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Abstract
ACO-EEAODR: An Ant-Swarm Inspired Energy-Efficient Ad Hoc

On-Demand Routing Protocol for Mobile Ad Hoc Networks

©Waqas Shah, 2012

Master of Science
Computer Science
Ryerson University

As the world’s economic activities are expanding, the energy comes to the fore to the question of

the sustainable growth in all technological areas, including wireless mobile networking. Energy-

aware routing schemes for wireless networks have spurred a great deal of recent research

towards achieving this goal. Recently, an energy-aware routing protocol for MANETs (so-called

energy-efficient ad hoc on-demand routing protocol (EEAODR) for MANETs was proposed, in

which the energy load among nodes is balanced so that a minimum energy level is maintained

and the resulting network lifetime is increased. In this paper, an Ant Colony Optimization (ACO)

inspired approach to EEAODR (ACO-EEAODR) is proposed. To the best of our knowledge, no

attempts have been made so far in this direction. Simulation results are provided, demonstrating

that the ACO-EEAODR outperforms the EEAODR scheme in terms of energy consumed and

network lifetime, chosen as performance metrics.
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Chapter 1

Introduction

1.1 Context

The ubiquity of wireless communications combined with the advent of new wireless

technologies have revolutionized network communication. It has enabled the research

community to focus on implementing new standards and techniques to deal with low power and

energy efficiency for the next generation networks [1]. Over the years, energy efficiency has

become an important challenge across all forms of networking. Indeed, from a network design

perspective, the development of energy-efficient communication and networking algorithms and

protocols for the next generation networks is an important challenge that deserves some

attention.

A wireless network can be defined as a network of devices (nodes) that are connected to each

other by means of a wireless communication medium (i.e. without wires). This setting can enable

ease of communication, particularly in the case of mobile nodes. Wireless communication

technologies have recently made great advancements such as Bluetooth, WiFi, WiMax, to name

a few. Taking advantage of these technologies, multi-hop wireless ad hoc networks considered as

a subclass of wireless networks, have spurred a great deal of interest. In both the research and

industrial communities, they have been particularly useful for commercial, healthcare and

military applications [2]. This is mainly due to the fact that they are infrastructure-less and

require multiple hops for connecting all the nodes to each other. Consequently, the relaying of

the messages from one mobile node to another, and the peculiarity of the wireless transmission

medium (i.e. noise, interference, to name a few) are some major fundamental issues. In addition

to this, when the power source of a node in such networks is less or costly, the energy efficiency
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becomes a key concern [2], as it is directly related to the design and operation of such networks,

particularly the routing operation.

Routing in MANETs takes place by mutual communication. Due to the lack of infrastructure,

various routing algorithms, that include 2-way communication between the nodes for route

selection purposes, are used. Each node needs to be equipped with specific configuration which

helps the node in route discovery. This involves information regarding the current states of other

nodes, information on the links that the node has with other nodes, a routing algorithm that it

needs to follow for packet routing. The challenge involved in routing packets in mobile ad hoc

networks (MANETs) is the same. Each node needs to be constantly updated with the current

network state and active/inactive nodes, and doing is all on-the-fly requires a routing algorithm.

There are different routing algorithms focusing on different optimization parameters such as time

delay, path length, bandwidth, maximum links capacity, etc. In this thesis, our focus is on

designing an energy-efficient routing algorithm for MANETs using the Ant Colony Optimization

(ACO) approach.

1.2 Research Problem

The thesis proposes an energy-efficient routing algorithm for packet routing in MANETs. It

takes the battery powers of the nodes in a MANET as the primary criteria for route selection, and

optimizes the network performance by finding energy-efficient routes. The approach taken to

design an energy-efficient routing algorithm is ACO (Ant Colony Optimization)-based. ACO is a

learning algorithm, and improves performance as time passes. ACO stores information regarding

past links and their worthiness, and uses that information to find an optimal route. Since energy-

efficiency is in question here, the ACO-based algorithm proposed in this thesis concentrates on

the battery powers of nodes in a MANET to find the optimal route.

1.3 Approach

We propose an ACO-EEAODR algorithm that takes a continuous learning approach wherein

information about all the nodes in the network (such as routing information) is constantly

updated. Based on this information, route discovery is done. Since this algorithm is based on
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ACO, it follows the ACO fashion which includes defining an initial state, a final state, a State

Transition Rule which leads to the decision of next hop for the data packet that is to be routed.

The theory of ACO [3] has been applied to the routing of control packets that perform route

discovery and store additional information about the individual nodes and the overall network,

while performing route discovery. This information is used by later data transfer requests to

propose a valid and optimal path faster. Even if a valid path is already stored, the states before

and after the data transfer are recorded in order to determine the validity of the path.

1.3 Thesis Contributions:

The thesis contributions are as follows:

• Design a new cost function for calculating the cost of a path, and an ACO-based

algorithm for route selection

• Perform simulations with this new algorithm to validate the results.

• Using a network simulator named GloMoSim, programmed the algorithm in C language.

1.4 Thesis Outline

This thesis is organized as follows:

Chapter 1: Introduction:

This Chapter describes the research problem, its importance, as well as the motivation of this

research.

Chapter 2: Related Work

This Chapter describes some background information and related works.

Chapter 3: Methodology

This Chapter is the core of our research work, where the EEAODR scheme and our ACO-based

EEAODR scheme are presented.
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Chapter 4: Performance Evaluation

This chapter presents our simulation results comparing EEAODR againstACO-EEAODR based

on predefined performance metrics.

Chapter 5: Conclusion

This Chapter concludes our work and highlights few interesting questions that have arisen from

the work carried in this thesis.
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Chapter 2

Background and Related Work

2.1 Background

2.1.1. Approaches to Achieve Energy-Efficient Routing in Wireless Ad Hoc Networks

Apart from the proper selection of hardware, techniques for reducing the energy consumption in

wireless ad hoc can be achieved by carefully designing all the layers in the system, namely (a)

the physical layer - where an energy-efficient radio should be implemented in such a way so as

to achieve a dynamic power management; (b) the Medium Access Control (MAC) layer - where

the goal is to design protocols that minimize the time required by the radio to be powered; (c) the

logical link control layer - where suitable error-control and flow control mechanisms should be

implemented for controlling the conditions of the radio link so as to minimize the energy

consumption; (d) the network and transport layer - where the rate of energy consumption is one

of the important factors for the design of efficient energy-aware routing schemes. The latter is

the focus of this Chapter.

