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ABSTRACT 

Mobile Ad-hoc Networks (MANETs) are a set of dynamic wireless mobile nodes that 

perform without any centralized control or fixed infrastructure. Each mobile node in a 

MANET moves unpredictably, which causes rapid changes in the network topology. 

Frequent changes in the topology affect network performance, resulting in continuous 

disconnection between communication nodes. The proposed algorithms Slow Down Speed 

(SDS) and Ant System Node Control (ASNC) aim to control the movement of the mobile 

nodes based on awareness of traffic conditions. SDS is a simple self-organization 

algorithm, while ASNC is a complex self-organization algorithm adapted from ant 

swarming behavior in nature. The new proposed algorithms are simulated using Network 

Simulator 2 over Ad-hoc On-Demand Distance Vector (AODV) and Destination 

Sequenced Distance-Vector (DSDV) routing protocols. The results of SDS and ASNC 

show significant improvement in the performance of a MANET. In general, the reactive 

routing protocol, AODV, shows the best results for both SDS and ASNC. 
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Chapter 1 

Introduction 

1.1  Background 

A mobile ad-hoc network (MANET) is a wireless network where mobile nodes move 

unpredictably causing rapid changes in the network topology [1] [2]. The new proposed 

algorithms aim to control the movements of mobile nodes in a MANET in order to establish 

connections between the communication nodes and improve the network performance. 

Controlling the movement of the mobile nodes to move in an area between the 

communication nodes instead of moving randomly creates a transmitting channel that 

forwards data packets through the network. This channel made of forwarding nodes is 

called a mobile medium where the performance of a MANET depends on how long the 

mobile medium remains in place and how many packets it can carry [3]. The connection 

between the other mobile nodes in a MANET is not important at this point. This thesis only 

considers provision of a full connection between the communication nodes by controlling 

the movement of the mobile nodes in a MANET.       

1.2  Problem Description  

High dynamic-node mobility is a significant problem experienced in Mobile Ad-hoc 

Networks (MANETs) [4]. Wireless mobile nodes in a MANET communicate with each 

other, by forwarding data, without infrastructure or centralized control. Each mobile node 

moves in random directions and at random speeds, which causes a rapid disconnection 

between the communicating mobile nodes and changes in the network topology [2] [4]. 

The highly dynamic mobility of the nodes also affects routing tables and causes continuous 
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loss or changes in the forwarding paths that are used to transmit the data packets through 

the network [4]. Furthermore, losing packets or not transmitting them at all, because of 

constant mobile node movements, significantly decreases the network performance in a 

MANET. These many issues in a MANET make it an interesting research area for 

investigation. 

1.3  Objectives  

To address the issue of the unreliability of the movement of mobile nodes, this master's 

thesis aims to control the mobile node movements in a MANET by adapting a Swarm 

Intelligence algorithm inspired by the behavior of insects in nature. The thesis proposes 

dynamic-movement node-control algorithms that control the mobile node movements 

based on awareness of the traffic condition of the network. The information about the 

traffic condition illustrated in accessing the forwarding paths in the routing protocol makes 

it possible to know which mobile nodes are active forwarding nodes and which are not.  

The first of two proposed algorithms, Slow Down Speed (SDS), is a self-organization 

algorithm where the mobile node movements are controlled based on knowing simple 

information about the traffic condition. The other algorithm, Swarm Intelligence, is a 

complex self-organization algorithm called Ant System Node Control (ASNC). ASNC is 

adapted from an Ant Colony Optimization algorithm (ACO) in order to control the mobile 

node movements in a MANET with an awareness of the network traffic condition. Two 

different MANET routing protocols have been used in the experiments for comparison 

purposes; one of them is Ad-hoc On-Demand Distance Vector (AODV) and the other is 

Destination Sequenced Distance-Vector (DSDV). The experiments have been done 
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through simulation to control the mobile node movements in a MANET and the results 

used to measure the network performance over different performance metrics.  

1.4  Related Works 

Many studies have been proposed to implement new routing protocols for a MANET, 

adapting different Swarm Intelligence algorithms including: Ant-colony-based Routing 

Algorithm (ARA) [5], Simple Ant Routing Algorithm (SARA) [6], Ad-hoc Networking 

with Swarm Intelligence (ANSI) [7], AntHocNet hybrid algorithm [8], AntNet routing 

algorithm [9], and HOPNET routing algorithm [10]. However, few researchers have 

focused on the problem of controlling mobile node movement in a MANET and the 

existing work in this area is still in early stages.  

