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Abstract

Joint channel assignment and routing is a well-known problem in multi-radio wireless mesh
networks for which optimal configurations is required to optimize the overall throughput and
fairness. However, other objectives need to be considered in order to provide a high quality
service to network users when it deployed with high traffic dynamic. In this paper, we propose a
re-configuration optimization model that optimizes the network throughput in addition to
reducing the disruption to the mesh clients’ traffic due to the re-configuration process. In this
multi-objective optimization model, four objective functions are proposed to be minimized
namely maximum link-channel utilization, network average contention, channel re-assignment
cost, and re-routing cost. The latter two objectives focus on reducing the re-configuration
overhead. This is to reduce the amount of disrupted traffic due to the channel switching and path
re-routing resulted from applying the new configuration. In order to adapt to traffic dynamics in
the network which might be caused by many factors i.e. users’ mobility, a centralized heuristic
re-configuration algorithm called State-Aware Joint Routing and Channel Assignment (SA-
JRCA) is proposed in this research based on our re-configuration model. The proposed algorithm
re-assigns channels to radios and re-configures flows’ routes with aim of achieving a tradeoff
between maximizing the network throughput and minimizing the re-configuration overhead. The
ns-2 simulator is used as simulation tool and various metrics are evaluated. These metrics
include channel-link utilization, channel re-assignment cost, re-routing cost, throughput, and
delay. Simulation results show the good performance of SA-JRCA in term of packet delivery
ratio, aggregated throughput and re-configuration overhead. It also shows higher stability to the
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traffic variation in comparison with other compared algorithms which suffer from performance
degradation when high traffic dynamics is applied.

Keywords: Multi-Radio Wireless Mesh Networks, State-Aware Re-configuration, Joint
Channel Assignment and Routing

1. Introduction

Wireless mesh network (WMN) is one of the key technologies, which will dominate wireless
networking in this decade [1]. It helps to realize the network connectivity anywhere, anytime
with simplicity and low cost. The wireless mesh network is predicted to be one of the key
components in the converged networks of the future, providing flexible high bandwidth wireless
backhaul over large geographical areas. Wireless mesh networks consist of two kinds of network
elements, namely, mesh routers (MRs) and mesh clients (MCs). Mesh routers form the backbone
of the network and connected with each other through the backhaul links. On the other hand,
mesh clients are the network users that generate traffic in the network. When more mesh clients
are connected to wireless mesh network, there is a requirement to improve the transport capacity
of the backbone. In this purpose, the Multi-Radio multi-Channel architecture is introduced to
wireless mesh networks based on IEEE 802.11 technology (see Fig. 1). In such a case, mesh
routers can exploit the availability of multiple radios to simultaneously transmit and/or receive
on several orthogonal frequency channels i.e. 12 channels in 802.11a and 3 channels in 802.11b.
This architecture increases the throughput by reducing the interference on backhaul links.
Channel assignment (CA) [2-5] in a multi-radio WMN environment consists of assigning
channels to the radio interfaces in order to achieve efficient channel utilization and minimize
interference. However, channel assignment and routing configuration are interdependent issues
and both influence the network performance. This is since channel assignment and routing
determine the contention and interference level over the backhaul wireless link. Therefore,
finding the joint configuration of both is considered as main challenges in multi-radio WMN
(MR-WMN) and several joint solutions for channel assignment and routing were proposed and
evaluated in the literature [6-16]. Some other issues is also been studied in the literature to
improve the performance of multi-hop wireless networks such as developing routing metrics
[17-19] , multi-channel MAC protocols [20], power and topology control [21-23].

In this paper, we propose a multi-objective optimization model for joint channel and routes re-
configuration in MR-WMNSs. In comparison with existing models that only optimize the network
throughput and fairness based on user’s demands distribution, our model accounts the re-
configuration overhead when channel and routes re-configured due to user’s traffic dynamics in
the network. In particular, the proposed model find the configuration that optimally distribute the
backhaul traffic load over links and channels to reduce the contention/interference level over
backhaul links in conjunction with reducing the overhead imposed by applying this new
configuration. This model will significantly minimize the service disruption occurs with existing
joint approaches applied in scenarios with high traffic dynamics.
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The contributions of this paper threefold. First, we propose a multi-objective re-configuration
model with four objective functions to configure channels and routes in MR-WMNSs; moreover
the proposed model is the first model to consider the re-configuration problem for joint channel
assignment and routing. Second, we propose a centralized greedy heuristic algorithm to solve the
joint re-configuration model. This is since the re-configuration model includes channel
assignment which is proven to be an NP-hard problem [6]. Third, the performance of the
proposed algorithm is evaluated and results shows good performance under different degree of
traffic dynamics.

The rest of the paper is organized as follows. Section 2 provides an overview of related
research. The re-configuration problem and the mathematical formulation of the problem is
presented in Section 3. Section 4 introduces the proposed re-configuration algorithm, called SA-
JRCA (State-aware Joint Routing and Channel Assignment), to solve the reconfiguration model.
Section 5 presents the performance metrics and the simulation results. Finally, Section 6
concludes the paper.