Typically, the investigation of energy consumption in wireless ad hoc networks requires

the study of coupling among the above layers [3]. The need for this study is because energy

consumption does not occur only through transmission, but through processing as well [2]. This

adds some complexity in the study of upper layer designs, particularly when energy efficiency is

incorporated as a factor when performing the routing operations at the network layer [2,4], in

combination with selecting the transmission power [5-8] (which itself affects the MAC and

physical layers). The goal is to minimize the energy consumption at each node, which constitutes

an important topic. Several design approaches, which can be referred to as energy-aware multi

hop routing schemes, have been proposed, each of which addresses in its own fashion the trade-

off between the transmission power, the energy expenditure, and the route selection process. The

goal is to minimize the total energy consumption of the network subject to delay or throughput.
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It also involves minimizing the delay (or maximizing the throughput) per joule of expended

energy. These energy expenditures are affected by the design choices made at each of the upper

layer levels mentioned above.

Few representative approaches are as follows: (a) approaches that favors the design of

paths with minimal energy cost [9,10]; (b) approaches that promote the design of paths that avoid

as much as possible the nodes with low remaining battery capacity [11]; (c) approaches that

advocate the design of minimal energy cost paths composed of nodes with a battery level higher

than a prescribed threshold [12]; and (d) approaches where the routing paths are selected

according to the remaining battery capacity at each node, the sending rate per node, and the

energy cost of hops [13]. In all these approaches, the following requirements should be met by

when designing the routing protocol: (a) minimize the energy consumption in the network; (b)

effectively deal with congestion avoidance; (c) successfully identify the packets from the source

node and deliver them successfully to the destination; (d) ensure a proper balancing of load on

individual nodes, i.e. deal effectively with the network management load.

In our work, we focus our attention on energy-aware routing schemes, particularly the use

of Ant Colony Optimization (ACO)-based techniques for energy saving in the process of routing

the data from one node to another in wireless ad hoc networks. Our goal is to introduce an

enhancement to an existing energy-aware routing scheme (EEAODR) [14] using an ACO

heuristic.

2.1.2 Ant Colony Optimization Paradigm

Studies of insect colonies such as bees or ants have revealed that these insects have some

complex collective behavior and management structure [15,16] that resemble the properties of

dynamic distributed systems. This has led to the introduction of the so-called Ant Colony

Optimization (ACO) meta-heuristic [17], which can be defined as a common framework for a

wide set of heuristic algorithms (so-called ACO algorithms) that can be applied to different types

of problems, provided that an adequate model be defined. The ACO approach is based on

iteratively constructing multiple solutions to an optimization problem, by progressively learning

the search space and by using this knowledge to control the solution construction processes,

which are driven by a stochastic decision policy. Eventually, this strategy leads to the design of

optimal solutions to the targeted problem.
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The growing interest in ACO algorithms has led to the development of many successful

algorithms for discrete optimization problems [18], continuous optimization problems [19] - i.e.

problems with continuous decision variables, dynamic optimization problems [20,21] - i.e.

problems in which the search space changes over time, leading to potential changes in the

definition of the problem instance as well as the quality of the solutions already found, to name a

few. One of the prominent and widely used such algorithms is the Ant system [22] and its

enhancements [23-26] which have proved suitable to design high performance routing protocols

for communication networks [27-29], including wireless networks [30-34], and to find optimal

solutions to other types of problems such as scheduling problems, assignment and layout

problems, machine learning problems [35], to name a few. In this chapter, our focus is on

investigating the use of ACO for designing energy-efficient routing protocols for mobile ad hoc

networks.

2.1.3 Why Using ACO-Based Approaches to Develop Energy-Efficient Routing Protocols for

Mobile Ad Hoc Networks

Mobile wireless ad hoc networks have gained an unprecedented popularity due to recent

advances in wireless technologies and the suitability of such networks for use in situations where

pre-deployed infrastructure does not exist. However, due to its rapidly changing and

unpredictable nature, taking advantage of these features poses a number of challenges, few of

which may lead to conflicting objectives. Examples of such challenges are: (a) achieving

effective distribution and forwarding of data among nodes; (b) achieving load balancing among

the nodes, (c) achieving minimal energy consumption; (d) achieving effective data routing; (e)

ensuring congestion avoidance; (f) achieving minimum delay while ensuring a longer network

lifetime, and (g) ensuring fault tolerance and achieving scalability.

A few of the existing protocols for energy-efficient routing were designed to effectively

handle both the routing and the overall network management through routing. Also, their

applications in real-life dynamic environments were not always guaranteed. Due to the intrinsic

design features of ACO-based algorithms and their suitability in solving a variety of static,

continuous, and dynamic optimization problems [31-34], ACO-based heuristic methods had

appeared to be a natural way to attempt to build the best possible optimized solutions for the

targeted challenges or combination of challenges. Focusing on energy consumption, the concept
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of pheromone trails [31], which has led to the foundation of the design of ACO-based

algorithms, can effectively be used to design energy-aware routing protocols that significantly

reduce the energy consumption of wireless ad hoc networks.

Various energy-efficient routing protocols have been proposed in the literature, some of

which have implemented routing algorithms using ACO framework. In this thesis, we investigate

energy-aware routing schemes designed using ACO-based heuristics.

2.2 Related Work
Since the nodes in the MANETs are mobile, the network topology may change rapidly and

unpredictably over time and because the network is decentralized which means that all network

activity including route discovery, topology discovery, delivering messages and route

maintenance must be executed by the nodes themselves, i.e. the nodes should be capable of

performing the routing functionalities. A dynamic routing protocol is needed for these networks

to function properly.

There are many types of routing protocols that exist for routing in ad hoc networks. The goal

of these protocols is to establish and maintain reliable paths in a timely scheme to support robust

and efficient sessions. They can be classified on the basis of Topology as Proactive, Reactive and

Hybrid Protocols.

• Proactive routing also called table-driven routing maintains routing information

independently of need for communication. They continuously evaluate routes. Thus, no

latency in route discovery occurs in proactive protocols. They have large network

capacity to keep current information.

• Unlike proactive routing, reactive routing also called on-demand routing do not make the

nodes initiate a route discovery process until a route to a destination is required. This

leads to higher latency than with proactive protocols, but lower overhead. Hybrid

protocols combine both proactive and reactive strategies [2].

