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Abstract Worldwide Interoperability for Microwave Access

(WiMAX) is a technology used to enable fast and cost-effective

network deployment as well as facilitating multimedia based
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services and applications available to the users. However, In-
terference constitutes a major constraint in the widespread
use of shared resources for interaction among devices. In
this paper, a greedy resource allocation mechanism, which
consists of Learning Automata based Greedy Channel As-
signment (LAGCA) and Learning Automata based Greedy
Centralized Scheduling (LAGCS) algorithms, is presented
to cope with interference as well as to improve spatial reuse
in the resource allocation mechanism. Finally, the simula-
tion results demonstrate that our proposed algorithms out-

perform existing approaches.

Keywords WiMAX mesh network - resource allocation -

channel assignment - centralized scheduling

1 Introduction

WiMAX mesh network (IEEE 802.16) is recognized [1] as
the corresponding wireless communication standard which
can be used for large distances with a very wide bandwidth
(i.e., 266 GHz) with data rate up to 70 Mbps. Due to broad-
band nature of WiMAX mesh network, it is used for multi-
media applications in long distance transportations. WiMAX
mesh network is a connection-oriented technology in which
each subscriber station transmits data only when a channel
is allocated to subscriber station.

WiMAX mesh technology is used as one of the main

cost-effective network deployment [2—5]. However, failures [6]
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and limited shared resources are the main constraints in the
use of WiMAX mesh technology. Limitations on shared re-
sources come from the interference happening between the
subscribers. Indeed, the transmission and reception of a sig-
nal on a wireless link is affected by interference from other
ongoing transmissions.

Depending on the signaling mechanism, there are two
types of interferences for transmissions which are referred
to as primary and secondary interference [7-9]. Primary in-
terference occurs when a node performs more than one task
(transmission/reception) in a single time slot. In fact, activat-
ing the nodes with one hop away from each other together
means that they have to send and receive data at the same
time, which is referred as primary constraint. Secondary in-
terference happens as the result of receiving signals from
more than one sender in a single time slot due to the broad-
cast nature of wireless networks. Actually, the attempt is to
receive only one signal from the specific sender while the
other signals are involved accidentally at the receiver.

In fact, interference affects the utilization of shared re-
sources resulting in spatial reuse decrease. Thus, in order to
improve spatial reuse and data rate for WiMAX mesh net-
work, resource allocation should be applied to different lay-
ers including MAC and physical layers for scheduling and
channel assignment.

A critical part of MAC layer specification of WiMAX

mesh network is packet scheduling, which resolves contention

for bandwidth and determines the transmission order of users [1,
10, 11]. IEEE 802.16 specifies a centralized scheduling mode
for base stations (BSs) to manage network and to enhance
spatial reuse [1]. In this mode, BS collects the unicast con-
nections from all its subscriber stations (SSs) through mesh
centralized scheduling (MSH-CSCH) request messages, and
then performs appropriate nodes’ activation at each time slot
to grant bandwidth requests. Scheduling decisions are prop-
agated by BS to all SSs through MSH-CSCH grant mes-
sages. Note that in centralized scheduling, BS and SSs form
a routing tree, where BS is the root node and SSs are the

leaves and the relay nodes.

Furthermore, PHY layer of WiMAX supports OFDM
to subdivide whole bandwidth channel into multi frequency
channels which are not overlapped. Multiple frequency chan-
nels are supported to enhance bandwidth access to end users
by using simultaneous transmissions. Therefore, nodes should
operate on different channels in a multi channel system for
simultaneous transmissions to mitigate the impact of sec-

ondary interference.

Indeed, our aim is to find the maximum number of SS
nodes assigned with the same channel without any secondary
interference. Furthermore, to increase the number of concur-
rent transmissions and data rate, it is necessary to find max-
imum number of SS nodes which can be scheduled in the
same time slot for transmissions. Therefore, we have defined

a concept called Interference-free Set of Nodes (ISN), by
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means of which spatial reuse can be enhanced when maxi-
mal ISN is obtained either in channel assignment or resource
scheduling. Indeed, Maximal ISN refers to the maximum
number of SS nodes that can operate on the same channel or
transmit in the same time slot for scheduling.

The rest of paper is organized as follows: In Section 2,
we overview related work on scheduling and channel assign-
ment multi channel WiMAX mesh network. Moreover, net-
work communication model and assumptions are presented
in Section 2. In Section 3, we describe the new greedy re-
source allocation including greedy channel assignment and
centralized scheduling. Section 4 presents the simulation re-
sults and finally, Section 5 concludes the paper and provides

our future work.

2 Related Work

Once data is gathered through sensing technologies from
each device(node), it should be transmitted across the net-
work. However, resource scarcity is a limiting factor which
impedes data rate increase. The limitation of shared resources
consists of scheduling in MAC layer and channel assign-

ment in Physical layer.

There are several approaches to address centralized schedul-

ing in WiMAX mesh network to minimize scheduling length
in MAC layer [7,8,12-24].
In [12,8], a collision-free centralized scheduling algo-

rithm was proposed for SSs based on transmission routing

tree in Wireless Mesh Network (WMN). The objective of
this algorithm is to provide high-quality wireless multime-
dia services by considering channel utilization and transmis-
sion delay with different selection criteria including mini-
mum interference and nearest/furthest nodes to BS. Their
results show that giving higher priority to nodes nearest to
BS would result in higher performance in terms of schedul-
ing length, channel utilization ratio(CUR) and delay. In [16,
25], similar selection criteria were deployed for centralized
scheduling with similar results. Indeed, a fundamental draw-
back of scheduling algorithm in these studies ( [18,26,27,
21,19,20]) is that giving higher priority to nodes located fur-

ther from BS leads to a reduction in spatial reuse.

