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Abstract— An Ad Hoc Network is an infrastructure-less network.
Data exchange is supported by multi-hop routing between the
nodes on the network. Most ad hoc routing schemes are based on
shortest path metric or least hop count. These approaches result
in using the same path for several commodities. Load balanced
routing is one of the approaches that can be used to distribute
traffic load over different network nodes hence decreasing the
overall network delay. Balancing load among the network
distributes the power consumption per node, increasing the
network life time by avoiding the failure of a specific node. Such
features work out on enhancing the network quality of service.
However, the shared medium between the wireless nodes causes
interference at the MAC layer which poses a major challenge to
load balancing. This paper proposes the use of a multi-
commodity flow, multiple paths load balanced routing scheme.
The proposed scheme uses a new path length metric that is
indicative of the interference seen by nodes across this path. The
method requires very little storage capabilities which does not
consume much power, in addition the scheme reduces signal
forwarding since it mostly depends on node-aware data. Results
show that the approach is capable of balancing the network load
and that network delay drops significantly compared to existing
routing schemes.

Keywords— Routing, Load balancing, Multiple Paths, Multi-
Commodity, Ad-hoc, Flow Deviation

I. INTRODUCTION

Wireless ad-hoc network applications are becoming more
popular nowadays. In situations where it is not possible to
create a network through building an infrastructure, ad-hoc
networks are a suitable solution. Ad-hoc networks are useful
in many application environments, some of these situations
are; battlefield situations, mine site operations or disaster
recovery areas. Ad-hoc applications are mostly delay-sensitive
as they are end user applications. However ad-hoc networks
have many characteristics that degrade the network
performance such as limited bandwidth, variable capacity
links, energy constraints and limited storage capabilities. The
shared medium is subjected to multiple access, signal fading,
signal interference and noise. These parameters strongly affect
the efficiency of wireless communication. Therefore the
development of quality of service routing and improvement of
the overall network performance has become an essential
issue. Many works have been proposed for routing in a
wireless medium, some of which are using a power- aware
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routing approach [1], some propose stability based routing
schemes [2] and others work on load balanced routing
approaches [3], [4], [5] and [6]. Power-aware routing aims to
route data while preserving power by selecting paths with
largest residual battery charge, whereas stability based routing
select the routes that will live longer and expire last. Load
balanced routing select the paths that would encounter
minimum traffic load for transmission and minimum
interference by neighbouring nodes. Load balanced routing
aims on balancing the traffic load on a network by selecting
the least congested routes. It minimizes the sum of traffic
interferences of the intermediate sensor nodes that form the
route which decreases the involvement of a node. Decreasing
the involvement of the most congested nodes lowers the
power consumption of such nodes hence contributing in
balancing the power consumption over the network while
resulting in lowest overall network delay performance. In
reference [7], a simulation study between the three approaches,
power-aware routing, stability-based routing and load
balanced routing has been introduced. The study clearly
proves that load balanced routing incur the least energy
consumption per data packet, in addition to the lowest end-end
delay.

I1. LoAD BALANCED ROUTING IN AD-HOC
NETWORKS

All routing techniques aim to route data with shortest path or
least hop count. In low node mobility, traffic may concentrate
on a few nodes, resulting in high overall network delay due to
the traffic congestion at these specific nodes. Moreover, since
some nodes are used for a long time, their battery power may
rapidly be exhausted causing short lifetime of the network.
For better network performance, nodes must be involved in
least transmission and reception actions possible. Yet routing
data through ad-hoc network must be performed by the nodes
on the network. Mostly all routing approaches mentioned
above do not take into consideration the interference effect
caused by the shared medium, in addition that they require
signal transfer or high data storage to process their proposed
routing schemes. Meanwhile, ad-hoc networks’ major
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challenge is the variable link capacities caused by the shared
medium. Furthermore, ad-hoc networks necessitate low data
signalling, low storage requirements. In this paper, a load
balanced routing solution approach is proposed. The routing
scheme, aims on balancing the power consumption over the
network while reducing the overall network delay. This is
achieved by balancing the traffic load on a network through
selecting the least congested routes for transmission. The
algorithm minimizes the sum of traffic interferences of the
intermediate nodes that form the route which decreases the
involvement of each independent node, especially the most
congested. Decreasing the involvement of the most loaded or
congested nodes lowers the power consumption of such nodes
hence contributing in balancing the power consumption over
the network while resulting in lowest overall network delay
performance. Furthermore, the method used requires very low
storage capabilities, which is very much convenient to the ad-
hoc characteristics, hence enhances the overall network
quality of service performance. Results prove that the overall
network delay performance outperforms existing routing
schemes.