• Proactive approach uses a routing table which is maintained via periodic updates from all

the other nodes in the network, irrespective of the fact that the network may not be active

in terms of data traffic. While the on-demand approach, sends out requests for routes to

http://www.go2pdf.com


9

the destination only if the source node has data packets which are to be sent to the

destination. That’s why the proactive approach is more expensive in terms of energy

consumption as compared to the reactive approach because proactive approach involves

large routing overhead.

There are many power aware routing algorithms that choose several metrics for choosing the

best routing algorithm. The most popular metric they choose is the shortest hop routing. And the

algorithms which choose the shortest hop metric are Dynamic Source Routing (DSR) [36],

Destination Sequenced Distance Vector (DSDV)[39], Temporally Ordered Routing Algorithm

(TORA) [37], Wireless Routing Protocol (WRP) and the Ad-hoc On-demand Distance Vector

(AODV) [38]. In these routing protocols DSDV is the table driven routing protocol and AODV,

DSR and TORA are on demand approach.

A major drawback of existing MANET protocols is that they do not consider traffic load when

making route selection. When they select the route based on the shortest number of hops, there

could be the possibility that they use energy unevenly among the nodes, and thus it can cause

some nodes to spend their whole energy earlier than expected.

In order to deal with resource management challenges in dynamic networks such as MANETs,

the network should be equipped with new management and control strategies that can strengthen

its adaptability to changes in traffic, topology, services, its flexibility in terms of transmission

technology, topology characteristics, self-organizational behavior, while maintaining an

acceptable performance level. Due to its nature-inspired features, and its similarity features with

dynamic complex systems, the ACO framework [40] can provide a viable and effective

alternative to help achieving the above-mentioned goals. Indeed, the central principle of ACO

algorithms consists of designing lightweight agents that can continuously learn the current

network status and use this knowledge to adapt the characteristics and decision policies inherent

to network operations, in such a way to optimize the overall network performance and efficiency.

In this regard, a few ACO parameters are of upmost importance since they have a direct impact

on the quality of the obtained optimized solutions, namely, (a) the pheromone variables

associated with each node in the network, (b) the decision policy parameters, and (c) the

progressive learning phase of these parameters.

In the sequel, our focus is on applications of ACO-based heuristics [41] to routing problems
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in mobile ad hoc networks, where the goal is on achieving the network’s energy efficiency. Such

algorithms are described, along with a flavor on how the aforementioned ACO parameters

interact with each other to yield the optimized solutions. It should be emphasized that each ACO

implementation involves two main phases [42]: the route discovery phase and the route

maintenance phase, and uses some initial settings. Typically, mobile agents (so-called ants) are

implemented as ‘intelligent control packets’. They are allocated the task of discovering a suitable

path for the routing of data between a source-destination node pair in the network. Additionally,

they are also responsible for collecting useful information such as congestion status, amount of

energy consumption, traffic load, etc., at each node along the selected routing path. This

information is used to learn the network dynamics, and to continuously update the node’s routing

policy (indirectly embedded in the pheromone variables) in order to keep track of the changes in

the network. This iterative process eventually leads to optimized solutions to the routing problem

when the convergence occurs.

In [14], Dhurandher et al. investigated the problem of energy-constraint routing in ad hoc

networks, and proposed an ant swarm-based algorithm that integrates both the power

consumption at each node when routing a data packet and multi-path transmission features of

artificial ants. In their proposed scheme, the energy usage is minimized by means of the path

discovery process, inspired from the features of AntHocNet, and designed based on parameters

such as route hop count and minimum battery energy remaining from the weakest node of the

route. On the other hand, multi-path transmission is used to divert the packet flow in case of link

failure (assumed to occur one at a time), leading to less number of dead nodes compared to the

AntHocNet scheme. The merit of this protocol is that energy-awareness is used as a factor to

increase the time that the protocol takes to judge the best possible route to be used for the data

packets transmission. As pointed out by the authors, their proposed protocol was not tested in a

real test-bed environment using in real-life scenario applications.

In [14], Dhurandher et al. proposed an ACO-based energy-efficient routing protocol for

wireless ad hoc networks, which combines the effect of power consumption when transmitting a

packet, the residual battery capacity of a node, and the multi-path transmission properties of

artificial ant swarms. In their scheme, the path discovery phase is inspired from AntHocNet, but

with distinct functionally in the sense that the routes are maintained through new pheromone

reinforcement and evaporation techniques, leading to the use of multi-path transmission through
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the “good routes” only rather than all the possible paths. Even though this scheme showed good

promises, the effectiveness of the proposed scheme was not tested in real test-bed using practical

scenarios.

In [42], Kim et al. investigated the problem of designing an energy saving routing scheme for

energy-efficient networks. The problem was formulated as an energy-consumption minimized

network (EMN) optimization problem. It was based on the concept of traffic centrality of a node,

defined as a measure involving the traffic volume (in bytes) on a link and the density of traffic

carried on that link. The optimization problem is then solved using the ACO method by

centralizing traffic flow to denser links only. The optimized energy efficiency level produced by

the proposed ACO-Energy Saving Routing (A-ESR) algorithm is dependent on a controlling

factor that was used to weigh the traffic centrality. However, the authors neglected to indicate

how the value of this factor can be allocated in a dynamic manner.

In [41], Ren et al. presented an ACO-based energy-aware routing for ad hoc networks (so-

called ABEAR). Their proposed scheme introduces congestion metric and uses it along with a

combination of reactive route setup procedure and proactive neighbor maintenance procedure in

its routing phase to find suitable paths for transferring the data from source to destination. In this

process, the link quality, remaining energy at each node, and pheromone values are integrated as

design variables in the ACO approach when performing the routing computation, with the goal

to reduce the network lifetime.

In [46], Dhurandher et al. proposed an ACO-based energy-aware routing protocol (so-called

A-CMMBCR) for mobile ad hoc networks, which is an enhancement to the Conditional Max-

Min Battery Capacity Routing (CMMBCR) protocol [43]. The ACO design involves a

combination of two routing schemes, the Minimum Transmission Power Routing (MTPR) and

the MMBCR schemes. This combination results in an optimized scheme that contributes greatly

in minimizing the total energy consumed in the network (as compared with those benchmarking

schemes). It also ensures that routes are not overloaded due to traffic and backup paths are

available in case the routes break due to the mobility of the nodes. However, the fault tolerance

aspect was not addressed in this design.