Wired link —— — Backhaul wireless Link 5 Multi-radio mesh router
........... Access wireless link & Mesh client
Fig. 1. Multi-radio multi-channel wireless mesh networks architecture.

2. Related Work

__The channel assignment approaches in MR-WMNSs are surveyed in many works in the
literature such as [24-28] and the joint approaches of channel assignment and routing are
surveyed in [29-31]. The joint configuration of channels and routes in MR-MC WMNs in the
literature such as [6, 13] are mainly based on centralized load-aware solutions where
configuration of routes and channels are obtained for a given distribution of traffic load demands
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across the network. The heuristic algorithm proposed in [6] iterates over channel assignment and
routing steps to optimize the network cross-section good-put. This is obtained by matching the
links’ expected loads to the links’ virtual capacities. A mathematical formulation of the problem
as Mixed-Integer Linear Programming (MILP) is presented in [7]. Maximizing the difference
between the effective capacities and the traffic loads on links reduces the contention. The MILP
can be solved for small-scale networks using commercial software such as CPLEX [32].
However, to solve real-world large-scale networks an Iterated Local Search (ILS) algorithm is
proposed [32]. The binary routing variable in MILP is relaxed to simplify the computational cost.
Then based on the obtained values of the routing parameters routes between source-destination
pairs are found.

Further improvement to the ILS algorithm is proposed by [9] to overcome the capacity issues
of the single channel assumption in the initial stage. In same context, [33] extends the work of [6]
to support directional antenna. Work in [8] optimizes the network performance by adjusting the
link’s transmission rates and by integrating link’s transmission rates as a part of the joint
configuration problem. A greedy heuristic algorithm with layer-2.5 forwarding paradigm to
forward the Internet traffic is also proposed. The forwarding scheme does not maintain routing
tables; instead, a static flow rate is assigned to each links that forms the basis of forwarding
criterion and updating the link cost information locally. A Markov chain model is developed to
evaluate and determine the optimum value of different parameters. In [34], the problem is
decomposed into a number of sub-problems equal to the number of mesh routers and each sub-
problem has an ILP formulation with objective function similar to [7] and with local constraints.
The nodes are grouped into subsets defined as network crew and visited based on some ranking
function. Branch-and-cut method is used to solve each sub problem. A new metric based on
contention on links, routes length and interference is used to select the best solution over all
network crew and ranking.

A genetic algorithm is developed in [11] to find an optimal configuration of channels and
routes in the planning stage. The algorithm involves solving a linear program model of multi-
channel routing as a fitness function. The linear programming optimization function is
maximizing network capacity and total traffic from/to the Internet. In [35], the configuration
problem for dynamic TCP flows is formulated as Mixed-Integer Nonlinear Program with the
objective of maximizing the proportional fairness. The number of re-assigned channels is
constrained in the formulation and a greedy heuristic routing and channel assignment algorithms
proposed with flow rate allocation. The work also is extended to consider link transmission rate
allocation [36]. In [12], an oblivious routing is used to find routes that optimize the worst-case
network performance over a set of possible traffic demands. The proposed solution starts by
dividing the time intervals into time slots with each configuration bearing separate time intervals.
The traffic demands are characterized at time slots as a convex region in n-dimensional space,
where n represents the number of mesh routers. The traffic profile is partitioned into a
predefined number of slots with the objective of minimizing the convex hull volume over all
partitions using hill-climbing algorithm. The nonlinear programing problem is transformed to
linear programming problem by finding the dual formulation of the slave LP problem of the
original problem. Using LP solver to solve the routing problem flow-link-channel variable is
determined. This is followed by channel assignment step.
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In addition, there are also some research papers [10, 34, 35, 36, 38] aiming to solving the
problem with Link scheduling in the field of wireless mesh networks. This is with the
assumption that synchronous coordination is supported at link levels. These works can be
classified based on their channel assignment types to static channel assignment as in [13, 37, 38]
or dynamic channel assignment as in [39-41]. Firstly, in static channel assignments channels are
allocated to radios and links for relatively long period of time. In [13] the joint channel
assignment, routing and scheduling problem is formulated as ILP and then it relaxed to LP with
objective of maximizing the achievable scaling factor of demands. The traffic demand obtained
from solving the LP is then scaled down to ensure feasible link scheduling. In [37], the problem
also formulated as LP problem and is solved in two steps where additional constraints are added
to the problem based on the solution obtained from the first step. In [38], the link load is first
estimated by distributing the new load of each flow on all available predefined paths based on
hop count. A heuristic algorithm is proposed for handling the channel assignment problem. Then
a greedy heuristic algorithm schedules the link to time slots for meeting the expected load on
each link. Thus, flow allocation is computed for determining the amount of traffic to be routed
on each path with the objective of maximizing the amount of traffic routed for each flow.
Secondly, dynamic channel assignment works assume that radio interfaces are capable of
switching their channel in a small time compared with the time slots. Thus, wireless links can
operate on different channels at different time slots. Due to the fast development of the hardware
technology, neglected channel switching delay will be achieved in the near future [42]. However,
with the current hardware channel switching still produce considerable overhead and delay [43].