At the University of New Brunswick (UNB) different related work studies have been done 

in the area of controlling the dynamic movement of wireless mobile nodes in a MANET. 

One of the studies on MANETs "The Self-organizing Mobile Medium Ad Hoc Network" 

outlines a scheme for controlling the movement of mobile nodes in a M2ANET based on 

an attraction/repulsion paradigm [11]. Another study "The Advantage of Moving Nodes in 

Formation in MANETs and M2ANETs" describes a novel group mobility model, a towing 

formation and shows its advantage in controlling the movement of mobile nodes in 

MANET [12]. Another existing study is the "Linear Node Movement Patterns in 

MANETs", which investigated the impact of four different linear movement patterns 

similar to those observed in some man-made objects [13].  

This master's thesis proposes two different dynamic-movement node-control algorithms in 

a MANET. The proposed algorithms control the mobile nodes based on awareness of the 

routing protocol information about the traffic condition in the network. The first algorithm 



 

4 

 

is a self-organization algorithm while the other one is an Ant Colony Optimization 

algorithm. These algorithms were implemented and tested in a network simulator using 

two different routing protocols, AODV and DSDV.              

1.5  Thesis Organization 

This master's thesis consists of nine chapters. Chapter 1 is an introduction that includes the 

background of MANETs in addition to the description of the problem, followed by the 

objective of this work, related work and the organization of the thesis. Chapter 2 explains 

the concept of MANET in general terms including the history, applications, characteristics, 

and mobility models. Chapter 3 gives brief information about the routing protocol 

categories in MANETs, then focuses on the utilized AODV and DSDV routing protocols. 

Chapter 4 illustrates Swarm Intelligence in nature and the different existing Swarm 

Intelligence algorithms, such as the Ant Colony Optimization (ACO) and the Bee Colony 

Optimization (BCO). Chapter 5 introduces the Network Simulator NS2 and the 

modifications that have been done within it, along with the simulation environment and the 

performance metrics. Chapter 6 describes the proposed self-organization algorithm, called 

Slow Down Speed algorithm (SDS), as well as the results and analysis of experimentation. 

Chapter 7 describes the proposed Swarm Intelligence algorithm, called Ant System Node 

Control (ASNC), in addition to the results and analysis of the experiments conducted. 

Chapter 8 compares the performance of SDS and ASNC from different aspects including 

PDR, distance covered and active forwarding nodes in addition to visualization maps that 

show the position and amount of pheromones. Chapter 9 concludes the thesis and provides 

suggestions for future work.                  
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Chapter 2  

Mobile Ad-Hoc Networks 

2.1 Mobile Ad-Hoc Networks 

A Mobile Ad-hoc Network (MANET) is an IEEE 802.11 framework that can be defined 

as a set of self-organizing wireless nodes (laptops, smart phones, sensors, etc) that 

communicate randomly with each other to provide a network with no fixed infrastructure 

or a central node to control [1] [2]. A MANET is a stand-alone network that is attached to 

the Internet or a cellular network via one or multiple points. In a MANET nodes move 

randomly and are free to join or leave the network at any time, which leads to unpredictable 

topology that changes rapidly [4]. Nodes in a MANET are able to detect the presence or 

absence of other nodes in the network and the network performance is based on 

communication and sharing of packets. They use several techniques to become aware of 

neighboring nodes, one of which is broadcasting "Hello" messages [14]. These types of 

networks are capable of being deployed with limited nodes and are suitable for 

implementation when a fixed infrastructure is impossible or too expensive.  

Mobile ad-hoc networks provide a supporting environment for the users to access 

information and communicate anywhere using any device at any time. MANETs are fully 

symmetric environments with all nodes having the same capabilities and responsibilities 

[15]. On the other hand, nodes are asymmetric when it comes to transmission and radio 

ranges, battery life, movement speed, and processing capacity [15]. When two nodes are 

in radio range a connection is established between them in a peer-to-peer form. MANETs 

are also known as multi-hop networks, which take several wireless hops to deliver a packet 
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to its destination [4]. Nodes of this network function as routers, or end-user devices; they 

discover and maintain routes to other nodes and contain one or multiple hosts during 

transmission. Nodes forward packets via other nodes, which are not in the packet’s source 

transmission range to reach the packet’s destination.   