In [44], Roy et al. presented a routing algorithm with a combination of reactive as well as

proactive approach. The author talks about using QoS strategy for routing to maximize the

utilization of network resources. The hybrid approach consisting of reactive and proactive
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approach is taken to cater to the changing network topology in a MANET. The algorithm is

based off of Ant Colony Optimization (ACO) algorithm. Although the algorithm is well

explained and seems promising, it would have been desirable to also discuss multicast routing, as

multicast requires more bandwidth and a proactive approach.

In [45], Verma et al. discusses the foraging behaviour of ants in ACO. A variation of the

ACO algorithm, called AntNet, is used to carry out simulation and analyse performance metrics

and compare against AODV. The results show improved packet delivery ratio and lesser time

delay. However, this algorithm could have held more significance if other variations of ACO

were also discussed.

In [36], Dhurandher et al. proposed an energy-efficient ad hoc on-demand routing protocol

(so-called EEAODR), that can be used to balance the energy load among nodes so that a

minimum energy level is maintained among nodes and the network life is increased. This is

realized by implementing a mechanism for distributing the energy consumption in the network.

In this scheme, several workload and node requirement parameters were introduced, which

yielded the optimal network performance, but the way these parameters were maintained or

updated was not disclosed.

In this thesis, an ACO-based approach to the EEAODR solution is investigated in-depth, with

the goal that the obtained performance will be better than that obtained using EEAODR.
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Chapter 3

Methodologies

This chapter covers the main contributions of the thesis. It includes the description of the Energy

Efficient Ad Hoc On Demand Routing (EEAODR) [36] scheme as well as our proposed ACO-

EEAODR scheme.

3.1. EEAODR Algorithm Design

In EEAODR, the route selection is performed by using control packets that carry information

about the needed route. The algorithm takes into account the battery powers of each device in the

network and tries to find the path that utilizes the minimum battery power of each node. There

are different factors that affect the battery power utilized during the network transmission, few of

which are: the packet size, the hop count, the length to the link between two nodes. The final

selected routing path (so-called optimal path) i.e. the path that is most energy-efficient, is

calculated based on these parameters.

Conventional algorithms tend to focus more on shorter paths and, hence, keep selecting

same nodes over a period of time. This causes some nodes to lose their entire battery power,

which may lead to network failure. However, EEAODR takes an energy-efficient approach.

Instead of considering a shorter path, the algorithm considers the path which is more energy-

efficient i.e. leaves each node in the network with maximum possible energy, whether that

particular path is time-efficient or short. The number of hops is the second most important

criterion for path selection. The reason for using the number of hops is that less hops will ensure

a lesser consumption of energy in overall data transfer. Finally, time is also another important

parameter. There have been algorithms proposed that save energy by minimizing the size of

control packets. However, these types of algorithms require more time for path selection.

Therefore, there are different factors to which a network administrator can assign weights based
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on preference or a desired throughput. Equation 1 depicts all the above-mentioned parameters in

a mathematical relation [9]:

(Eq. 1)

The EEAODR process starts by a node requesting data transfer. All previously saved valid paths

(i.e. paths for which all nodes are still alive) are searched to check if there is a route to the

desired destination. If no valid path is found, a Route REQuest (RREQ) is sent out to all

neighbouring nodes. Each node that receives an RREQ packet checks whether it is a genuine

packet or a packet that has already been received in the past (i.e. duplicate). The node, then,

checks its own route table to search for a valid path to the desired destination. In the case where a

valid path is found, the same RREQ is routed to that valid path. Otherwise, a new RREQ is

formed and broadcasted again. Finally, when the destination receives an RREQ, it waits for a

certain period of time, known as RT, before it analyzes all the paths received through RREQ,

select the optimal path and send a Route REPly (RREP) packet to that path. In addition, it also

stores other paths that were less optimal than the most optimal path. This is done for future use

so that energy is not consumed in path selection every single time. Finally, data is transmitted

using that path through which the destination sent RREP.

The pseudo-code of the EEAODR algorithm was described in [9] as follows:

A node wants to transmit data packet:
If (Path to destination is found in Route Table and it has not expired)

Jump to L4.
Else

// Find the path
L1: Broadcast RREQ to neighbor nodes
Valid RREQs are received by nodes.
If RREQ receiving node is the destination

If RREP has been sent
It is a duplicate RREQ, reject it.

Else
If it is the first RREQ from the source

Setup the Timer for RT duration
Endif
Do the corresponding entry in Seen Table
L2: Wait for new valid RREQ until RT times out.

Endif

http://www.go2pdf.com


15

Else node is intermediate one
Do the corresponding Entry in Seen Table.
Jump to L1

Endif

At destination node:
If Time Interval RT passes

Calculate best path with lowest cost.
Take some backup paths.
Send RREP

Endif

At source node:
If source receives RREP within time out interval

Source updates its routing table with those
selected paths
L4: Source transmits data through the selected path

Else
If some valid back-up path which has not timed
out

Select that path and jump to L4
Else

Send RREQ again or Logout
Endif

Endif

Figure 1: EEAODR pseudo-code

3.2 ACO-EEAODR Algorithm Design

3.2.1 Steps for Solving a Problem Using ACO Approach

The steps for solving a problem using the ACO paradigm are as follows:

• Problem representation: the problem has to be represented as a graph, the solution being a
minimum cost path

• Evaluation function: this is a problem-specific function that evaluates the solutions.

• Local heuristic: this is the information that guides the ants’ search process e.g. the gain in
the value of the evaluation function.

• Pheromone update rule(s): these rules are meant to determine how much pheromone
content should be deposited and on what events.
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• Probabilistic transition rule: this rule utilizes both the heuristic value and the pheromone

amounts so that the ants decide their transitions from one node of the graph to the next.

We have used the AS algorithm to implement our ACO-based EEAODR. In doing so, the

Probabilistic Transition Rule was implemented based on the following formula [28]:

(Eq. 2)

where allowedk represents the valid paths that are stored in the node’s routing table, α and � are

parameters that control the relative importance of pheromone versus distance, táij is the

pheromone content between link (i,j) and ?áij is the distance between nodes i and j

3.2.2 ACO-Based EEAODR

We follow the above-mentioned steps to design our ACO-based EEAODR algorithm as follows:

3.2.2.1 Problem presentation: Since the algorithm deals with finding an optimal route for

packet routing in Mobile Ad-hoc Networks, our graph is the entire terrain of the network.

The network contains various mobile devices (nodes) which can be considered as the

vertices in the graph. Each link between any two nodes of the network is considered as en

edge. Therefore, a path from node A to node B will be denoted as PAB = (A,B). Since the

amount of energy consumed by transmitting data from node A to node B is the same the

amount of energy consumed while transmitting data from node B to node A, PAB = PBA.