Recently, there are also some exploration literatures [35, 36, 38, 43-46] for
re-configuration problem in MR-WMN. A heuristic algorithm proposed in [43] to deal with the
channel re-assignment problem. The algorithm starts from the previous channel assignment and
find the new one with bounding the number of re-assigned channel to a predefined parameter.
The work extended in [41] with improvement in the link priorities and by integrating the link
transmission rate control. In similar way, [35] also constrains the total number of re-assignments.
In [45] the previously assigned channels are tested first on links and then reassigned if this
assignment reduces the interference level and does not violate the radio-node constraints. In [47],
the migration from one channel configuration to the new one is modeled as an assignment
problem and the migration that reduces the number of links that require channel switching is
selected. In [38], the channel switching overhead is considered in calculating the expected
throughput for each channel and the channel with the highest expected throughput is assigned to
the link. Channel switching problem in cognitive network is studied in [48]. However, the
problem considered here is slightly different than the previous one, where the optimization
objective is to reduce the frequency distance between the current and the successive channels, as
secondary users might be forced to switch their channels to avoid interference with primary
users’ activities. In [49], flow re-routing problem is studied and a three-step heuristic algorithm
is presented. The number of re-routed flows is restricted to a predefined threshold. The routes
are obtained using Dijkstra algorithm with a cost metric is calculated for each link and penalty
constants are multiplied with that cost if the link was inactive links in the old configuration.

In summary, the majority of proposed solutions in literature have considered the configuration
for either planning stage or by considering stable distribution over long period of time. This may
not be the case for real life scenarios, where the traffic is characterized to be highly dynamic due
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to user mobility. Therefore, an efficient algorithm is needed to adapt the variation in the traffic
load. Although, some of the papers have considered re-configuration problem to accommodate
the traffic dynamics for either channel assignment or routing, considering the advantage of the
joint configuration of routes and channels is not well studied in the literature. Thus, this paper
introduces a re-configuration model in 802.11-based MR-WMNs that jointly solve these two
inter-dependent configurations and has good adaptability to the traffic dynamics.

3. Problem formulation

3.1 Re-configuration problem description

The re-configuration process results in channel switching in several wireless links and radios.
According to [50], the delay involved in channel switching is approximately 80 microseconds.
According to [51], the switching delay in 802.11a is around 328 microseconds, which is equal to
the time of transmission of 1024 byte in a rate of 25 Mbps using the same technology.
Furthermore, Li et al. [52] show that this latency can rise, up to scale of seconds due to the effect
of upper layer protocols. The authors in [53] presented an experimental study on the interruption
associated with channel switching, which is in order of 10 seconds with the use of OLSR
protocol due to fast link failure update in channel switching. Thus, the authors have
recommended a modification to the existing routing protocol, which can reduce the overhead
associated with channel switching. This can be concluded as, synchronization issues can still
cause channel-switching overhead even with centralized routing paradigm that involves no link
status update. This is due to the inability of radios on a link to achieve perfectly the same
switching time and links might goes down for a period of time. Similar to channel re-assignment,
re-routing can results in a higher packet drop and traffic disruption to active traffic flows, where
some of on-the-fly packets cannot find the routes to their destinations. The previous works have
avoided this problem by maintaining a fully connected topology with a number of predefined
paths between senders and receivers [38, 47] or by using source routing scheme as in [38, 44,
47]. A fully connected network topology requires allocating channels to all logical links. This
can affect the channel diversity where several adjacent links will be forced to assign same
channel to maintain radio-node constraint. Therefore, the developed model must also control the
re-routing overhead that can cause intolerant disruption especially for real-time multimedia
applications.

3.2 network model

We consider MR-WMN based on 802.11 technology as an access network. MR-WMN consists
of stationary mesh routers that aggregate traffic from mobile mesh clients within their coverage
areas. These mesh routers form a wireless backbone is used to forward the Internet traffic
to/from the mesh clients to gateways in multi-hop fashion. Gateway is a mesh router with a
wired link to the wired network. Multiple radios are installed at mesh routers where each one can
be tuned to operate on one of non-overlapped channels (3 non-overlapped channels in 802.11b
and 12 non-overlapped channels in 802.11a). Wireless links between mesh routers and clients
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are assumed to have no interference with backhaul links. A single gateway scenario is
considered here.