Considering the topology of a MANET, keeping a node connecting to another and finding 

the path through the network are really challenging problems. The forwarding path between 

the source node and the destination node in MANETs is usually the optimal path, but it is 

difficult to make the nodes follow this optimal path in such networks. For this purpose a 

number of algorithms, known as Swarm Intelligence Algorithms inspired from insect 

behavior such as ants in a colony, bees in a colony and fireflies, were developed. Insects in 

nature group together making swarms to find food, shortest paths to sources of food, or 

new locations in a primitive way; these simple intelligent methods can be applied to control 

the movement of random nodes in MANETs. 

2.2 History of MANETs 

In the early 1970's the concept of mobile ad-hoc networks started as a military application, 

which is useful under disorganized or hostile environments. The advantages of the network 

include flexibility, mobility, self-creation, and self-organization. The first generation of 

MANET, called PRNET (Packet Radio Network), was used on trails to improve network 

capabilities in battlefields in combination with ALOHA (Areal Locations of Hazardous 

Atmospheres). In the 1980s, a project called SURAN (Survivable Adaptive Radio 

Networks) aimed to enhance the ad hoc network scalability and survivability in the 

battlefield by providing small devices with low cost and low power [16] [17] [18].       
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The next generation came up with notebook computers in the 1990s, which used 

commercial ad hoc networks as a type of mobile node. In addition several ideas about a 

collection of mobile nodes were proposed during conferences. Finally, the IEEE 802.11 

adopted the ad hoc networks and applications in different areas that were then implemented 

by the research community [18].       

Because of the low cost, small size and powerful devices, MANETs grew fast. Soon, the 

great potential of mobile ad-hoc networks became widely known as a research area outside 

the military field, although it is still recent technology in its early stage that needs more 

attention to be fully understood. 

2.3 MANET Applications 

Despite all the difficulties, MANETs attract several real world applications that are 

increasing with evaluation of wireless technology and portable devices. The applications 

vary from large-scale mobility network applications to small and limited power network 

applications. Considering the architecture of MANETs, such as lack of infrastructure, 

mobility and multi-hop routing, MANETs can be applied almost anywhere, which helps 

MANET applications to become more popular.  

Typical present and future applications for mobile ad-hoc networks and their services can 

be found on the battlefield. Military equipment uses MANET applications to help maintain 

information sharing between soldiers for tactical operations, between vehicles, and with 

military information headquarters. These airplanes, tanks and warships move rapidly at 

high speed, transferring critical information that need a quick, efficient, reliable, and secure 

communication network like a MANET. More applications for MANETs have been 

designed for industrial and commercial use, as well as for emergency services and disaster 
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relief efforts where MANET applications are the only possible solution. Examples include 

search and rescue operations, policing and firefighting, earthquake or flood situations, and 

support for doctors and nurses in hospitals [4] [19].  

Other MANET applications for distributed computing can be found in the field of 

education to share information, e.g. university and campus settings, conference rooms and 

facilities, and virtual classrooms. Even in home and office networks, MANETs have found 

their way through to provide entertainment applications, for instance multi-user games, 

outdoor Internet access, wireless P2P networking, and Robotic pets. The applications of 

MANET services extend to cover more important areas, such as sensor network 

applications and context-aware services, to provide services in call-forwarding, mobile 

workspace, location-specific services, time-dependent services, and tourist information. 

2.4 MANET Characteristics 

The following are the most important characteristics of MANETs: 

 Scalability 

MANETs have limitations in power, bandwidth and routing, which cause scale limitation 

at implementation. Also, the mobility of nodes regularly causes changing in the scale of 

MANETs as they rapidly join or leave the network range. This mobility makes it hard to 

predict the exact scale of a MANET or how many nodes there are in the network, which 

may range from a few nodes to hundreds or even thousands of nodes. On the other hand, 

the scale of wired networks does not change over usage as it is predefined during the 

design. Still, the scope of MANETs can cover sensors in small areas of a few meters or 

extend to cover WLAN areas in classrooms, offices, and conference rooms up to hundreds 

of meters, as in military applications [17] [18] [19]  
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 Control 

As there is no infrastructure, MANETs have no base stations to control or switches to 

process the power, unlike wired networks. Therefore, MANETs are defined as a distributed 

control network where each node makes its own decision for the benefit of the entire 

network [17] [18] [19].  