This indicates that the graph is an un-directed graph and all edges are bi-directional. The

desired solution of the graph is a set of links (e.g. (S,a), (a,b), (b,x),……(y,D)) for source-

destination pair (S,D), where S is the source and D is the destination. The solution must

be such that it leaves each vertex with an amount of energy that is suficient to stay in the

network. The solution should also contain the lowest HopCount.

3.2.2.2 Evaluation function: Evaluation function is the formula that the node applies to

calculate the most energy-efficient path. It calculates the cost of each path by considering

the pheromone deposition (to be described later in this section) on each node in that path.
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Quite clearly, the path having the least cost is selected as the best path. Equation 2 is the

mathematical formula for the evaluation function used in the ACO-EEAODR:

(Eq. 3)

where a¥is in the interval ]0,1[. For our simulations, we have used aá= 0.3

In the above formula (Equation 2), 70% significance is given to the remaining battery powers

of all the nodes in a certain path, and 30% significance is given to the number of hops

involved in that path. The more the sum of battery powers [S‘(node.power)] the smaller

will be its reciprocal, resulting in a lower cost. On the other hand, the lower the

hopCount, the lower will be the cost of that path.

3.2.2.3 Local heuristic: This is the information that forms the basis of the search process.

Local heuristic is usually the parameter that needs to be optimized. Since this algorithm is

an energy-efficient algorithm, local heuristic is base on the remaining battery power of a

node. This means that when a control packet transitions from one node to another node,

the factor that governs the decision of which node to jumps to, is battery power. Based on

the ACO-EEAODR, a node will prefer hopping to a node with a higher battery power,

rather than a node with a shorter path length or a node that involves less time

consumption in transfer.

3.2.2.4 Pheromone update rule(s): The heart of any ACO-based algorithm is pheromone

deposition which guides the later coming ants (nodes in this case). In ACO-EEAODR,

the source broadcasts RREQs (control packets) through the network, and waits for

RREPs. Once all RREQs are received at the destination (or RT time is up), evaluation

function is used to perform path selection and RREP is sent through the best path. This is

the time when pheromone deposition takes place, indicating the ‘goodness’ of the path.

The rule that is used to update pheromone values is as follows:

(Eq. 4)
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where Phernew is the new pheromone value to be assigned to the node, Pherold is the

current pheromone value of the node, maxPower is the maximum battery level a mobile

device can acquire and node.power is the current battery level of the mobile device.

As it can be seen from the above equation, the Pheromone Update Rule is dependent

upon the remaining battery power (node.power) of the node at which pheromone content

needs to be updated. The higher the remaining battery power will be, the greater will be

the result of the fraction, resulting in a bigger number being added to the existing

pheromone value. Due to this method of pheromone update, preference is always given to

the nodes that contain more battery power. The node, whose battery power is low,

continues to possess lower pheromone value than the other nodes. Just as the case is with

real ants, where pheromone content keeps evaporating slowly with time, the battery

power of a node also keeps deprecating with time due to several other operations taking

place in the node (as they are electronic mobile devices). Therefore, ACO-EEAODR

accounts for this by including pheromone evaporating as part of Pheromone Update Rule.

In order to avoid added complexity, pheromone evaporating has been kept uniform. On a

one-minute timeout, the pheromone value of each node is decreased by 2%. This is

shown in Equation 4 in the form of a mathematical formula:

(Eq. 5)

3.2.2.5 Probabilistic transition rule: As mentioned above, the Probabilistic Transition Rule uses

the local heuristic and pheromone to decide the next hop in the network. Since ACO-

EEAODR determines the entire route before data transfer, the next hop is usually known,

and is not probabilistic. However, there are 2 scenarios where the Probabilistic Transition

Rule has been applied in this algorithm. First, when source broadcasts RREQ packets, it

broadcasts to its neighbors only. These neighbors are defined through a Probabilistic

Transition Rule. Any node that is in close vicinity to the node from where transition is to

be made, and contains a valid link to the node from where transition needs to be made, is

considered as a neighbor. Hence, the state of RREQ packet can be transitioned to that

node. This is the mechanism by which RREQs reach the destination. Second, when an

RREP is on its way to the source and a node that is part of the route, dies. In this
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scenario, RREP looks for all the nodes that are in neighborhood of the node where RREP

resides. The Probabilistic Transition Rule here is based on the following 2 parts:

• Node must contain a valid path to source in its route table

• Node must have the highest pheromone value out of all nodes satisfying part 1)

Based on the above Transition Rule, the RREP is forwarded to the selected node, and

finally reaches the source node.

3.2.3 Main Operations of the ACO-EEAODR

Since ACO-EEAODR is an on-demand protocol, the routing process starts when a data

transmission request is initiated. The process ends when either data has been successfully

transmitted or there is no possible route available from source to destination. During the idle

time, only listening happens, i.e. the protocol listens to all the nodes for any data transmission

requests.

The ACO-EEAODR algorithm has been broken down into different steps below, so as to

provide a basic understanding of the mechanism of this algorithm. This will be followed by

detailed pseudo-code of all these steps and other necessary information which the algorithm uses.

If looked at from a broad perspective, the algorithm could be broken down into the

following chunks of processes:

1. Request for data transmission from source to destination

Any node can initiate a request to transmit data to any other node in the ad-hoc network.

Since all nodes are pre-programmed with the ACO-EEAODR algorithm, whenever a node needs

to send data to another node, route selection starts, after which the data could be sent. Since

ACO-EEAODR allows each node to store valid back-up paths that have been used in the past,

one of these paths can possibly be used to send data.

http://www.go2pdf.com


20

2. Decision of using either an available path or searching for one

Decision on using an available path or searching for a new path has to be made by the source

node. The algorithm gives precedence to previously stored paths, if they are valid. Valid

backup path save a lot of energy since they avoid the need of sending request packets,

waiting for reply packets and then sending reply packets, It saves time as well since data

transfer can take place without route discovery. If the node does not find any valid paths in

its routing table for the intended destination, it sends a request packet, called RREQ (Route

REQuest) packet to its immediate neighbour nodes requesting data transmission to the

destination node. RREQs are supposed to return back in the form of RREP (Route REPly)

with the most optimal path stored in them, hence giving the source the path to send data.

