which
is given by

lel lel (11)

+ 2. {-Ti(a) + Ti(a))}.

leL/{rud U}
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where @ is obtained from a by replacing 7’s action from a, to d@,. It can be
concluded that the action of link 7 cannot influence the accumulate protocol
interference of each link [ € L/{r U®, U 2.}, i.e.,

Ty(a) = Ty(a)),Vl € £L/{r UD, U2, }. (12)

Thus, when link 7 takes an action unilaterally, the varying value of the poten-
tial function is the same as the varying value of the utility function given in (7),
ie.,

p(a) — p(a) = u(dr,a—7) — ur(ar,a_r). (13)

Therefore, based on the definition of the potential game, it is obvious that G
is a potential game. Theorem 1 to prove based on these properties.

Algorithm 1. Best reply (BR) based channel selection algorithm

Step 1: Initially, each link randomly selects a channel. The initial channel selec-
tion profile is a[0], a;[0] € C, VI € L.

Step 2: At iteration ¢, randomly select a link [, and find the best reply of link
! and update the channel selection profile:

ait + 1] = arg max{w(a;,a_[t])},a; C C,

apt + 1) = ap[t],l' # 1. (14)

Step 3: If t exceeds the predetermined maximum iteration number, stop; oth-
erwise go to Step 2.

3.3 Best Reply Based Channel Selection Algorithm

According to Theorem 1, it is cleat that when a link improves it utility (7)
unilaterally, the value of the potential function will also be improved and the
global interference level will be decreased. Thus, best reply (BR) algorithm can
be applied to achieve NE of the interference mitigating hypergraph game G
as shown in Algorithm 1, which is a very effective negotiation mechanism in
the distributed selection problem. The proposed BR based channel selection
algorithm converges to a pure strategy NE of the game G in finite steps [11].

4 Simulation Result

In the following simulation study, the size of the network field is 40 m x 80 m
and there are 19 routers randomly located in the area, as shown in Fig. 2. The
communication range is uniformly set as Dy, = 10m, and the interference range
is uniformly set as D;,; = 20m. The path fade loss is « = —2 and the transmis-
sion power is P, = 40mW. We set a same interference threshold for both the
direct strong interference and the cumulative interference, i.e., Vint = Vip;-
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The convergence curve of Algorithm 1 is shown in Fig.3 (with 5 available
channels C' = 5). It can be found that Algorithm 1 need about 60 iterations to
achieve the convergence.

We analyze the performance of the global accumulate protocol interference
level with proposed hypergraph-based channel selection method and traditional
binary conflict graph-based method. Here, we change the number of available
channels, i.e., C' = 3,4,5,6,7. It is shown from Fig.4 that the global accumu-
late protocol interference achieved by the proposed hypergraph-based method
is much smaller than the traditional graph-based method. From the figure, we
can also find that the global accumulate protocol interference decreases with the
increase of the number of available channels.
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Fig. 2. The topology of the mesh network.
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Fig. 3. The convergence curve of Algorithm 1.
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Fig.4. The global accumulate protocol interference when varying the number of
channels.

5 Conclusion

In this paper, we focused on the problem of distributed multichannel allocation in
WDMNs. We presented a hypergraph-based channel selection method to allocate
channels in WMNSs. Firstly, we constructed the ternary interference hypergraph
for each link. Then we presented a interference mitigating hypergraph game to
solve the channel selection problem distributedly. It was proved that the pro-
posed game is an exact potential game with one NE at least. Finally, a best
reply (BR) based channel selection algorithm for the interference mitigating
hypergraph game was presented to achieve NEs. It could be found from sim-
ulation results that the presented hypergraph-based channel selection method
could achieve lower global accumulate protocol interference performance than
the method with traditional graph. Next, we will study channel and interface
joint allocation problems with the interference hypergraph model in WMNss.
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