 Mobility and Dynamic Topology 

MANET nodes are free to join or leave the network at any time by moving at random with 

different speeds. This mobility leads to rapid unpredictable changes in the network 

topology. Also, transmission power, reception parameters and structure all impact the 

topology of MANETs [15]. 

 Routing Complexity 

The complexity of routing increases in MANETs due to the dynamic topology, which 

causes constant changing in the routing tables or the source routes since every node in a 

MANET is a mobile router. Routing packets between two nodes is a complex task because 

the route may contain multiple hops. In addition, it is better to use reactive routing protocols 

instead of proactive protocols in MANETs. Another challenge in MANETs is multicast 

routing; considering the random movement of nodes the multicast tree is no longer static, 

whereas in wired networks the routing complexity comes from IP address changing, 

subnets, link status, and control congestion [15] [18] [19]. 

 Bandwidth and Link Capacity 

MANETs and other wireless networks have significantly less capacity than wired networks 

due to spectrum constraints and the nature of the medium. The changing environment of 
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MANETs produces variable bandwidth delays in links that can cause an increase in 

congestion [18] [19].   

 Coverage 

MANETs, like other wireless networks, do not require cables; they can be built rapidly 

because there is no wired infrastructure as they are wireless networks - this is one of the 

biggest advantages of MANETs. The coverage is expanded dynamically by adding more 

nodes to the network. This flexibility in MANETs comes with disadvantages and costs; for 

example the coverage of MANETs is inconsistent and affected by the medium, physical 

layer and environmental conditions [18].  

 Energy Constraints 

Power efficiency is a primary concern in distributed control networks like MANETs, 

considering the difficulties of adding tasks required by these types of networks. Nodes in 

MANETs are often powered with batteries while in wired networks nodes get the power 

from electricity, which means the power supply is almost infinite and power is not 

considered a problem. Nodes that derive their power from batteries face several problems, 

and every effort such as transmission and processing must be minimized to save power 

[15] [18] [20].  

  Reliability 

The reliability of MANETs suffers from several effects, much as any other wireless 

network. These effects can be topology changes, variable link capacity, power and energy 

issues. MANETs have to deal with previous issues plus control rapid random movement 

of nodes to enhance reliability in the delivery of packets and avoid packet loss or data 
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transmission errors. The same thing applies to routing protocols, which must also deal with 

these issues to preserve reliable delivery of packets in MANETs [15] [18] [19].  

 Security 

MANETs are a wireless medium; they cannot be easily secured by physical means from 

security risks such as threats to confidentiality, unauthorized data manipulation or denial 

of service attacks [4] [17]. Physical security measures are designed to secure networks in 

general and wired networks in particular. Furthermore, the absence of a centralized server 

to manage and monitor the traffic in a dynamic large scale MANET makes a security attack 

difficult to detect. Therefore, MANETs are exposed to many more security threats, and the 

available security solutions for wired networks cannot be applied directly on MANETs. 

However, both wired networks and wireless networks face security issues that are possible 

to avoid [15] [18] [19].   

2.5 Mobility Models 

Mobility Models are designed to simulate the movement of mobile nodes in a simulated 

ad-hoc network. Simulating the locations, velocities and movement directions of the 

mobile nodes gives researchers the ability to test new algorithms and methods in order to 

improve the network performance, and determine if it is useful to implement or not, e.g. 

testing a new routing protocol. Controlling the movement of the mobile nodes in a MANET 

is a possible research area where the mobility models can be used to mimic the movement 

of real mobile nodes.  