3. Broadcasting of request packets ‘RREQ’ to neighbors of ad-hoc network

Broadcasting of request packets ‘RREQ’ to neighbors of ad-hoc network. If there are no

valid paths in the routing table, request packets i.e. RREQ packets are sent requesting data

transfer to destination. RREQs are in a specified format explained in the paper and contain

the IP address of the source, the destination and the IP address of the node they are being sent

to (the intermediate node). Each node that receives a particular RREQ appends it address in

an array called Path[]. Therefore, when RREQ reaches the destination, it has the entire path

through which it has traversed from source to the destination, in the array Path[].

4. Reaching of RREQ at destination and processing of each RREQ.

The destination node is programmed to perform in a manner different than in usual

routing algorithms. As soon as the destination node receives the first RREQ packet, it

does not perform any action. Rather, it initializes a timer called RT. This is the time the

destination waits for other RREQ packets that might arrive travelling through a different
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path. The destination stores all the RREQs it receives within RT for later processing.

Once RT has elapsed, the destination rejects any RREQs after that and starts processing

the RREQs received within RT.

5. Calculation of optimal path after time-out has occurred.

a) Calculating the path that is most optimal

Now that the destination has all RREQs, and is ready to process them, it will calculate the

best path. Each RREQ holds the path through which it has traversed. However, since we are

dealing with ACO-EEAODR, which is an Energy-Efficient algorithm, shortest path is not our

priority. This is where energy-efficiency comes into play. Using the Evaluation Function, the

algorithm calculates the cost of each path. The algorithm will also determine what will be the

amount of energies left over with all the intermediate nodes after data has been transmitted.

Hence, it will select a path that keeps the entire network in the most stable state; although this

may take up slightly more energy overall or it may not be the shortest path. The key here is

that energy required to transmit data is evenly distributed among the nodes of the network,

not putting extensive load on any single node.

b) Calculating backup paths

Once the optimal path has been found, the destination also calculates the energy values for

other paths (other RREQ packets) so that back-up paths could be suggested, in case the

optimal path goes down (due to a node dieing) or a node leaves the network.

6. Sending reply packet ‘RREP’ back through the optimal path.

Now, as the destination has finished with all the calculations and is ready to reply back, it

constructs an RREP packet. The RREP contains the address of the destination itself, address of
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the intended source (the sender of RREQ packet), and an array of paths Path [ ] [ ]. Each element

of this array is a valid path from source to destination; the first one being the optimal path, and

the rest being back-up paths. While RREPs traverse through the optimal path, they update the

pheromone value of each node in the path based on the formula in Pheromone Update Rule. If

the RREP reaches the source before timeout, it is accepted and data is transmitted using the path

specified by RREP. Otherwise, the entire process of route selection starts again.

7. Data transmission

a) Storing optimal path and backup paths in local route tables

As soon as the RREP is routed and reaches the source, the source updates its routing table

with the optimal and back-up paths for future use. This consists of a timer as well. Each path

in the local routing table of a particular node stays valid for a certain time period, monitored

by a timer. Once the timer for a path has elapsed, that path is no longer a valid path, and is

discarded. The concept of a timer is introduced here due to the reason that we are working

with ad-hoc networks. Not all nodes are present in the network at all times. Therefore, it is

important to notice whether a path is still valid or not (i.e. all its intermediate nodes are still

alive or not).

b) Using the optimal path to send actual Data Packets

Last step in this process would be the actual data transmission using the optimal path. This is

the point where the reason for storing back-up paths becomes visible. If the source tries to

send data through the optimal path, but finds that this path is no longer valid due to a node

die-out or any other reason, the source may not have to `startover` sending RREQs again. It

can just pick the first back-up path stored in its local routing table, verify its validity and start

sending data. The next two pages show ACO-EEAODR flowchart in Fig. 2
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Figure 2: The ACO-EEAODR flowchart.

The pseudo-code of the route selection in ACO-EEAODR is depicted in Fig. 3:

At the source node:
Data_transmit = true // Need for data transmission occurred.
For i=0 to route_table.length

if pair(source, destination) = pair[i]
isPresent = true

else
isPresent = false

if isPresent
Path[i].Load path(Path[]) // load the path from route table into the array Path[]
Send data using Path[]
Update route_table
Break; // Break the loop

else
For i=0 to neighbour_list.length

sendPacket(RREQ,neighbor[i])

waitTimer.start() // wait for a certain time for RREP
on waitTimer.timeOut(goto(“At Source”),data_transmit = false)

At intermediate nodes (including Destination Node):

Event(RREQ_RECIEVED) triggered
if RREQ.DESTINATION_IP == THIS.IP_ADDRESS

RREQ.Path[Path.length] = THIS.IP_ADDRESS
rreqList.add(RREQ)
entryTimeTimer.start()

Event(RREQ_RECIEVED) triggered
if RREQ.DESTINATION_IP == THIS.IP_ADDRESS

if entryTimeTimer.timeOut = false
RREQ.Path[Path.length] = THIS.IP_ADDRESS
rreqList.add(RREQ)

else
RREQ.discard() // discard if timeout occurred

// if this is an intermediate node
Else

RREQ.Path[Path.length] = THIS.IP_ADDRESS
For i=0 to route_table.length
if pair(source, destination) = pair[i]

isPresent = true
else
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isPresent = false

if(isPresent)
create new RREP
RREP.Path = path[i]
RREP.Source = RREQ.Source
RREP.Destination = RREQ.Destination
RREP.hopCount = path[i].hopCount
sendPacket(RREP,source)

else
For i=0 to neighbour_list.length

sendPacket(RREQ,neighbor[i])
waitTimer.start()

At the destination node:

For i=0 to rreqList.length
rreqList[i].Path[rreqList[i].Path.length] = THIS.IP_ADDRESS

// customEntryTime, µ, ?�are values set by Network Administrator
bestPath = calculateOptimalPath(rreqList, customEnryTime, µ, ?=)
backupPaths[] = calculateBackupPaths(rreqList,customEntryTime)

create new RREP
RREP.source = rreqList[0].source
RREP.destination = THIS.IP_ADDRESS
RREP.path = bestPath
RREP.backups = backupPaths
sendPacket(RREP,source)

calculateOptimalPath(rreqList, customEnryTime, µ, ?‹)
{

For i=0 to rreqList.length
Cost[i] = _
(customEntryTime*rreqList[i].time) + _
(µ * rreqList[i].minimumPower) + _
(?�* rreqList[i].Path.length)

optimumIndex = Cost.least()
return rreqList[optimumIndex]

}
Figure 3: ACO-EEAODR pseudo-code
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Chapter 4

Performance Evaluation

This Chapter describes the performance evaluation of the EEAODR and ACO-EEAODR

algorithms using various performance metrics and simulation settings. The goal is to compare

ACO-EEAODR against EEAODR.