Furthermore, The authors in [28] proposed a schedul-
ing scheduling algorithm based on genetic algorithm with
SS grouping resource allocation (GGRA) scheme for IEEE
802.16 uplink systems. GGRA scheme uses a rate assign-
ment strategy to formulate the resource allocation problem
as an optimization function subject to the system constraints.
The authors in [29] present a dynamic programming algo-
rithm to find the conflict-free set of nodes that can be acti-
vated and to solve the optimization problem of scheduling.
However, these studies [28,29] suffer from high computa-

tional overhead causing performance degradation.

In addition to the specifications of MAC layer for schedul-
ing, the specification of PHY layer is used to divide available

frequency band into multiple non-overlapping frequency chan-
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nels [1]. Multiple frequency channels are deployed to pro-
vide simultaneous transmissions which result in more avail-
able bandwidth aggregation. However, it is worth noting that
multiple simultaneous transmissions should be performed
on different channels to remove the effect of possible sec-
ondary interference [7,8]. Thus, to mitigate secondary inter-

ference, efficient channel assignment schemes are required.

Several studies used multi channel single transceiver Wi-
MAX to maximize the number of concurrent transmissions
in the network [7,30-34,25]. The basic idea behind these
studies is to map channel assignment problem into graph
coloring problem. The aim is to color the links of the graph
with minimum possible colors which represents minimum
interference in wireless networks. Although, this objective
minimizes interference, solving graph coloring problem does
not generate an optimal channel assignment and utilizes more
channels than the minimum number of required channels.
Authors in [31] extended the scheme, presented in[7], by
equipping each node with two transceivers operating at dif-
ferent frequencies in order to ignore the primary interfer-
ence. Although empowering nodes with multiple transceivers
results in short scheduling length and high throughput, it
significantly increases the cost of deployment and hardware
complexity.

The contribution in [9] mapped channel assignment prob-
lem into a maximum clique problem which is also investi-

gated in [35-37]; the objective is to find the maximum num-

ber of concurrent interference-free transmissions. Maximum
clique problem is a NP-hard problem and, thus, an exact so-
lution can not be obtained in general.

Table 1 shows a comparison between existing channel
assignment schemes and scheduling algorithms.

In this paper, we propose a greedy learning automata
based channel assignment and centralized scheduling algo-
rithms to find the maximal interference-free set of nodes
(ISN) for channel and time slot allocation. We are aiming
at (a) minimizing the number of channels required for trans-
mission; and (b) achieving maximum spatial reuse in terms
of shorter scheduling length, higher channel utilization ratio

as well as shorter delay in comparison with previous studies.

2.1 Network Model

In this section, the network model with assumptions used
in this paper is identified. WiMAX mesh network can be
represented by means of an undirected graph G = (V,E) con-
sisting of vertex-set V = {vi,v,...,vn}, the set of nodes in the
network, where N = number of nodes, and undirected edge
set E ={ey,e2,...,ey} CV x V in which ¢, denotes the edge be-
tween nodes i,j depicted by < i, j >€ E . Every edge ¢, belong-
ing to E indicates that nodes v; and v; are one hop away from

each other meaning that they are neighboring nodes [9].

The adjacency matrix A is defined by an »n x n matrix,

where # is the combination of BS and SSs nodes in the net-
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Table 1 Comparison among all previous proposed scheduling and channel assignment algorithms.
Reference | Spectral reuse Criteria Slot Channel assignment Improved metrics
quantification assignment
[15] Yes Unallocated traffic demands Yes No(Single Channel) scheduling length
[26] Yes Furthest Yes No(Single channel) Throughput
[12,8] Yes Nearest, Random,Furthest Yes No scheduling length, average transmis-
sion delay, CUR
[16] Yes Nearest, Random,Furthest Yes No (Multi radio is used) scheduling length, average transmis-
sion delay, CUR
[19,20] | Yes Furthest based on traffic demand | Yes No Throughput
[7] Yes Insufficient: linear programming, | Yes Graph coloring(Multiple channel) | Scheduling length, average transmis-
Sufficient: Nearest sion delay
[30] Yes Random Yes Graph coloring(Multiple channel) | Scheduling length, Throughput
[31] Yes Nearest Yes (Multiple channel) multi radio Scheduling length, average transmis-
sion delay, CUR
[9] Yes Nearest Yes (Multiple channel) Scheduling length, CUR
[38] Yes Nearest, Maximum load Yes (Multiple channel) scheduling length, CUR, delay
[39] Minimum Interference
[40] Yes Genetic algorithm Yes Single channel Throughput
(28]
[29] Yes Genetic algorithm Yes Single channel Scheduling length
[41] No Neuro-fuzzy No Single channel CUR
[42] Yes Neuro-fuzzy No Single channel
[24] Yes smallest hop count first and hop | Yes Single channel Scheduling length, CUR
by hop,
largest hop count first and hop by
hop
[43] Yes Heuristic algorithm Yes Multiple channel Number of packets/frames are re-
ceived
[44] Yes Lagranian algorithm Yes Multiple channel Average data rate, Throughput
[45] Yes Linear programming Yes Single channel Average packet are received
work. The entry A; ; should be 1 if nodes i and j are in the
transmission range of each other, Otherwise 4; ; =0 [9]. P Lif link between < v;,v; >has secondary interference 3
ij =

1 if <e; j>€ E
A= (D)
0  Otherwise
The primary interference matrix P is defined by an nxn
matrix, where n is the total number of nodes in the routing

tree of the network. The entry P, ; should be 1 if nodes i and

j heve the primary interference, Otherwise P,; =0 [9].

1 if link between < v;,v; > has primary interference
Fj= @)

0 Otherwise

The secondary interference matrix S is defined by an nxn
matrix, where » is the total number of nodes in the routing
tree of the network. The entry S, ; should be 1 if nodes i and

j heve the secondary interference, Otherwise S; ; =0 [9].