The Mobility Models utilized in the network simulation are divided into two types, Trace 

Models that are used in real life systems to observe mobility patterns over a long period, 

and Synthetic Models which are aimed to simulate the behavior of mobile nodes with 
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realistic characteristics in networks that are difficult to implement on a wide scale, such as 

MANET. Unlike the Trace Models, the Synthetic Models do not need to create a trace to 

model the mobile nodes [21]. My proposed dynamic-movement node-control algorithms 

have been simulated using the Network Simulator NS2, which utilizes a common random 

Synthetic Model, called Random Waypoint Model, to mimic the locations, speeds and 

directions of the mobile nodes in MANET. The Random Waypoint Model is preferred for 

simulating MANETs over other Mobility Models, due to its simplistic features, although 

sometimes MANETs may use more complex Mobility Models. Examples of other 

available Mobility Models are: 

 Gauss-Markov Model 

 Smooth Random Mobility Model 

 A Boundless Simulation Area Model 

 City Section Model 

 Reference Point Group Model 

 Markovian Model 

 Column Mobility Model 

 Nomadic Community Model 

 Pursue Model 

The Random Waypoint Model used to model the movement of the mobile nodes in order 

to control them is illustrated in more detail in Section 2.5.1.1. 

2.5.1 Random Based Mobility Models 

Random Based Mobility Models give the mobile nodes freedom to move randomly without 

any conditions. Each mobile node is chosen individually with a random position, speed and 
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movement destination, which makes them perfect models for the purpose of experimental 

study [22].  

The commonly used Random Waypoint Model is discussed in Section 2.5.1.1, and the two 

types of the Random Model, the Random Walk Model and the Random Direction Model 

are discussed in Section 2.5.1.2 and Section 2.5.1.3 respectively.  

2.5.1.1 Random Waypoint Model 

In 1996, D. Maltz and D. Johnson presented the Random Waypoint Model (RWP) [23] as 

a simple, realistic wireless transmission-channel model added to the NS2 network 

simulator. The model was designed to provide an accurate simulation of the MAC and 

physical layer of the IEEE 802.11 standard. During their experiments, Maltz and Johnson 

compared four wireless ad-hoc network routing protocols, Ad Hoc On-Demand Distance 

Vector Routing (AODV), Dynamic Source Routing (DSR), Destination Sequenced 

Distance-Vector (DSDV), and Temporally-Ordered Routing Algorithm (TORA) utilized 

RWP model in a network with 50 mobile nodes. As a result of the experiments, AODV 

and DSR showed the best performance, followed by DSDV, while TORA had the worst 

performance [24].     

In the NS2 simulator, different mobility scenarios can be generated using the Random 

Waypoint model. The mobile nodes are distributed randomly over the simulation area, then 

each mobile node selects a destination position randomly to move toward, along with a 

constant velocity that is uniformly distributed between [Vmin, Vmax], where Vmin is the 

minimum velocity and Vmax is the maximum velocity. The velocity and destination for a 

mobile node are totally independent and not related to the other nodes in any way. When a 

node reaches its destination it stops for a specific period of time, called "pause time" 
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defined by Tpause, if the Tpause is equal to 0 then the node continues moving without any 

pause time to the next random destination. This process is repeated until the run time of 

the simulation ends [25].  

Based on the changes in the velocity and the pause time parameters, the ad-hoc network 

topology may be relatively stable or highly dynamic. The NS2 simulator uses the Setdest 

tool from the Monarch Group Model to generate a trace for the mobile node in the Random 

Waypoint Model. 

2.5.1.2 Random Walk Model 

The Random Walk Model, also known as Brownian Motion, is a special condition of the 

Random Waypoint Model with zero pause time [22]. In the Random Walk Model, the 

mobile nodes are independent and random, just like the Random Waypoint Model except 

that the node velocity and destination change for each time interval t.  During the simulation 

run, the mobile nodes follow the same random process of the Random Waypoint Model 

[26]. The previous destination and velocity information for mobile nodes are not used for 

future decisions. 

2.5.1.3 Random Direct Model      

The Random Direct Model is another special condition of the Random Waypoint Model 

presented by Royer, Melliar Smith and Moser (2001) [27]. In the Random Direct Model, 

the mobile node pauses for a specific period of time Tpause when it reaches the boundary of 

the simulation area. After the boundary is reached, the mobile node changes its direction, 

between 0 and 180 degrees, and then continues moving until it reaches the boundary again 

[22]. The whole process is repeated until the end of the simulation run time.   
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In the Random Waypoint Model, the mobile nodes tend to move through the center of the 

simulation area toward the destination, and cluster near the center, rather than moving 

toward the boundaries. In the Random Direct Model, each mobile node chooses a random 

direction to move along until it reaches the boundary [25].  
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Chapter 3 