4.1 Simulation Tool

Global Mobile Information System Simulator (GloMoSim) is a scalable network protocol

simulation software that simulates wireless network systems. GloMoSim uses a parallel discrete-

event simulation capability provided by Parsec [15]. This simulation tool is designed to be

extensible. It provides a high fidelity simulation results for wireless communication with detailed

result sets for each layer in the network [15]. We use the GloMoSim 2.03 version to run our

simulations using Parsec with RedHat-7.2 configuration as a compiler based on a 32-bit Linux

operating system.

4.2 Performance Metrics

The following performance metrics are used for the evaluation of the above-mentioned

algorithms.

• Energy consumed in path selection: The total energy consumed is the battery power that

was utilised for each node for a particular data transfer. This can be found out by taking a

difference of the initial and final battery powers of each node. For ‘n’ nodes, following is

the formula used to calculate the total energy consumed:

(Eq. 6)
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where Eix = energy of node x before transmitting data and

Efx = energy of node x after transmitting data

The energy consumed has been graphed against varying number of nodes as well as

against varying simulation time, to study its impact.

• Hop count: Hop count is the total number of nodes, except for source and destination that

were part of a particular route. A route with a smaller hop count means it traversed

through fewer nodes (although that does not guarantee a shorter path, since the distances

between the nodes could be high). Hop count helps gauge which path could consume

more energy. If the hop count is low, then fewer nodes had to transmit data, resulting in a

lower consumption of energy, and vice versa.

• Network lifetime: Network life time is described as the time when the first node in a

Mobile Ad-hoc Network dies i.e. its battery power is exhausted. Network lifetime is a

very important performance metric, as it measures the reliability of a network. Even if

one node in a network dies, it could cause a significant damage to the overall network

performance. The reason being, that node could be part of multiple routes that are stored

in different route tables. In our simulation we have graphed network lifetime against

simulation time, to see at what point the first node in the network dies out.

• Simulation time: Although our main focus was on energy-efficiency, it is important to

analyse how fast ACO-EEAODR algorithm is able to transfer data. Therefore, keeping a

fixed number of data packets, and the same source-destination pair, time taken to transfer

one set of data, was plotted against the total number of nodes.

The results of all above performance metrics are discussed in the next section.

4.3 Simulation Parameters

Table 1 outlines the simulation parameters used throughout the simulations:
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Parameter Value

Terrain dimension 2000 x 2000

Node placement Uniform

MAC Protocol IEEE 802.11

Traffic type CBR

Packet size 512 bytes

Network Layer routing AODV

Table 1: Simulation Parameters

4.4 Simulation Results

In this simulation, we vary the simulation time, and we analyze the energy consumed in path

selection when the ACO-EEAODR scheme is used compared to when the EEAODR is deployed.

The results are captured in Table 2 and depicted in Fig.4.

Simulation Time (secs)
Energy Consumed (units)

ACO-based solution EEAODR

30 seconds 486 586
60 seconds 684 982
90 seconds 882 1378

120 seconds 1080 1774
150 seconds 1278 2170
180 seconds 1476 2556
210 seconds 1674 2962
240 seconds 1872.5 3358

Table 2: Energy consumed in path selection vs. simulation time when using ACO-EEAODR and

EEAODR
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Figure 4: Energy consumed in path selection vs. simulation time when using ACO-EEAODR

and EEAODR.

In Fig. 4, it can be observed that the ACO-based solution uses much less energy than the

original EEAODR. This happens because ACO continuously learns paths based on energy.

Therefore, a path that leaves the nodes in the network with the most amount of energy (battery

level) is selected each time a data transfer request is made. This results in less energy

consumption overall, and continues to increase the life of the network.

Now, we examine the energy consumed in path selection when the number of nodes varies. The

results are captured in Table 3, and depicted in Fig. 5.

Number of nodes Energy Consumed (units)

ACO-based solution EEAODR

20 nodes 1550.5 966

60 nodes 275.5 2153.5

100 nodes 2480 2763.5

Table 3: Energy consumed in path selection for ACO-EEAODR vs. EEAODR
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Figure 5: Energy consumed in path selection for ACO-EEAODR vs. EEAODR

In Fig. 5, it can be observed that when the number of nodes increases, the route selection

becomes more complicated and more possibilities come into existence for a single source-

destination pair. In such a scenario, it is important that the consumption of energy be monitored

with increasing network size. The above graph shows how the energy consumed is affected as

the number of nodes increase. In the beginning, ACO based algorithm seems to use more energy

than EEAODR, but as the number of nodes increase, more and more paths have been stored in

route tables, and are being used to transmit data. As a result, energy is saved since lesser route

discovery operations need to be performed. High energy consumption is explained by the

overhead involved in the ACO based solution in the initial phases. Since this is a learning

algorithm, time overhead like Response Time and energy overhead like sending and receiving

control packets is involved. These packets are much smaller in size than the data packets but,

they do contain data. Therefore, they use up some battery power of the nodes in a MANET and

cause more energy consumption than EEAODR. But as the algorithm continues to run in the

network, learning gets better, more paths are memorized and stored and therefore, less energy is

consumed in the long run. Source nodes continue to have more and more valid paths stored in the

local tables and the overhead involved with control packets is cut down.
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Next, we analyze the simulation time taken by changing the number of nodes in the

network. The results are captured in Table 4 and depicted in Figure 6.

Number of nodes Simulation Time (sec)

ACO-based solution EEAODR
20 nodes 10200 4440
40 nodes 7040 3710
60 nodes 6300 2590
80 nodes 5550 1760

100 nodes 4390 1660
120 nodes 2530 1490
140 nodes 2280 1480
160 nodes 2010 1258

Table 4: Simulation Time vs. Number of Nodes for EEAODR & ACO-EEAODR

Figure 6: Simulation Time vs. Number of Nodes for EEAODR & ACO-EEAODR

Although the ACO based algorithm is an energy efficient algorithm, it is also important to note

the time it takes for data transfer along with energy consumption. We do not want an algorithm

that utilizes less energy but trades off time for energy.
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As it can be seen in Figure 6, ACO based solution is not as time efficient as EEAODR. Due to the

fashion in which the ACO algorithm works, it is bound to consume more time than usual. There

are certain wait times involved, such as the time destination node waits for more and more

request packets, the time that source waits before starting to calculate the best path. These

overheads cause this algorithm to consume more time. However, what is interesting to note in

the graph above, is that the difference in time consumption keeps decreasing between the ACO

based solution and EEAODR. This shows a good sign for larger networks, that although the time

consumption is more in ACO algorithm, it is not as worse as expected in the beginning, and

depending upon the size of the network, ACO may be made as the choice.