The backbone of the network is modeled as directed graph G (V, E) with V nodes and E logical
links. The VV denotes the set of all mesh routers and E denotes the set of backhaul links between
these routers. A logical link exists for a pair of mesh routers if both are in the transmission range
of each other. The logical links are presented by edges in G(V,E) while the routers are
presented by the nodes. C denotes the set of the orthogonal channels. Let f € FL presents a
downward traffic flow directed from the gateway node to a mesh router (sink node) and let ®(f)
presents the traffic load (data rate) for flow f € FL. ®(f) can be abtained at the gateway node.
A single path is assigned to each flow to avoid the out-of-order problem. Thus, only inbound
Internet traffic is accounted since it is the dominated traffic load of Internet users’ traffic.
Interference modeled as two-range model [54], each radio interface has two ranges (transmission
and interference ranges) and communication is possible between any two radios if both reside
within the transmission range of each other. Two radios may interfere if they reside within the
interference range of each other and use same communication channel. Interference range (Rr)
is assumed to be double of the transmission range (R;). Furthermore, all wireless links are bi-
directional and for a successful transmission on a link all radio interfere with the transmitting
interface, or the receiving interface must be silent during the transmission. For each logical link
e;; a set of potential interference links F;; c E is defined based on the interference model and

both e,, € F;j, e;; interfere if they operate on same channel.

3.3 Mathematical formulation

We formulate the state-aware joint configuration as a multi-objective optimization model with
four objective functions. Solving this optimization model leads to obtain flow-path assignment
and channel-interface-link assignment that optimize the objective functions. The first two
objectives are to minimize the channel utilization, interference level and contention throughout
the network. However, simply minimizing the links utilization may increase the re-configuration
overhead and thus conflict with the third and fourth objectives, which aim to minimize the flow
re-routing and channel re-assignment overhead. The problem is formulated as multi-objective
mixed integer nonlinear programing, where all constraints and objective functions are linear
except the second objective function, which is nonlinear. The model is described with the
notations in Table 1. The state-aware problem are formulated as follows:

Min  Utilyg, @
Min NetCont [ = X{_, ¥ I *uf /¥ %, 5] @
Min Cost-CA [= X ¥f,1f* ol (€))
Min  Cost-RO [= Yrepy Tien((1 — Xeer Tiie Xfjid) * W] “
Subject to:
feyE<I(@),  ViEN )
xf‘ijik, Ve, EEkEC (6)
xf‘ij}‘, Ve;EEkEC @)
o1 Xl <1, Ve, €E ®
x5 + Lpecper X < 1, Ve, €EkEC; (©))
X}, <xk, Ve, €E; f €FLik €C; (10)
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x5 < ZfeFLXiC"k, Ve, €EE;keC (EXD)
1 if iis GW

Yo ey Xljp = 2o Te, Xy =1-1 if iissinkof f & i€N; f€FL 12)
0 otherwise

S Sey Xl < TR, VfEFL 13)

1 = Sper (X], - @), Ve, EE keEC as

uf = p* Yepqerijuten) ar Ve, EE; kel (15)

Utilpay 2 uf; + B * x5 — B, Ve; EE keC a6

The objective function (1) is to minimize the maximum link-channel utilization [7] over all links
and channels. This improves the network throughput by minimizing the maximum congestion
over all links. However obj (1) only does not guarantee reducing contention over the network
since the channel-utilization for several links may approach Util,,,, . Therefore, (2) is
introduced to minimize another proposed metric referred as network average contention
(NetCont). Objective (2) aims to minimizing the average contention over all active links, not
only the maximum utilization value. The next two objectives seek to minimize the channel re-
assignment cost (3) and routing re-assignment cost (4). The channel re-assignment cost (Cost-
CA) is calculated as the amount of disrupted traffic due to channel switching, which is the total
loads on links requires channel switching on at least one of their ends. Finally, the routing re-
assignment cost (Cost-RO) defined as the summation of the route re-assignment cost of over all
the flows.

The re-route cost of a flow is calculated as the number of mesh routers, which has been
excluded, in the new configuration, from the forwarding set of that flow multiplied by the flow’s
rate. The set of constraints is introduced as follows: Constraint (5) is the radio interface
constraint, where number of channels assigned to a MR must be less than the number of
interfaces at that node. Furthermore, a channel can only be assigned to one interface at any node
since assigning the same channel to multiple interfaces has no advantage. Constraints (6),(7)
require that to have an active link between two nodes both must have a common channel
assigned on one of their interfaces. Constraints (8), (9) are the topology constraints that ensure
that each logical link can only be mapped to at most one channel to reduce the complexity of the
routing layer. Constraints (10), (11) are the flow-topology constraints to ensure that only links
with traffics will be signed as an active links. Flow conservation at each mesh router is ensured
in (12). Where the net difference between the outgoing flow and the incoming flow is equal to 1
at the gateway node and is equal to -1 at the destination and zero otherwise. Path hop count is
constrained as in (13) to avoid long paths. (14) represents the aggregated traffic load over a link
on a specific channel. (15) represent the utilization of a link on a channel as defined in [43]. The
link capacity in calculation is depends on the transmission rate of the 802.11 standard and the
size of the upper layers packets and the length of the link. For the sake of simplicity, we assume
that all links have a same bandwidth and equal transmission rate. The maximum link-channel
utilization over all links is constrained as in (16), and a large positive constant 8 is added to the
right side in (16) to ensure that link-channel utilization is only considered for active links.