A. Multi-Commodity Network Flow Problem in Ad-Hoc
Networks

Multi-commodity flow problems have been proposed to
enhance the network performance as found in [8], yet it solves
the problem using single path for each commodity. In this
paper the multi-commodity flow problem has been solved
using multiple paths for each commodity. A multi-commodity
flow problem models a network with several commodities that
are using the same underlying network. The commodities are
differentiated by their origin-destination pairs. Most multi-
commodity flow problems that have been proposed to enhance
the network performance use single path for each commodity
as found in. Multiple-paths routing has the potential of
improving the throughput. In this paper MM-LBRA a routing
scheme models a multi-commodity network flow problem
which uses multiple paths to satisfy the traffic demand of each
commodity. The basic idea of the MM-LBRA routing scheme
is to enhance ad-hoc networks quality of service performance
in terms of residual capacity, delay and network life time. This
has been achieved by modelling the network flow as a multi-
commodity shortest path problem. Load balanced routing
technique is used for the paths selected as the shortest paths,
in a way such that each demand from a specific source to a
specific destination could be satisfied using one path or more
than one path. This depends on the available paths on the
network and the average paths residual capacity on the
network. The traffic load of each demand is distributed among
the paths selected for each demand or commodity.

A path length metric was proposed to represent the cost or
length of the links while indicating the interference drawback
effect which occurs due to the shared medium characteristic of
wireless networks. The cost metric is used to find the shortest
paths that satisfy all the network demands. Load balancing is
applied to the paths selected as the shortest paths, in a way
such that each demand from a specific source to a specific
destination could be satisfied using one path or more than one
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path. This depends on paths available in the network and the
initial load distribution on the network. Each demand load is
distributed among the number of paths available for each
demand or commodity. The load balancing technique used is
based on the concept of flow deviation (FD).

B. Flow Deviation Method (FD)

The flow deviation method found in [9] is a primal method
that has been proposed for the message routing problem where
it aims to minimize the overall delay on the network by
balancing the load on the network paths. To deal with capacity
constraints, the delay function F is replaced by
F=—"Tt__
Ci,j - xi‘j (1)
Where F is the delay function, x; ; is the load on the link i, j
and c;; is the capacity on the link. The message routing
problem is written as; min f ’(x). The method successively
solves sub-problems to get a feasible path solution. The sub-
problems are solved by computing shortest paths between
each pair (i, j) and loading the required amount of flow onto
the corresponding path. The link costs used when finding
cheapest routes are the partial derivatives of the objective
function. The entire method consists of the following steps;
1) Find a feasible total flow
2) Sub-problem, for each commodity d find a minimum
first derivative length path between (i, j) (the first
derivative are evaluated at the current solution) and
let y; ; be the flow or load obtained by loading the
corresponding amount r onto this path. Then update
the total vector flow; y = Yqvq4
(Step length search), determine a.
3) Flow Deviation: (1 — a)x + ay.
In this work, the steps of the flow deviation method have been
applied on wireless ad hoc multi-commodity flow for load
balancing. To retrieve the complete routes taken by each
commodity, all that is needed is to simply store the individual
paths generated during the iterations. Since the optimal total
link flows are the only quantity of interest then the
implementation of the flow deviation method requires a small
amount of storage, which is a characteristic that is essential for
wireless ad-hoc networks and so taking use of this advantage
allows solving very large network problems.

I1l. AD-HOC DELAY MINIMIZATION PROBLEM

Below is the proposed metric formulation starting by the
definitions for the terms used for the formulation and ending
by the worked out objective function. x4, is the load of
demand d on path p, H, is the total load of demand d and Y,
is the actual traffic moving on link e. C, is the maximum rate
of link e while T,, is the time ratio of node n, the ratio of time
in which node n cannot be involved in transmission or
reception. The remaining capacity/maximum rate on link e is
R, and the delay at link e d,. The time share of link e is
expressed as . and 84y, equals 1, if path p for demand d
goes through link e whereas nff,{ equals 1, if link e is
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transmitted on from node n. As for the connectivity it is
illustrated by w,, ,,,, where it equals 1, if node m is in range of
node n. The average delay experienced by the whole network
is F and the total load of all the network demands is X

Finally the cost or length of a link e is notated as [, and that is
the proposed metric.