Mobile Ad-Hoc Routing Protocols 

3.1 Routing in Mobile Ad-Hoc Networks 

Routing protocols in MANETs have to deal with the random movement of nodes, power 

limitations, low bandwidth, and high error rates. Considering the mobility of MANETs, 

the nodes have to change their routing table during their movement at high speed or it will 

become very complex to transmit a packet to its destination [15] [18] [19]. Generally, 

routing protocols are categorized into Proactive (Table-Driven), Reactive (On-Demand 

Driven) and Hybrid Protocols [28]. All the routing protocol categories have been improved 

to support a higher quality of service, provide more security solutions and spread over 

larger areas (more scalability). Each category is illustrated in more detail in Sections 3.1.1, 

3.1.2 and 3.1.3. 

3.1.1 Proactive Routing Protocols  

Proactive routing protocols, also known as table-driven protocols, are the same as Internet 

routing protocols, e.g. Routing Information Protocol (RIP), Distance Vector (DV) and 

Open Shortest Path First (OSPF) [24]. These protocols maintain and update routing 

information for the whole network. They send control packets to update the routing table, 

but the congestion increases as the network becomes more dynamic because of these 

control packets. Nodes in proactive routing are responsible for taking charge of information 

storing, broadcasting and propagating in one or more routing tables and tracking the 

changes in the network topology. Routes of proactive protocols are always available with 
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full use of traffic signals and power even if there is no need for it [28] [29]. Examples of 

the proactive protocols in MANET ordered by the date of implementation include: 

 DSDV- Destination Sequenced Distance-Vector, 1994 

 WRP- Wireless Routing Protocol, 1996 

 CGSR- Cluster head Gateway Switch Routing, 1997 

 GSR- Global State Routing, 1998 

 FSR- Fisheye State Routing, 1999 

 HSR- Hierarchical State Routing, 1999 

 ZHLS- Zone based Hierarchical Link State, 1999 

 STAR- Source Tree Adaptive Routing, 2000 

The experiments for the dynamic-movement node-control utilized two types of routing 

protocols, one of which is the proactive routing protocol DSDV. The DSDV was chosen 

due to the great potential it has as one of the best existing routing protocols for MANETs. 

Also, because of the limitation in the available MANET routing protocols in the Network 

Simulator NS2, which has been used to simulate the presented dynamic-movement node-

control algorithms. As a result, only the DSDV routing protocol from the proactive 

category was used in these experiments, and the other protocols are beyond the scope of 

this thesis.                      

3.1.1.1 DSDV Routing Protocol 

Destination Sequenced Distance Vector (DSDV) routing protocol is a proactive protocol 

for MANET, developed in 1994 by C. Perkins and P. Bhagwat [30]. DSDV adapted the 

Routing Information Protocol (RIP) or Distributed Bellman Ford algorithm to prevent 

routing loops by limiting the number of hops and finding the shortest routes between the 
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source and the destination. DSDV added a sequence number generated by the destination 

node to the routes; if the sequence number is even, then the route is still available and good 

to use. On the other hand, if the sequence number is odd that mean the routes will no longer 

be available [31] [32]. This routing protocol is suitable for dynamic mobile nodes in 

networks with no infrastructure, such as MANETs.  

Each node in DSDV has its own routing table, which contains the destination, the metric 

(hops count), the next hop, and the sequence number [33]. Each node continuously 

maintains route information in its own routing table. The packets are transmitted between 

two nodes through the route with the latest sequence number, and the other routes are 

discarded. If two routes have the same sequence number in the routing table, then the 

packets will be transmitted through the shortest route, which has the smallest metric 

number [32] [34].  

The routes between the mobile nodes need to be updated rapidly because of changes in the 

topology of the MANET. To update the routing tables each node advertises its own routing 

table to the neighboring nodes when routes are broken or when new routes have been found. 