0 Otherwise

3 Learning Automata based Greedy Resource

Allocation Mechanism

In this section, we propose a Learning Automata based Greedy
Resource Allocation (LAGRA) mechanism for multi-channel
IEEE 802.16 mesh network to reduce interference and to im-
prove spatial reuse in resource allocation mechanism. LA-
GRA consists of two algorithms: Learning Automata based
Greedy Channel Assignment (LAGCA) and Learning Au-
tomata based Greedy Centralized Scheduling (LAGCS) al-

gorithms. LAGCA addresses the problem of multiple non-
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overlapping channels in WiMAX mesh network, while LAGCS graph. Thus, SS; and action o; represent the same concept;

improves scheduling in terms of scheduling length as the
number of consumed time slots for SS nodes’ bandwidth re-

quest.

3.1 LAGCA: Learning Automata based Greedy Channel

Assignment Algorithm

In this section, an efficient channel assignment algorithm is
proposed based on cellular learning automata(CLA) approx-
imation to mitigate the impact of secondary interference.
The basic idea behind LAGCA is to map WiMAX mesh
topology into a network of learning automata. To do so, a
CLA isomorphic to the secondary interference graph should
be provided. In fact, actions and rules of learning automata
should be identified to form a CLA corresponding to the sec-

ondary interference graph.

CLA is formed by building a network of learning au-
tomata based on the secondary interference graph. Indeed, it
consists of aset of {4, | 1<i<m} learning automata cor-
responding to the interference-free set of nodes (ISN). The
same channel number Ch; can be assigned to all the selected
nodes of ISN by all learning automata. m is initialized to
Ntl meaning the cardinality of the maximal ISN having the
same channel, were N is the number of SS nodes. In our ap-

proach, each learning automaton consists of » actions corre-

sponding to the number of SSs in the secondary interference

they can be used interchangeably throughout this paper.

The resulting network of learning automata can be de-
scribed by two-tuple (4, &), where A = {A,A,,...,An } denotes
the set of learning automata matched to the maximal ISN,
and o = {0y, o,...,a,} denotes the set of actions for each
learning automaton A;. Moreover, to initialize, the probabil-
ity vector of actions for each automaton is set to the same
value of 1 where n is the number of nodes with no assigned

channel.

Here, the goal is to find the minimum number of chan-
nels, as shown in Algorithm 1. In the first step, the algorithm
looks through the probability vector of the actions and se-
lects the action with maximum probability for each learning
automata. Note that the selection of one action is performed
randomly in the first round due to the same initial probabil-
ity value assigned to the actions of each learning automaton.
Selecting action ¢; (aka node i) from the whole set of ac-
tions of each learning automaton A; generates a new ISN
which implies that the same channel can be assigned to the

selected actions(nodes).

In the second step, based on the selected actions from
each learning automata, the response of each learning au-
tomaton should be evaluated to identify whether the selected
actions should be rewarded or penalized. In fact, the evalua-
tion of the selected actions identifies whether the same chan-

nel can be assigned to all selected nodes or not. This eval-
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Input: Secondary Interference Graph
Output: No of Channel

!

[ No of channel=0; N=No of nodes }
N

uBound=N; IBound=1;
m=(uBound+|Bound)/2;
m<=uBound &
m>=IRound

Initialize a CLA with m LAs each LA has N
actions with probability=1/N;

l

{ Reward=0; Step=1; ]

All LAs do not get Reward
& Step< MaxSteps

{ select the action with the highest probability from all LAs }

!

Evaluate the response from each LAs based on rules for all LAs }

]

[ Update the probability vector kept over actionsfor all for all LAs J

Step > MaxStep
yes

v

Find m nodes with the same channel; ‘

IBound=m+1;

v

{ m=(uBound+/Bound)/2;
|

h

NoOfchannels=NoOfchannels+1;

N=N-m;

Fig. 1 LAGCA Flowchart.

uation is performed in the second step based on the three

following rules:

(a) Two learning automata are penalized if they select the
same actions due to the maximal ISN violation.
(b) Two learning automata are penalized if their two se-

lected actions are connected through the secondary in-

terference graph owing to the conflict resulting from

secondary interference.

(c) Otherwise, two learning automata are rewarded due to
the possibility of allocating the same channel to the re-

spective selected nodes.

In the third step, based on the response, reward or penalty,
the probability vector of each learning automata is updated.
Updating the probability vector is performed according to
learning algorithm (Lg_.p) of learning automata.

The three-step process continues until two conditions are
met. The first condition is satisfied when all m learning au-
tomata are rewarded. As a result, the maximal ISN with size
m will be formed meaning that the same channel is assigned
to m nodes. The second condition occurs when the maxi-
mum numbers of loop iterations (MAXstep) exceed mean-
ing that the algorithm could not find m ISN to allocate to the
same channel.

Depending on which condition is met, either finding m
ISN or exceeding the MAXstep, m should be updated. In the
case of finding m ISN, m will be updated to % Other-

wise, it will be updated to 1+2”/ 2

. In fact, the whole process
of updating m and three steps are performed based on binary
search algorithm to find the maximal ISN with a complexity
of O(gn).

After the first iteration of the algorithm, maximal ISN
indicates the interference free set of nodes for transmission

within the same channel. For the next iteration, nodes and
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their corresponding links, which were identified in the first
iteration, should be removed from the secondary interfer-
ence graph. This algorithm continues until all the channel
assignment requests are processed and no more request are

remained.