The delay on a link e between any two nodes is defined as;

1
de = R_ 2
e
The delay experienced by an arc or link between two nodes i

and j in a multi-commaodity flow problem is defined in [10] as;
xi,j

(iU T X ®)
Where x;; is the flow on a link between nodes i and j,
whereas u; ; is the fixed capacity of an arc or link. Therefore it
calculates the remaining capacity of the link by subtracting the
load or flow passing through the link from the total capacity of
the link. This is valid in wired networks where the flow on a
link is simply the amount of traffic being transmitted on the
link. However in wireless networks link flows are not a
definite value that can be obtained, this problem arises from
the shared medium characteristic of wireless ad-hoc networks.
All nodes on a network share the same medium to transmit
and receive through. So the amount of traffic travelling on a
wireless link is in function of not only the transmission and
reception actions of the two nodes connecting this link but
also all other actions taking place by any other node that are
within the same transmission range.

T, is the ratio of time where node n cannot be involved in
transmission or reception actions and 1 — T, is the ratio of
time when node n is free. Same applies for node g, where the
ratio of time where node q cannot be involved in transmission
or reception actions is Tqand so 1 — Tg is the ratio of time
when node q is free. Consequently the residual capacity is
considered as 1 — T, and 1 — T, multiplied by the maximum
rate C, of link e. This is applied because of the fact that the
medium is shared and since it is shared then the maximum rate
availability is affected by both time ratios. Therefore, the
remaining capacity or maximum rate remaining on link e
between node n and node q is defined as;

Re=Cex(1-T,) (4)

Hence the delay is termed as;
de = ! 5
¢ Ce(l - Tn) ( )

Of course this does not give an accurate value for the delay
but rather a proportional one since it is well known that
finding the exact accurate calculation of the delay in a
wireless network is not an easy task. However, the aim of this
paper is to reduce the delay hence using a proportional value
to the delay and decreasing it causes no problem as the
technique could still be applied on accurate delay values and
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decreasing those values too. The time share of a link e is the
actual traffic moving on link e over the capacity of the link;

Te=— (6)

Y. is calculated as the summation of the loads transferred on
each link used by each path of all demands;

Y. = Z Z Xd,p * 5d,p,e
L ™

The total demand X on the network is obtained by summing
up the total loads required by each demand;

XZZHd (8)
d

The time ratio of node n is calculated as;

T, =Z Te*ng,n"' ZZ Ti>’<'r]"11,‘m*(")n,m 9
m i

e
Time ratio of the node is the ratio of time that node n cannot
be involved in any transmission or reception activities. Where
the first term represents the effect of transmission actions and
the second term represents the effect of reception actions.
Therefore the interference effect must be taken into
consideration. So the transmission and reception actions that
occur within the range of node n are calculated as they have
great impact on how the time ratio of the node will be
determined. The effect of transmission is calculated by adding
the total time ratios of all links that node n uses for its
transmissions. As for the reception effect, it is obtained by
summing up the total time ratios of all the links that any node
m is using for transmission, given that node m is within the
transmission range of node n. The average delay experienced
by the whole network is expressed as;

Xd,p
F= D 0.5 2, Banede
d p e

(10)

A. Flow Deviation in Wireless Ad-hoc Networks

According to step 2 in the flow deviation method, a minimum
first derivative length path between (i, j) should be found and
used as the cost or length of the links. So the metric proposal
has been achieved as illustrated in Figure 1: Proposed Metric.
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Figure 1: Proposed Metric

B. Simulation Study

Flow deviation method was applied to the wireless sensor
network simulation using the proposed length path metric
and the simulation was modelled using matlab. Steps of
the flow deviation method were applied by finding feasible
flows as an initial step. Shortest paths were derived for all
demands using Dijkstra’s Shortest Path Algorithm where
the paths are selected according to shortest distance. A
path is retrieved for each demand and the load of the
related demand is added to all links of the path. The
overall network delay is calculated and that is the value
that the model works on improving in order to enhance the
overall network performance. An iterative method starts
and the new proposed length I, is figured for all links
found on the network. The master problem is separated to
sub-problems of shortest paths commodities. Given the
new cost or length (l.) of the links and the new weights on
the network, shortest paths are computed again for each
demand. A new path may be found for a demand or the old
path is selected again if it is found to be the shortest still.
This set of shortest paths is referred to as the new paths,
whereas the set of shortest paths computed by Dijkstra’s is
referred to as the old paths. Formerly, a search process
starts to find a value for « by a trial and error procedure.
After the search process, the value of a that produces the
least delay is nominated as the selected ¢ and is
considered as the optimal solution for the current iteration.
The set of old and new paths are stored with the value of
the selected a and the load on these paths is distributed
according to the nominated a. The overall network delay
due to this load balance is now considered as the value
considered for comparison in the next iteration. The set of
stored paths is considered as the old paths for the next
iteration and the whole process is repeated iteratively until
the value of the overall network delay cannot be further
improved. The final set of path deduced is considered to be

the shortest selected paths that satisfy the network
demands such that the overall network delay is reduced
and so enhancing the overall network performance.