The re-configuration problem illustrated in this work is an NP-hard problem. This is since the
simpler channel assignment problem has been proved by [6] as an NP-hard problem, thus, an
efficient algorithm is required to approximate the solution. Therefore, a heuristic algorithm
called State-Aware Joint Routing and channel Assignment (SA-JRCA) is proposed in next
section in order to find sufficient solutions to the model.
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Table 1. Notations parameters and variables

N The set of MRs in the network.
E The set of edges between MRs (logical links).
e;j Edge between MRs i and j.
o The set of the orthogonal channels.
1(x) The number of interfaces at MR (X).
Ry The transmission range of each interface.
R, The interference range of each interface.
FL The set of flows in the network.
of The traffic rate of flow f.
h(f; The minimum path hop count from GW to the destination of flow f.
Fyj The set of links interfere with link e;;.
& A binary variable, =1 1 if i assign channel k to one of its interfaces in the new configuration and 0
Yi otherwise.
—k A binary constant, =1 1 if i assign channel k to one of its interfaces in the old configuration and 0
Yi otherwise.
xlf‘j A binary variable, =1 if e;; uses channel k, and 0 otherwise.
xf A binary variable, =1 if in the new configuration flow f uses channel k over e; in its path and 0
Uik otherwise.
%t A binary constant, =1 if in the old configuration flow f uses channel k over e;; in its path and 0
Uik otherwise.
r Tunable variable, wherel' > 1
CPi’; The capacity of link e;;over channel k.
zg; The aggregated traffic load from all flows over link e;;and channel k.

Util,e ~ Maximum channel-link utilization over all links
NetCont  Network average contention

Cost- Channel re-assignment cost
CA
Clgcs)t " Routing cost
pg; The inverse of capacity of link e;; over channel k
uf The utilization of channel k at link e;;.
bk A binary constant, =1 if assigning channel k to link e;; will cause channel switching overhead, and 0
L otherwise.
3 A constant equal to the traffic load associated with flow f if i is one of the forwarding mesh routers of fin
i the old configuration, and 0 otherwise.
B Large positive constant.

4. Proposed state-aware re-configuration algorithm

This section describes the proposed re-configuration algorithm. The gateway is in charge of
monitoring the inbound traffic arriving from the Internet to each mesh router and predefined re-
configuration policy could trigger the re-configuration process based on the traffic condition.
Then new configuration is applied on all mesh routers at the same time. Meanwhile, mesh
routers must synchronize their clocks to avoid extra overhead at the re-configuration step.
Furthermore, the Address Resolution Protocol (ARP) also has to be disabled to avoid the lockup
process associated with ARP. The buffered packets at each router are re-routed to the updated
output interfaces and some packets might dropped at this stage if the updated configuration does
not include route to their destination.
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4.1 Algorithm description

The proposed algorithm identifies the set of active links and assigns channels to these links only.
This is to avoid affecting the channel diversity across the network, since assigning channels to
all links can force some neighboring links to assign same channel and this increase the
contention and interference level. Algorithm (1) shows the steps of SA-JRCA algorithm. The
algorithm starts with step one where flows (gateway to mesh router) are sorted in increasing
order based on the number of candidate paths to each flow. Then, a path is assigned to each flow
and initial load on each active link is obtained. The solution is further improved in step 2 by re-
route some flows to reduce the value of a cost function. At this step active links with their
associated traffic load is obtained and channels are assigned to active links. This is followed by
physical to logical channel mapping to reduce the channel re-assignment cost.

Algorithm 1 SA-JRCA algorithm

Input: logical topology, traffic load, Interference info
Output: channel and routes configuration

Step1: initial routing configuration
Compute the candidate paths to each flow using DFS.
Sort the set of flows F based on the number of candidate pats increasing order
foreachfeFdo
Check all candidate paths to route f
Assign the path that results the lowest cost function (17)
end for

Step2: routing adjustment

while (iteration < max iteration no.)
Let FL be the set of flows travers the link with the highest link-utilization
for each f € FL, p € f's candidate paths do

Compute cost function when p is used to route f

end for
pick the pairs (p, f) with the lowest cost and assignp to f*

end while

Step3: channel assignment
Assign channels to active links using CA (algorithm 2)

Map logical channel to physical channel to achieve objective function (3)

() CA is executed after each path selection
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Algorithm 2 Channel Assignment Algorithm

Input: network graph, interference info, load on active links
Output: channel assignments to active links

Sort active links in decreasing order based on their load
for each e € active links, ¢ € channels do
Calculate Contention-Cost (18) if c is assigned to e.
/* to conserve radio-interference constraint some channels on some
links and radios may require to re-assigned different channels as [6] */
Assign the channel with the lowest Contention-Cost to e
end for