3.2 LAGCS: Learning Automata based Greedy Centralized

Scheduling Algorithm

Our network topology consists of one BS node and a number
of SS nodes. The topology is represented by a routing tree
where the BS node is placed at the root and SS nodes are
placed as the intermediate and leaf vertices. Dijkstra algo-
rithm is used to find the shortest path between BS and every
SS node. Note that, in the centralized scheduling algorithm,
there is a concept named service token which is defined as

the number of traffic demands for each SS node [8].

In this section, an efficient greedy centralized scheduling
algorithm is proposed based on Dijkstra algorithm and CLA
approximation. Similar to LAGCA, LAGCS uses the same
concept of cellular learning automata to encode the schedul-
ing of WIMAX network into a cellular learning automata
based on primary interference graph. Mapping scheduling
problem into CLA is formed by assigning a network of learn-
ing automata to maximal ISN which determines the nodes

that can transmit concurrently in one time slot.

Algorithm 1 LAGCA Algorithm to Find the Minimum
Number of Channel Set.

Inputs: Secondary interference graph;
Outputs:NoOfchannels, ChannelMatrix;

Initialization:
NoOfchannels=0;
N=NoOfNodes which have request for channel assignment;
while N # 0 do /means that node exists for channel assignment re-
quest;
uBound=N; 1Bound=1;
m=(uBound+IBound)/2;
while m<=uBound and m>=IBound do
Initialize a CLA with m LAs;
Each LA has N actions corresponded with the number of
nodes with unassigned channel;
Initialize probability vector of all LA; including n actions:
for j=1Tondo
P.j=1/N;
end for
Reward=0; Step=1;
while All LAs do not get Reward and Step < MaxSteps do
/Phase 1: select the action from all learning automata:
for each LA; in CLA Do In Parallel do
select the action with the highest probability, P ;,
for all learning automata;
end for
/Phase 2: Evaluation of actions:
Evaluate the response from each LAs based on rules;
/Phase 3: Update the probability vector kept over actions:
for each LA; in CLA Do In Parallel do
Update Action Probability Vector according to
Rules and (Lg—_¢p);
end for
end while
if Step > MaxStep then
uBound=m-1;
else
1Bound=m+1;
end if
m=(uBound+IBound)/2;
end while
NoOfchannels=NoOfchannels+1;
/all nodes chosen by all m LAS which should be allocated to
the same channel:
ChannelMatrix[NoOfchannels]={V; | o € current action of LA;};
N=N-m; n=N;
end while

return NoOfchannels, ChannelMatrix;
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Algorithm 2 shows the pseudo code of centralized schedul-

ing algorithm. Although Algorithm 2 is similar to Algorithm

1, they have key differences:

(a) the evaluation process of time slot allocation for band-
width demands is done according to the following three
rules:

(1) Instead of considering the same channel, the same

time slot is allocated to maximal ISN.

(2) However Algorithm 1 is based on secondary inter-
ference graph, Algorithm 2 is based on primary in-
terference graph.

(3) After executing the first iteration of Algorithm 2,
service token of the nodes, which are chosen as max-
imal ISN, is decremented by 1 while service token
of their parents is incremented by 1.

(b) Algorithm 2 stops whenever no service token exists in
the network. In other words, the algorithm terminates

when no bandwidth demands are requested by the nodes.

4 Simulation Results

In this section, simulation-based performance evaluation is
conducted using Matlab-Coded simulator to compare the
performance of the proposed LAGCA with random selec-
tion algorithm and also, to compare LAGCS with the exist-

ing algorithms named Nearest, Minimum, Furtest.
In all simulation scenarios, a given number of static SS

nodes are randomly and uniformly distributed in a square

Algorithm 2 LAGCS Algorithm to Find the Minimum Number of

Time Slots.
Inputs: G = (V .E) as the interference graph, N: Number of nodes, Routing Tree,

bandwidth request of nodes;
Outputs: NoOfTimeSlot, TimeSlotMatrix;
initialization:
NoOfTimeSlot=1;
while There is bandwidth request from nodes do
uBound=N;
1Bound=1;
m=(uBound+IBound)/2;
while m<=uBound and m>=I1Bound do
Initialize a CLA with m LAs each has N actions;
Initialize probability vector of all LA; including N actions;
for j=1To N do
P,j=1/N;
end for
Reward=0; Step=1;
while All LAs do not get Reward and Step < MaxSteps do
/Phase 1: select the action from all learning automata:
for each LA; in CLA Do In Parallel do
select the action with the highest probability, F; ;,
for all LAs;
end for
/Phase 2: Evaluation of actions:
Evaluate the response from each LAs based on rules;
/Phase 3: Update the probability vector kept over actions:
for each LA; in CLA Do In Parallel do
Update Action Probability Vector according to
Rules and (Lg_¢p);
end for
end while
if Step > MaxStep then
uBound=m-1;
else
1Bound=m+1;
end if
m=(uBound+1Bound)/2;
end while
/means m nodes scheduled in each time slot:
TimeSlotMatrix(NoOfTimeslot)={Ve; | &; € current action of LA; };
NoOfTimeSlot=NoOfTimeSlot+1;
Decrease the bandwidth demand of m nodes scheduled in
the same time slot;
Increase the bandwidth demand of m node’s parents
scheduled in the same time slot;
end while

return NoOfTimeSlot, TimeSlotMatrix
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Input: the interference graph, N: Number of
nodes, Routing Tree,
bandwidth request of nodes;
Output: NoOfTimeSlot, TimeSlotMatrix;

!

NoOfTimeSlot=1;

[

While There is bandwidth
request from nodes

uBound=N; IBound=1;
m=(uBound+IBound)/2;
Te

m<=uBound &
m>=|Bound

actions with probability=1/N;

l

[ Initialize a CLA with m LAs each LA has N }

{ Reward=0; Step=1; }

All LAs do not get Reward
& Step< MaxSteps

[ select the action with the highest probability from all LAs

!