Next, we analyse the effect of Response Time on the performance of the algorithm by

plotting it against varying Simulation Time. When a destination receives the first RREQ, it waits

for more RREQs to arrive before sending an RREP. This time, for which the destination waits

after receiving the first RREQ, is called Response Time, denoted by RT. The results of

simulation are captured in Table 5 and depicted in Figure 7

Table 5: Response Time vs. Simulation Time for EEAODR & ACO-EEAODR

Simulation Time Response Time (ms)
ACO-based solution EEAODR

30 seconds 500 586

60 seconds 1100 982

90 seconds 1270 1378

120 seconds 1599 1774

150 seconds 1897 2170

180 seconds 2360 2556
210 seconds 2600 2962

240 seconds 2900 3358
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Figure 7: Response Time vs. Simulation Time for EEAODR & ACO-EEAODR

The Response Time can be calibrated and adjusted by analyzing the statistics, to see which

number best suits a particular network. The above graph shows the response times that were

found to be optimal for achieving a certain throughput for data.

From Table 5 and Figure 7, it is clear that with the original EEAODR, the response time had to

be increased in a linear fashion. Whereas in the ACO-EEAODR, Response Time is less as the

simulation time increases. This happens because everytime a route selection operation is carried

out, that particular route is saved in the Route Table (for later use). Not only that, during route

selection, other paths that are not as energy-efficient as the best path, but still consume less

energy, are saved as ‘backup paths’ in the respective node’s Route Table. This eliminates the

need for route selection to be perfomed with each and every data transfer request. One of the

valid backup paths could easily be used, if it is available. If a backup path is used for data

transfer, and no route selection operation is performed, very clearly there will be no Response

Time involved (as that is only part of route selection operation). Hence, we will encounter fewer

instances where the destination has to go through a Response Time wait.
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We now study the effect of Hop Counts on ACO-EEAODR performance while changing

the number of nodes. The results are captured in Table 6 and depicted in Figure 8.

Table 6: Hop Counts vs. Number of Nodes for EEAODR & ACO-EEAODR

Figure 8: Hop Counts vs. Number of Nodes for EEAODR & ACO-EEAODR

As it can be seen from Figure 8, initially ACO-EEAODR take more hops to transfer data than

EEAODR. However, this number slowly comes down and becomes lower than EEAODR’s. This

happens because nodes that have low battery power and are close to dieing out, gradually stop

becoming part of the best paths. Only nodes that contain high battery powers are being used to

transmit data, even though it might increase the length of the path. This causes low-energy nodes

to live longer (as they are not being used often), increasing the life of network.
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Now, we examine the Network Lifetime against the number of packets transmitted. The

results are captured in Table 7 and are depicted in Figure 9:

Number of packets Network Lifetime (secs)

ACO-based solution EEAODR
512 312 363
1024 230 341
1536 302 156
2048 287 98
2560 324 43
3072 251 28
3584 240 11
4096 195 0

Table 7: Network Lifetime vs. Number of packets for EEAODR & ACO-EEAODR

Figure 9: Network Lifetime vs. Number of packets for EEAODR & ACO-EEAODR

0

50

100

150

200

250

300

350

400

512 1024 1536 2048 2560 3072 3584 4096

N
et
w
or
k
Li
fe
(s
ec
s)

Number of packets transmitted

NETWORK LIFETIME vs. NUMBER OF PACKETS

ACO-EEAODR
EEAODR

http://www.go2pdf.com


37

Figure 9 demonstrates how the ACO-based routing algorithm and the original EEAODR

differ in keeping the network stable. Network Lifetime is considered as the time until which

there are no dead nodes in the network. If even one nodes dies OR loses energy below a certain

threshold level, then that node is no more part of the network and the entire network is

considered dead (as that particular node may be taking part in many routes).

The above graph shows a better performance for the original EEAODR. This is true with the

reason being that initially a significant amount of energy is lost by using ACO based solution in

transmitting and receiving control packets and accounting for wait times and the source and

destination. (time which the destination waits after receiving the first RREQ and ‘Response

Time’ which the destination waits after receiving the first RREQ). However, as it is clear, the

ACO-based solution learns more and more routes, which are stored in tables called ‘Route

Tables’ in each node. This improves route discovery in the long run. Additionally, using the

ACO-based solution, different nodes are selected even if there are 2 consecutive requests for the

same source-destination pair. This is due to the fact that ACO-based solution gives a higher

percentage of weightage to energy than hop cout/pathlength. As a result, all nodes in the network

are uniformly included to cater to data transmission requests, resulting in overall higher energy

level of the entire network. This ensures that whenever a new data transfer request is generated,

ACO-EEAODR tries to select a route that contains nodes with higher energy level rather than the

nodes that form the shortest path. Even though this approach does not guarantee the shortest

path, it guarantees that the network will last longer since low energy nodes will not be kept out

of data transfer operations and only high energy nodes will participate. Although mobile devices

contain limited power, above simulation results show that ACO-EEAODR increases network

lifetime.
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Chapter 5

Conclusion

In this thesis, we have proposed an enhancement (so-called ACO-EEAODR) to an existing

energy efficient routing algorithm for MANETs (called EEAODR) and have compared its

performance against the EEAODR, used as benchmark. Our simulation results demonstrate that

ACO-EEAODR outperforms EEAODR in terms of Energy Consumed and Network Lifetime

chosen as performance metrics. It has been observed that the network lifetime significantly

increases as we have implemented a continuous learning technique, where preferred paths are

stored in tables called Routing Tables, and are used later. This decreases the need for

transmitting control packets (i.e. RREQ and RREP) to find the best path. The total energy that a

network consumes for a particular data transfer request has also proven to be far less that the

original algorithm.

In the future, more focus could be put on decreasing the waiting times at source and

destination, so that ACO-EEAODR provides better results even in the initial stages of

simulation. Also, since this algorithm has been implemented by using a particular derivative of

ACO i.e. AS (Ant System), there is an opportunity to try and enhance the EEAODR using other

derivatives of ACO such as SACO.
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