In initial routing stage, the set of candidate paths from the gateway node to each sink mesh
router is obtained using depth first search (DFS) algorithm. The DFS algorithm is executed once
for each flow and paths are recalculated only after each topology changes. The DFS algorithm
recursively call depth first search function, and only valid paths (path with length less than a
constant number from their shortest path hop count) from the gateway to the sink mesh router
are stored in the candidate path set. The flows then are sorted in increasing order based on their
available number of candidate paths. The candidate paths for each flow are checked one by one
to select the one with the lowest cost to route that flow. The cost function for a given
configuration is calculated as in equation 17:

Cost Function = Cost-Contention + . Cost-RO (17)

Cost-Contention = NetAvgCont + Utilnax (18)

where, p is the route-variation weighting parameter and Cost-Contention is calculated as in (18).
Cost-RO is included in the cost function to ensure that the re-routing is considered in the first and
second steps of the algorithm. The value of p specifies how much the new configuration is
restricted with the old paths. Hence, a higher p leads to a less route variation. In contrast, lower
value of p makes the route selection more flexible and less restricted by the previous routes. The
active link’s set is updated after each flow-path assignment. The algorithm iterates for each flow
until a path is assigned to each flow. Channel assignment algorithm (algorithm 2) is called to
assign a channel for active links with an objective to reduce the Cost-Contention in the network.
Firstly, active links are sorted and visited in a decreasing order, based on the amount of traffic
load carried on each link. For each link, all channels are tested and the channel leads to the least
Cost-Contention is assigned to that link. Due to radio-constraints, the number of channels
assigned to the links incident in one node cannot exceed the number of interfaces at that node.
Further links re-assignment may be required if the radio constraints is violated. Flows are visited
and the paths are assigned in an increasing order where earlier assignments do not account for
the later ones. The algorithm looks for possible improvement by adjusting the routes of some
flows and then routing adjustment phase is executed. Links with highest channel-link utilization
are selected and re-routing flows that can cause improvement to the cost function is performed.
The algorithm iterates for predefined number of iterations (fixed to 3 in the simulation scenarios)
or when there is no further improvement. At the end of the routing adjustment stage, the set of
active links with the associated load is obtained. Then channel assignment algorithm assigns



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 1, January 2017 157

logical channels to all active links. This is followed by logical to physical channels (actual
channels) mapping to reduce the channel re-assignment cost objective (3) by reducing the
overhead of the channel switching process. The channel mapping problem can be modeled as an
assignment problem, and the problem can be represented as weighted bipartite graph and hence
it turn to be finding the minimum weight matching (Fig. 2). The weight associated with
assigning a physical channel j to the logical channel i is calculated as the procedure below:
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Procedure physical to logical channel mapping

Input: logical channel assigned to active links, previously assigned channels
to MRs

Output: physical channel assignments to active links

Let CH, CH be the sets of logical and physical channels.
Let SCH(n) be the set of previously assigned channels to the radios on MR n.
/*Calculation of the weight on each edge of the bipartite graph*/
for every (ch;, chj) € CH x CH do

Wjj:O

for every e(a,b) € active links do

if ch;is the logical link assigned to e then
if Ch; ¢ LCH(a) v Ch; € LCH(b) then
Add the traffic load on link e to the wj;

end for
end for
Find the minimum weight matching using Hungarian algorithm
Replace logical channels with physical channels

Then, Hungarian algorithm [55] is applied to obtain the optimal mapping that results the lowest
possible channel re-assignment overhead.
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5. Evaluations and Simulation

This section describes the evaluation and simulation of the proposed scheme. Firstly, the
performance metrics are introduced to evaluate the performance of the proposed scheme. Then,
the simulation system comprehensively evaluated the SA-JRCA by comparing it with some
related proposals in terms of various performance metrics.

5.1 Performance evaluation metrics

Several performance metrics are considered to evaluate the performance of the proposed
algorithm. This metrics includes average network throughput, packet delivery ratio (PDR),
average packet drop (PD) caused by re-routing. In addition, the Jains fairness index [56] is also
used to measure the fairness among different flows. The Jain's fairness index (JFI) for packet
delivery ratio is calculated by the equation:

_ _[EX,PDR())

JE por = 5158 pora (o) (18)

where PDR(f) is the achieved packet delivery ratio of flow f and N is the total number of flows.
The Jean’s fainess index value ranges from 1/N (the worst fairness) and 1(the best value is when
all flows experiance the same PDR). Other metrics such as maximum channel-link utilization
(Utilmax), network average contention (NetAvgCont), normalized channel re-assignment (Cost-
Chan) and re-routing costs (Cost-Rout) are also evaluated. Cost-Chan is normalized to the
highest possible Cost-Chan (when all active links in the network disrupted due to channel re-
assignment process) and Cost-Rout is normalized to the highest possible Cost-Rout (when all
flows in the network select a totally different routes after the re-routing process).

5.2 Generation of traffic load sequences

A dynamic download traffic load is used to evaluate the proposed scheme. In generating a
correlated traffic sequences the total load on the network is fixed to L. The simulation time is
divided into several equal time intervals and the network load equally divided to all flows at the
beginning, i.e. 20 flows with total load of 4Mbps, the rate assigned to each flow is 200Kbps. For
each subsequence time interval, rate is increased by v*L/|F| for 50% of a randomly selected
flows, where |F| is the total number of flows and v is a parameter to control the traffic variation
percentage. The remaining flows decreases their rates by v*L/|F|. The total network load is
conserved in this way. Increasing the value of v generates a higher dynamic traffic sequences.