Evaluate the response from each LAs based on rules for all LAs

}

[ Update the probability vector kept over actionsfor all for all LAs J

Step > MaxStep

()

v
{ m=(uBound+/Bound)/2; J

|
v

( Find m nodes in the same time slot; l

NoOftimeslot=NoOftimeslot+1;

!

Decrease the bandwidth demand of m nodes
scheduled in the same time slot;

Increase the bandwidth demand of m node’s
parents scheduled in the same time slot;

Fig. 2 LAGCS Flowchart.

area of 100 by 100 meters. BS is located at the center of
the simulation area; and the transmission range of each SS
node is assumed to be r. Two SS nodes are called neighbors

if they are located in the transmission range of each other.

For the sake of accuracy, the average of 20 runs on dif-
ferent random topologies are considered for the evaluation
purpose. Moreover, in the simulation scenarios, the trans-
mission range is assumed to be the same as the interference
range. Besides, SS’s Traffic demand is identified as the as-

signed service token to SS; which is expressed as follows:

t .
token; = il 4)
8

where 77, and g are the traffic demands and the greatest com-
mon divisor (GCD) of try,trs,...,tr,, respectively. The divi-
sion of traffic demands by their GCD reduces the length of
scheduling. For instance, in the case of considering 2Mbps,
8Mbps, 6Mbps and 4Mbps for traffic demands of SS nodes,
1, 4, 3, and 2 values are assigned to service tokens of SS
nodes [8]. In the following two sections, simulation results

are presented in Section 6.1 and and 6.2.

4.1 LAGCA: Evaluation

Basically, number of channels is considered as one of the
most important evaluation parameters. In many applications,
channel assignment is performed when network is initial-
ized, and then after, packet transmission goes on in the net-
work using the same assigned channels as long as the net-
work remains unchanged. Here, LAGCA is compared with
random channel assignment algorithm.

The simulation results of the number of required chan-
nels with respect to the number of SS nodes are shown in

Figure 3. We observe that the number of channels increases
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Number of channels

—+—Random channel assignment

~8=LAGCA algorithm

40 50 60 70 80 % 100
Number of nodes

Fig. 3 The number of required channels versus different number of SS

nodes when r = 20.

with the number of nodes. We also observe that LAGCA
uses a smaller number of channels compared to random se-
lection algorithm. For instance, when the number of nodes
is 100, LAGCA outperforms random channel assignment by
8% with respect to the number of interference-free channel
set. This can be explained by the fact that LAGCA defines
the value of maximal ISN which indicates the maximum

number of nodes using the same channel.

4.2 LAGCS: Evaluation

The simulation results of scheduling length versus different
number of SS nodes and scheduling length versus transmis-
sion range of each SS node have been demonstrated in Fig-
ure 4 in two different cases: single channel and multi chan-
nels.

Scheduling length is defined as total numbers of con-

sumed time-slots for granting bandwidth requests from SSs

to destination BS. Figure 4 shows the variation of scheduling
length versus different number of SS nodes and transmission
range of each SS node in two different cases: single channel

and multi channels.

We observe that scheduling length, for all scheduling al-
gorithms, increases with the number of nodes. This is due
to the fact that an increase in the number of nodes causes
more interference among transmitting nodes and more colli-
sions will occur during packet transmission. Figure 4(a) and
Figure 4(c) show that scheduling length increases with the
average service token. We observe that LAGCS outperforms
all other algorithms. This can be explained by the fact that
LAGCS chooses maximal ISN transmitting in the same time
slot. For instance, in Figure 4(a) and Figure 4(c), when the
number of nodes is 100, scheduling length will be reduced

by 16% using LAGCS compared Nearest algorithm [8,9].

Moreover, Figure 4(b) and Figure 4(c) show that multi
channels outperforms single channel. When the number of
nodes is 100 and token; € (1,2,3) , scheduling length will be
significantly reduced by 55% using multi channels. This can
be explained by the fact that the secondary interference is
removed when multi channel technique is applied.

Figure 4(d) shows scheduling length versus transmis-
sion range of SS node. When the number of nodes is fixed,
scheduling length will be decreased by increasing node’s
transmission range. It is due to the fact that by increasing the

transmission range of the nodes, topology will be changed
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to Point-to-Multi-Point and nodes will be placed mostly one
hop away from BS and, thus, only one time slot is required
for transmission of nodes. Also, when the node’s transmis-
sion range rises up to 55 and more, the number of consumed
time slots falls down by 15% using LAGCS compared with

Nearest algorithm in high traffic demands.

In order to evaluate LAGCS, Channel Utilization Ration
(CUR) is identified to show the utilization of shared band-
width. To do so, CUR is computed based on Equation (5) as
the ratio between the number of consumed time slots and the

total number of available time slots which means scheduling

length multiplied by the number of nodes. Higher CUR im-
proves the capacity of wireless mesh network. However, the

value of CUR is below 10 percent [8].

token; X hop;

CUR =
N x K

&)

Let hop;, N and K represent the hop count of SS; to BS,
the number of nodes and scheduling length, respectively [8].
Figure 5 depicts CUR with respect to the number of SS
nodes and transmission range of each SS node for all al-

gorithms.
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A prompt result of this performance evaluation is that an
increase in number of SS nodes leads to a lower CUR for
all scheduling algorithms in the case of fixed transmission
range (Figure 5(a)). This means that increasing the number
of nodes has direct effect on interference. As a result, the
number of nodes which can transmit at the same time slot

will be decreased.

According to Figure 5(a), LAGCS shows better perfor-
mance compared with other scheduling algorithms. Since
LAGCS selects the maximal ISN in each time slot, spatial
reuse in terms of channel utilization ratio is enhanced. For
example, comparing LAGCS with Nearest algorithm in Fig-
ure 5, CUR is improved by 16% considering multi channels

in high traffic load demands.