C. Simulation Results

A connection is considered to exist between two nodes if
the power received is greater than a certain power
threshold. The capacity c;;of a link connecting two node i
and j is assigned a maximum rate according to the distance
between the two nodes. It is assumed that a worst case
scenario exists such that all interferes within a range are
transmitting at the same time. It is also assumed that
initially the demands are known to the network with the
source node, destination node and total amount of load
required to be transferred across the network for each
demand. The model has been tested on uniformly ordered
networks and randomly ordered networks and the results
are demonstrated below. The figure shows a uniform
network of 25 nodes with 4 network demands. Figure 2
illustrates the shortest paths chosen by Dijkstra’s and
figure 3 shows the final selected paths by the proposed
model. The figures demonstrate how the proposed routing
scheme attempts to minimize the sum of traffic
interferences of the sensor nodes in a path; where it routes
data through the nodes that are least congested. It is made
clear in the finally selected shortest paths how the paths
chosen move away from the area that shows an indication
to interference. Results show that the overall delay drops
from 0.0399ms to 0.0306ms which indicates a 23.3% drop
at = 0.66 .

21 ) 2

1

H
- i

!

1

n I 7 n o

10 f;l i0 19 20

1

H
- i

!

1
a1 I n “n aA
il g{. ad iv P 15

A S 7’
N -
N\, /s ’
\,
L . e ’
. /
. /s
. /
\\ 7

c < P
g —————— e ———— M - 10

I o I I "Ny I

+ 4 ;’ 6 bl
Figure 2: Initial Shortest Paths
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In the above network model, there exists four network
demands as follows; node 1 transmitting to node 20, node 6
transmitting to node 15, node 10 transmitting to node 16 and
node 22 transmitting to node 4. The paths shown on the figure
are the paths selected by Dijkstra’s shortest path algorithm.
Each demand or commodity is transferred using one single
path and the intermediate nodes are used repeatedly in more
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than one path. The illustration shows clearly that congestion is
very high at the part of the network where the intermediate
nodes lie. After applying the proposed routing scheme, the
load is balanced in a way that reduces the use of the same
intermediate nodes or the most congested nodes. Figure 3
clarifies that even though the same nodes might be used in
more than one commodity yet less traffic travels through the
nodes since the load is balanced by a factor o. Furthermore,
multiple paths are selected to satisfy each commodity.
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Figure 3: Final Selected Shortest Paths

TABLE 1. PERCENTAGE DROP IN THE OVERALL NETWORK

DELAY
Uniform Non-Uniform
Network Network
Number of Nodes 25 50 25 50
High Network 21.4%116.7% | 13.9% | 7%
Demand
(20 TX)
Low Network Demand | 23.3% | 21.3% | 19.9% | 10%
(10 Tx)
High Network 6.5% | 8.8% | 14.8% | 10%
Connectivity
Low Network 6.3% |11.5% | 26.5% | 15%
Connectivity
High Network Load |21.4% | 35.9% | 30.3% | 39.4%
(100 GB)
Low Network Load | 4.8% | 9.3% | 23.4% | 26%
(50 GB)

Although the above results show a comparison to Dijkstra’s
shortest path algorithm yet it was not the only algorithm
modelled. The minimum hop count algorithm scheme and the
minimum delay algorithm scheme have also been modelled.
Promising results were produced from the comparison
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between the proposed scheme and each of the mentioned
routing schemes.

1V.CONCLUSION

In this paper a multi-commodity flow, multiple paths load
balanced routing scheme has been proposed. The proposed
approach derives a path length metric for routing. The metric
calculates the length of a wireless link in a way that presents
an indication of the neighbour interference experienced by a
network node. Additionally, the flow deviation method that is
used in wired networks has been applied to wireless ad-hoc
networks. Feasible routes were determined and the new metric
was measured and used to find shortest paths iteratively where
the load is balanced by shifting some load from old paths to
new paths. The flow on the network is shifted from the non-
shortest paths in equal proportions. Different network
topologies have been simulated and the overall network delay
was calculated. Results prove that the routing scheme
enhances quality of service routing in wireless ad-hoc
networks. This has been measured by the overall network
delay; in addition that it requires low network signalling and
extremely low storage capabilities. Moreover the paths
selected by the routing scheme decreases the involvement of
each node in accordance to the proposed metric which helps in
consuming less power. The enhanced specifications deduced
by the results, contribute to developing the overall wireless
ad-hoc network quality of service performance.
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