5.3 Simulation setup

This section developed a simulation system, which was built on the NS2 simulator with multi-
channel extensions. The proposed algorithm is compared with two works from literature, a
heuristic channel re-assignment algorithm called MVVCRA [46] and a centralized heuristic joint
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channel assignment and routing algorithm (refer here as JRCA) [6]. Since the number of re-
assigned channels in MVCRA is constrained to a predefined value, for comparison purpose we
adjusted this value to be equal to the average number of re-assignments obtained from running
SA-JRCA algorithm over all time intervals. Moreover, traffic load on backhaul links obtained
from running SA-JRCA is also applied as input to MVVCRA. On the other hand JCAR is used as
a static configuration and it executed only once to obtain only one configuration over all time
interval. The average rates of flows over the simulation time are used as input to JCAR. The
number of flows is fixed to 20 flows for all simulations. The time of simulation is divided into 8
intervals of 30 seconds length. SA-JRCA and MVCRA are re-executed to adapt to traffic
dynamics for each time interval but JRCA is executed only once. The grid topology is used in
the simulation where multiple candidate paths are available to route each flow. A total of 49
MRs is used in the topology with a gateway node located in the middle. The gateway node
equipped with 3 radio interfaces to overcome the bottleneck around the gateway. The number of
interfaces on MRs is varies from 2 to 3.
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Fig. 3. Simulation network topology.
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The summary of the common simulation parameters, which has been used in all simulation
scenarios, is presented in Table 2. Fig. 3 shows the grid topology with the gateway at the middle.
The destination mesh routers for flows are the nodes highlighted by red color.

Table 2. Simulation parameters

Simulation Area 2000 x 2000 m*
Simulation Time 250 sec
Topology Grid

Number of MRs 49

Transmission Range 255 m
Interference Range 510 m
Propagation Model Two-ray ground
MAC Protocol 802.11 CSMA (RTS-CTS Disabled )
Link Bandwidth 11 Mbps

Traffic Type CBR (UDP)
Packet Size 512 byte

Buffer Size 50 Packets

# Radios at Gateway 3

5.4 Simulation results and performance analysis

A set of simulation experiments is conducted to evaluate the proposed re-configuration
algorithm (SA-JRCA). The performance first evaluated for 6 channels, 2 radio per node, =1, L
= 4 Mbps, and v = 40%. Fig. 4 shows that SA-JRCA has the lowest Util,.x and NetAvgCont,
and the highest PDR over all time intervals followed by MVVCRA and JCAR. In order to study
the statistical dependence between both Utilyn., NetAvgCont and network performance
represented by PDR, Spearman's p [57] has been used. The results show stronger negative
correlation (value of -0.927) between PDR and Utiln, than NetAvgCont (value of -0.998).
These results justify the use of the proposed contention metric in the cost function to better
estimation of the network configuration quality. The lower performance of JCAR comes from its
channel diversity problem, which increases the contention level over the network. The
degradation of MVVCRA performance comes from that adjusting the channels on some links can
have a ripple effect that forces to a sequence of improper assignments due to radio-node
constraints. On the other hand, SA-JRCA starts channel assignment process from scratch and
this followed by channel mapping to reduce the channel re-assignment cost Costc,.
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Fig. 4. Comparison over different time intervals.

5.4.1 The impact of B the route-variation weighting parameter

Minimizing the contention cost (equation 18) might conflict with minimizing the re-routing cost.
The proposed algorithm need to trade-offs between these two conflicted objectives. This can be
performed by introducing B as route-variation weighting parameter. Simulation is run to study
the effect of different value of B on the performance. B is varied from O (algorithm does not
consider any constriction of flow re-routing) to a very large number (no re-routing is permitted).
Simulation is conducted with following parameters: 3 radios per node, 6 channels, L = 4 Mbps,
and v = 40%. Fig. 5, shows that impact of B over normalized Cost-Rout, PD, average Unmax. The
decreased number of PD when B is increased is affected by many factors including the flows’
rates, the paths length (hop-count), the interfaces’ buffer size and the congestion level on links.
On the other hand the network contention increased (Utiln.x has increased from 0.43 to 0.6)
when [ varied from O to a large number.
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5.4.2 The impact of number of radios

The number of radios is one of the most critical factors influencing network performance and
capacity in MR-WMNs. Simulations are conducted with different number of interfaces to study
the performance. In the first simulation each mesh routers is configured with 2 interfaces, with
total of 99 radios on the network. The number then increased to 3 interfaces per mesh router with
total of 147. Other simulation parameters are as following: L = 4 Mbps, 6 channels, § =1, and v
= 40%. Fig. 6 shows the average NetAvgCont, average PDR, and normalized Cost-CA. The
results show only slight improvement in SA-JRCA PDR when the number of radios increased.
This is since SA-JRCA efficiently utilizes the available number of channels (6 channels) even
with lower number of radios. On the other hand the performance of MVCRA is highly degraded
with lower number of interfaces. This is due to ripple effect, which has higher impact to the re-
assignment process with lower number of radios. With less number of radios mesh routers has
lower probability of having a common channel with their neighbors and this might invoke a
sequence of uncontrolled re-assignments.