Finally, the last evaluation parameter is average trans-
mission delay versus number of SS nodes. In this scenario,
the focus is on average transmission delay for all nodes lo-
cated anywhere in the network topology whether nearer or

further to BS node.

By decreasing the scheduling length in LAGCS, the av-
erage time granted to the bandwidth requests of each SS
node will be more reduced as compared with others. Further-
more, LAGCS shows significant decrease in average trans-

mission delay in high traffic demands.

e
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Fig. 5 Channel Utilization Ratio(CUR) in case of token; = [1 —3] a.

r =20, n € [40— 120], b. n = 60, r € [20 — 60].
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Fig. 6 Average transmission delay and token; € [1 —3], r =20, n €

[40 — 120).

5 Conclusion

In this paper, we investigated the problem of assigning re-

sources to wireless interfaces in WiMAX mesh networks.
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We proposed a greedy resource allocation mechanism that
supports channel assignment and centralized scheduling; it
is based on CLA to select the maximal ISN for the SS nodes
which are assigned to the same channel and are scheduled
in the same time slot. LGCA was evaluated, via simula-
tions, and compared with random channel assignment al-
gorithm. Also, LAGCS was evaluated, via simulations, and
compared with Nearest, Minimum interference and Furthest
algorithms in terms of scheduling time, channel utilization
ratio and average transmission delay. The results have shown
that the proposed approach outperforms traditional ones. In
our future work, we plan to include resource allocation for
IPTV distribution over WIMAX[46,47] as well as to pro-
vide analytical model for channel access delay in channel
assignment and to obtain packet transmission delay through

scheduling in Wimax mesh network.

References

1. Ieee standard for local and metropolitan area networks- part 16:
Air interface for fixed broadband wireless access systems, ieee std.
p802.16rev2/d2, 2007.

2. Karumudi Rambabu Alaknanda Kunwar, Anil Kumar Gautam.
Design of a compact u-shaped slot triple band antenna for
wlan/wimax applications. International Journal of Electronics
and Communications, 2016.

3. Smart C. Lubobya, Mghele E. Dlodlo, Gerhard De Jager, and
Ackim Zulu. Throughput characteristics of wimax video surveil-

lance systems. International Conference on Advanced Computing

Technologies and Applications (ICACTA), 2015.

10.

11.

Jagjit Singh Lavish Kansal, Vishal Sharma. Performance evalua-
tion of fft-wimax against wht-wimax over rayleigh fading channel.
Optik, 2016.

Pham Huy Thong Le Hoang Son. Soft computing methods for
wimax network planning on 3d geographical information systems.

Journal of Computer and System Sciences, 2016.

M. Afzali, K. AbuBakar, K. Zrar Ghafoor, J. Lloret, and
A. Karamoozian. Improving the communication path reliability
of wimax mesh network using multi sponsor technique. Telecom-

munication Systems, 60(1):133-141, 2015.

P. Du, W. Jia, L. Huang, and W. Lu. Centralized scheduling and
channel assignment in multi-channel single-transceiver wimax
mesh network. In IEEE Communications Society subject mat-
ter experts for publication in the WCNC 2007 proceedings., page
17341739, 2007.

B. Han, W. Jia, and Lin. L. Performance evaluation of scheduling

in ieee 802.16 based wireless mesh networks. Computer Commu-

nications, 30(4):782— 792, February 2007.

W.H. Liao, S.P. Kedia, and A.K. Dubey. Scheduling and chan-
nel assignment algorithm for ieee 802.16 mesh networks us-
ing clique partitioning technique.

Computer Communications,

35(16):20252034, Sep 2012.

M.A. Brahmia, A. Syarif, A. Abouaissa, L. Idoumghar, and
P. Lorenz. An efficient study of scheduling algorithms with freid-
man test in wimax networks. Network Protocols and Algorithms,
6(4):41-59, 2014.

W. Mardini and M.A. Alfool. Modified wrr scheduling algorithm
for wimax networks. Network Protocols and Algorithms, 3(2):24—
53,2011.

B. Han, F.P. Tso, Lin. L., and Jia. W. Performance evaluation of
scheduling in ieee 802.16 based wireless mesh networks. In IEEE
International Conference on Mobile Adhoc and Sensor Systems

(MASS), number 789-794, 2006.



Adaptive Resource Allocation for WiMAX Mesh Network

15

13.

14.

16.

17.

19.

20.

H. Shetiya and V. Sharma. Algorithms for routing and central-
ized scheduling to provide qos in ieee 802.16 mesh networks. In
Proceedings of ACM workshop on Wireless Multimedia Network-
ing and Performance Modeling (WMuNeP ’05), pages 140-149,
October 2005.

F. Jin, A. Arora, J. Hwang, and H.A. Choi. Routing and packet
scheduling for throughput maximization in ieee 802.16 mesh net-
works. In Proceedings of IEEE Broadband Communications, Net-

works and Systems (BROADNETS), pages 574-582, 2007.

. H.Y. Wei, S. Ganguly, R. Izmailov, and Z.J. Hass. Interference-

aware ieee 802.16 wimax mesh networks. In Proceedings of 61th
IEEE Vehicular Technology Conference (VIC Spring), volume 5,
pages 3102- 3106, June 2005.

J. Wang, W. Jia, and L. Huang. An efficient centralized scheduling
algorithm for ieee 802.16 multi-radio mesh networks. In Proceed-
ings of International Conference on Ubiquitous Information Man-
agement and, Communication(ICUIMC ’08), pages 1-5, 2008.

Q. Xiong, W. Jia, and C. Wu. Packet scheduling bidirectional us-
ing concurrent transmission in wimax mesh networks. In nterna-
tional Conference on Wireless Communications, Networking and
Mobile Computing, ( WiCom), pages 2037 — 2040, September

2007.

. L.. Fu, Z. Cao, and P. Fan. Spatial reuse in ieee 802.16 based

wireless mesh networks. In IEEE International Symposium on
Communications and Information Technology(ISCIT), volume 2,
pages 1358-1361, October 2005.

L.W. Chen, D.W. Tseng, Y.C. Wang, and J.J. Wu. Exploiting
spectral reuse in resource allocation, scheduling, and routing for
ieee 802.16 mesh networks. In Procedding of 66th IEEE Vehic-
ular Technology Conference(VIC-2007 Fall), pages 1608 — 1612,
September 2007.

L.W. Chen, and Wang Y.C. Tseng, Y.C, D.W. Wang, and J.J.
Wu.

Exploiting spectral reuse in routing, resource allocation,

and scheduling for ieee 802.16 mesh networks. IEEE TRANS-

21.

22.

23.

24.

25.

26.

27

28.

ACTIONS ON VEHICULAR TECHNOLOGY, 58(1):301-313,
Janaury 2009.

Y. Cao, Z. Liu, and Y. Yang. A centralized scheduling algorithm
based on multi-path routing in wimax mesh network. In Interna-
tional Conference on Wireless Communications, Networking and
Mobile Computing (WiCOM)., pages 1-4, 2006.

Akashdeep., K.S. Kahlon, and H. Kumar. Survey of scheduling
algorithms in ieee 802.16 pmp networks. Egyptian Informatics
Journal, 15(1):25-36, 2014.

L. Fu and Z. Cao. Joint optimization of routing and scheduling
for higher throughput in ieee 802.16 mesh networks. In Proceed-
ings o f 2 IET International Conference on Wireless, Mobile and
Multimedia Networks, pages 1-4, 2006.

S. Liu, S.. Feng, W. Ye, and H. Zhuang. Slot allocation algo-
rithms in centralized scheduling scheme for ieee 802.16 based
wireless mesh networks. Computer Communications, 32(5):943—
953, March 2009.

A. Al-Hemyari, C.K. Ng, N.K. Noordin, A. Ismail, and S. Khatun.
Constructing routing tree for centralized scheduling using multi-
channel single transceiver system in 802.16 mesh mode. In /[EEE
International RF and Microwave Conference, pages 192-196,
2008.

J. Tao, F. Liu, Z. Zeng, and Z. Lin. Throughput enhancement in
wimax mesh networks using concurrent transmission. In Proceed-
ings of Wireless Communications, Networking and Mobile Com-
puting, volume 2, pages 871-874, September 2005.

. D.Kim and A. Ganz. Fair and efficient multihop scheduling algo-
rithm for ieee 802.16 bwa systems. In 2nd International Confer-
ence on Broadband Networks, 2005. BroadNets, pages 833—-839,
October 2005.

Y. Chiu, C.J. Chang, K.T. Feng, and F.C. Ren. Ggra: A feasi-
ble resource-allocation scheme by optimization technique for ieee
802.16 uplink systems. IEEE Transactions on Vehicular Technol-

0gy, 59(3):1393-1401, March 2010.



16

Mahboubeh Afzali et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

R. Gunasekaran, S. Siddharth, P. Krishnaraj, M. Kalaiarasan, and
V.R. Uthariaraj. Efficient algorithms to solve broadcast scheduling
problem in wimax mesh networks. Computer Communications,
33:1325-1333, 2010.

Y. Tang, Y. Yao, and X. Lin. A joint centralized scheduling and
channel assignment scheme in wimax mesh networks. In Proceed-
ings of the 2009 International Conference on Wireless Communi-
cations and Mobile Computing: Connecting the World Wirelessly,
ACM, pages 552— 556, 2009.

J. Xiao, N. Xiong, and A.V. Vasilakos. Centralized scheduling
and channel assignment scheme in third generation router based
wimax mesh network. In Proceedings of International Conference
on Wireless Communications and Mobile Computing: Connecting
the World Wirelessly, pages 721- 725, 2009.

R. Jensen and B. Toft. Graph coloring problems. Wiley, New York,
2005.

C.L. Barrett, G. Istrate, V.S.A. Kumar, M.V. Marathe, S. Thite,
and S. Thulasidasan. Strong edge coloring for channel assignment
in wireless radio networks. In Proceedings of 4th IEEE Interna-
tional Conference on Pervasive Computing and Communications
(PerCom) Workshop, pages 5-10, March 2006.

J. Riihijarvi and P. Petrova, M.and Mahonen. Frequency alloca-
tion for wlans using graph coloring techniques. In Proceedings of
Conference on Wireless Ondemand Network Systems and Services
(WONS), pages 216-222., Jan 2005.

P.R.J. Ostergard. A new algorithm for the maximum-weight clique
problem. Electronic Notes in Discrete Mathematics, 3:153-156,
1999.

PR.J. Ostergard. A new algorithm for the maximum-weight clique
problem. Nordic Journal of Computing, 8(4):424 — 436, December
2001.

J.T. Kim and D.R. Shi. New efficient clique partitioning algo-
rithms for register transfer synthesis of data paths. Journal of the

Korean Physical Society, 40(4):754-758, 2002.

38.

39.

40.

41.

42.

43.

44,

45.

46.

A. Al-Hemyari, N.K. Noordin, N.C. Kyun, A. Ismail, and
S. Khatun. Centralized routing and scheduling using multi-

channel system single transceiver in 802.16d. In ADHOCNETS,

pages 316-332, 2009.

A. Al-Hemyari, N.K. Noordin, C.K. Ng, A. Ismail, and S. Khatun.
Centralized Routing and Scheduling Using Multi-Channel System

Single Transceiver in 802.16d. Springer, 2010.