5.4.3 The impact of number of channels

The impact of the number of channels on the performance of SA-JRCS is studied in this section
and simulation is conducted for this purpose with following parameters: 3 radios per MR, L =5
Mbps, B = 1 and v = 40%. The NetAvgCont, average throughput, normalized Cost-CA and
Jain’s Fairness Index is obtained for each number of channels. The throughput increase is
evaluated when number of channels increases from 5 to 9 channels is as follows (Fig. 7): SA-
JRCA (from 3.826 Mbps to 4.85 Mbps), MVCRA (from 3.002 Mbps to 3.937 Mbps), and JCAR
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(from 2.467 Mbps to 2.901 Mbps). SA-JRCA shows also a higher average Jain’s fairness index
for PDR over different number of channels. The average end-to-end delay achieved by each
algorithm is also evaluated. From Fig. 7 It can be seen that SA-JRCA achieves the lowest end-
to-end delay compared with MVVCRA and JCAR over different number of channels. SA-JRCA
gets higher average end-to-end delay when number of channel is 5. This is because packet
delivery ratio is only calculated for the successfully received packets and it ignores the dropped
packets from its calculations. Hence, with lower number of channels (5 channels) both MVCRA
and JCAR experience much higher rate of packet loss especially for flows with longer paths.
Thus, most of the calculated end-to-end delay is for packets successfully received by mesh
routers that are closer to gateway node which are relatively have less end-to-end delay compared
to longer flows. The proposed SA-JRCA experiences less end-to-end delay compared to
MVCRA and JCAR. The average end-to-end decreases from 0.079374 seconds (5 channels) to
0.03211 seconds (9 channels) for SA-JRCA. On the other hand JCAR experiences the highest
average end-to-end delay. The end-to-end delay is decreased from 0.0648093 seconds to
0.060705 seconds for MVCRA when the number of channel is increased from 8 and 9.
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Fig. 6. Impact of number of interface per mesh router (2 & 3).

5.4.4 The impact of traffic dynamics and network load

The purpose of the SA-JRCA is to accommodate the real-time traffic dynamics and balance the
network load. SA-JRCA achieves the highest PDR and shows the lowest affection with respect
to the amount of traffic variation when different level of traffic dynamics is applied. A
simulation with 3 radios per MR, L = 6 Mbps, B = 1, 6 channels and for traffic sequences
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generated with different load dynamic. As in Fig. 8 the slop of PDR of SA-JRCA, MVCRA and
JCAR trend are -0.0005, -0.0307, and -0.0243 respectively when v varied from 10% to 50%. On
the other hand, studying the performance of the proposed algorithm under different network load
helps to understand the efficiency of utilizing the network resources. A simulation scenario is
conducted for this purpose.
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For each simulation, 2 radios per MR, L =6 Mbps, 6 orthogonal channels, p =1, and v = 40% is
considered. The average aggregated throughput achieved for each network load when network
traffic load is increased from 2 Mbps to 6 Mbps shown in Fig. 8 As it can be seen from the result,
SA-JRCA algorithm outperforms the other algorithms. When the total network load is fixed to 6
Mbps SA-JRCA, in average, delivers 77% of the total traffic while in average MVCRA and
JCAR deliver 49.77% and 37.42% from the total traffic, respectively.
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6. Conclusion

This paper addressed the re-configuration problem for MR-WMNs in order to resolve the
channels and routes re-assignment in dynamic network traffic environment. We proposed a
multi-objective optimization model aims to at finding a good network configuration while
maintaining a low re-configuration overhead. In order to assess the quality of the network
configuration, channels’ utilization and the overall contention on the wireless links are measured.
Moreover, a cost function for channel re-assignment and path re-routing is also presented. Then,
we proposed a heuristic algorithm to solve the re-configuration model with a trade-off between
the network configuration quality and re-configuration overhead. The proposed algorithm, called
State-Aware Joint Routing and Channel Assignment (SA-JRCA), re-assigns the channels and
routes with the awareness of the current network configuration, hence reduces the re-
configuration overhead. Simulation results shows that SA-JRCA could achieve efficient
resources utilization even with less number of radio interfaces and channels. Furthermore,
simulations also conducted with different degree of traffic dynamics and results shows that SA-
JRCA achieves the highest packet delivery ratio and less affected by traffic dynamics degree in
comparison to the benchmark works JCAR and MVCRA. In addition, integrating an association
mechanism to our re-configuration model for better resource utilization and an optimal load
distribution on the backhaul link will be of our interest in the future.
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