CJ. Chang, Y. Chiu, K.T. Feng, and F.C. Ren. Ggra: A feasi-
ble resource allocation scheme by optimization technique for ieee
802.16 uplink systems. In Wireless Communications and Net-
working (WCNC), pages 1-6, 2010.

D.D.N.P. Kumar, S. Raghavan, K. Murugesan, and M. Suganthi.
Neural network based scheduling algorithm for wimax with im-
proved qos constraints. In International Conference on Emerging
Trends in Electrical and Computer Technology (ICETECT), pages
1076 — 1081, 2011.

I. Railean, C. Stolojescu, S. Moga, and S. Lenca. Wimax traf-
fic forecasting based on neural networks in wavelet domain. In

Fourth international conference on research challenges in infor-

mation science (RCIS), page 443452, 2012.

Z.Ning, L. Guo, Y. Peng, and X. Wang. Joint scheduling and rout-
ing algorithm with load balancing in wireless mesh network. Com-

puters and Electrical Engineering, 38(3):533-550, May 2012.

A. Zaki and A. Fapojuwo. Optimal and efficient graph-based
resource allocation algorithms for multi-service frame-based
ofdma networks. [EEE Transactions on Mobile Computing,

10(8):11751186, August 2011.

A. Mohammadi, G.S. Aki, and F. Behnamfar. Optimal linear-time

qos based scheduling for wimax. In Proceedings of Canadian con-

ference on electrical and computer engineering, page 18111814,

May 2009.

J. Lloret, A. Canovas, J. J. P. C. Rodrigues, and K. Lin. A net-

work algorithm for 3d/2d iptvdistribution using wimax and wlan



Adaptive Resource Allocation for WiMAX Mesh Network

17

technologies. Multimedia Tools and Applications, 67(1):7-30,
November 2013.

47. Miguel Edo Raquel Lacuesta Miguel Garcia, Jaime Lloret. Iptv
distribution network access system using wimax and wlan tech-
nologies. In Proceedings of the 4th edition of the UPGRADE-CN

workshop on Use of P2P, GRID and agents for the development of

content networks, pages 35—44, 2009.

Mahboubeh Afzali recieved the
M.S. degree in computer engineering
in 2008 and Ph.D. degree in Com-

puter Science in 2014. She has been

awarded UTM International Doctoral
Fellowship (IDF) scholarship. Her re-
search interests include wireless networks and emerging
communications/computing technologies, with particular
focus on wireless network, mobile cloud computing and vir-
tualization.

Kamalrulnizam Abu Bakar ob-
tained his Ph.D. degree from As-
ton University (Birmingham, UK) in
2004. Currently, he is associate pro-

fessor in Computer Science at Univer-

siti Teknologi Malaysia (Malaysia)
and member of the pervasive Computing research group. He
involves in several research projects and is the referee for
many scientific journals and conferences. His specialization
includes mobile and wireless computing, information secu-

rity and grid computing.

Prof. Jaime Lloret received his
M.Sc. in Physics in 1997, his M.Sc.
in electronic Engineering in 2003 and

his Ph.D. in telecommunication engi-

neering (Dr. Ing.) in 2006. He is a
Cisco Certified Network Professional Instructor. He worked
as a network designer and administrator in several enter-
prises. He is currently Associate Professor in the Polytech-
nic University of Valencia. He is the Chair of the Integrated
Management Coastal Research Institute (IGIC) and he is the
head of the ”Active and collaborative techniques and use of
technologic resources in the education (EITACURTE)” In-
novation Group. He is the director of the University Diploma
Redes y Comunicaciones de Ordenadores and of the Univer-
sity Master “’Digital Post Production”. He has been Internet
Technical Committee chair (IEEE Communications Society
and Internet society) for the term 2013-2015. He has au-
thored 22 book chapters and has more than 380 research pa-
pers published in national and international conferences, in-
ternational journals (more than 140 with ISI Thomson JCR).
He has been the co-editor of 40 conference proceedings and
guest editor of several international books and journals. He
is editor-in-chief of the Ad Hoc and Sensor Wireless Net-
works (with ISI Thomson Impact Factor), the international
journal “Networks Protocols and Algorithms”, and the In-
ternational Journal of Multimedia Communications, IARIA

Journals Board Chair (8 Journals) and he is (or has been)



18

Mahboubeh Afzali et al.

associate editor of 46 international journals (16 of them
with ISI Thomson Impact Factor). He has been involved in
more than 400 Program committees of international confer-
ences, and more than 150 organization and steering com-
mittees. He leads many national and international projects.
He is currently the chair of the Working Group of the
Standard IEEE 1907.1. He has been general chair (or co-
chair) of 38 International workshops and conferences (chair-
man of SENSORCOMM 2007, UBICOMM 2008, ICNS
2009, ICWMC 2010, eKNOW 2012, SERVICE COMPU-
TATION 2013, COGNITIVE 2013, ADAPTIVE 2013, 12th
AICT 2016, 11th ICIMP 2016, 3rd GREENETS 2016, 13th
IWCMC 2017, 10th WMNC 2017 and co-chairman of ICAS
2009, INTERNET 2010, MARSS 2011, IEEE MASS 2011,
SCPA 2011, ICDS 2012, 2nd IEEE SCPA 2012, GreeNets
2012, 3rd IEEE SCPA 2013, SSPA 2013, AdHocNow 2014,
MARSS 2014, SSPA 2014, IEEE CCAN 2015, 4th IEEE
SCPA 2015, IEEE SCAN 2015, ICACCI 2015, SDRAN-
CAN 2015, FMEC 2016, 2nd FMEC 2017, 5th SCPA 2017,
and JITEL 2017, and local chair of MIC-WCMC 2013 and

IEEE Sensors 2014). He is IEEE Senior and IARIA Fellow.