Updating the routes may be delayed until the best routes are found, to reduce the number 

of duplicated route sequence numbers in the routing table. Advertising the routes causes a 

delay in time and waste of bandwidth [33] [34]. This delay causes DSDV to take a long 

time to detect the first forwarding path in the network compared with other routing 

protocols, such as AODV. This leads to a decrease in packet delivery ratio and network 

performance in general.   
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3.1.2 Reactive Routing Protocols 

Reactive protocols in MANET, also known as on-demand routing protocols, attempt to 

reduce the constant need for updating the routing tables that track the topology changes in 

the network by creating routes only when required [28] [29]. A route-by-route discovery 

procedure is established when a source (nodex) decides to send a packet to a destination 

(nodey). During the packet transmission, a route maintenance procedure is set up to 

maintain the route until it is no longer desired or it becomes inaccessible. Finally, a route 

deletion procedure is performed to destroy that route [35]. In reactive protocols, the route 

discovery procedure causes long delays in transmission, but they are more efficient at 

signaling and consuming power. Some of the existing reactive routing protocols, in date 

order, are: 

 DSR- Dynamic Source Routing, 1996 

 ABR- Associativity Based Routing, 1996 

 TORA- Temporally-Ordered Routing Algorithm, 1997 

 SSR- Signal Stability Routing, 1997 

 PAR- Power-Aware Routing, 1998 

 LAR- Location Aided Routing, 1998 

 CBR- Cluster Based Routing, 1999 

 AODV- Ad Hoc On-Demand Distance Vector Routing, 1999 

The performed dynamic-movement node-control experiments utilized one of these reactive 

routing protocols, AODV. The AODV routing protocol demonstrates high performance in 

MANETs compared with other protocols. The reasons behind using AODV instead of 

another reactive routing protocol are the same reasons mentioned in Section 3.1.1.      
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3.1.2.1 AODV Routing Protocol 

Ad-hoc On-Demand Distance Vector Routing (AODV) is an on-demand routing protocol 

that finds the route only when a source node requires a route for packet transmission [36]. 

The dynamic nature of AODV makes it suitable for networks that do not have a fixed 

infrastructure such as MANET. AODV uses the sequence number for the route in the 

routing tables to update the routes and avoid the problem of routing loops. The routing 

table contains information about the destination, the next hop, hop counts, the sequence 

number, and the route expiry time [29] [33] [37].  

The source node floods the network with a route request (RREQ) packet, called 

broadcasting, to establish a connection. A temporary route in the reverse path will be 

created by the RREQ for each passing node until it reaches the destination node. When 

RREQ finds a route leading eventually to the destination node, a route replay (RREP) 

packet is unicast backward to the source node via the same temporary route that is used to 

transmit the RREQ packet. The chosen route is the route with the minimum number of 

hops to transmit the data packet through from the source node to the destination. If a path 

between two nodes breaks, both nodes inform their end nodes about the broken link by 

sending route error (RERR) packets. Then, the end nodes delete the corresponding entries 

from their table. Each RREQ has a sequence number to avoid repeating RREQs through 

the nodes they have already passed. Also, the RREQ has a limited number of 

retransmissions, known as “time to live” [28].   

AODV routing protocol is simple, with no extra traffic for communication; it does not 

require complex calculations or large storage capacity. Also, it has an efficient technique 

to establish and maintain routes with minimum time delay [35]. In a large dense network, 
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e.g. 40 mobile nodes, AODV is able to detect the first forwarding path from the first second 

of run time. Because of this, a network that uses the AODV protocol performs much better 

than other networks using other protocols such as DSDV and DSR [29] [33].    

3.1.3 Hybrid Routing Protocols 

Hybrid routing protocols collect sets of nodes in zones inside the network topology then 

partition the whole network into zones. Each zone uses a proactive approach to maintain 

routing information and a reactive approach to route packets between different zones. If 

the route to a required destination node is in the same zone the route will be established 

without delay, but if the destinations are in other zones then route discovery and 

maintenance are needed [28] [35]. There are two available protocols of hybrid routing 

protocols: 

 ZRP- Zone Routing Protocol 

 ZHLS- Zone-Based Hierarchical Link State 

The hybrid approach is suitable for routing in large networks because these types of 

protocols provide a better balance between communication overhead and delay based on 

the dynamics and the size of the zone [28]. 
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Chapter 4 

Swarm Intelligence 

4.1 Self-Organization 

W. Ross Ashby formulated the original principle of the system of self-organization in 1947, 

although it was not published until 1962. In his paper, Ashby explained the fundamental 

concept of organization, and the integration of machines, and how they lead to what he 

referred to as a system of self-organization [38]. Later, in 1999, Bonabeau et al. defined 

the concept of self-organization relating to “Swarm Intelligence”. Self-organization can be 

defined as a set of dynamic spontaneous global structures that appear out of the local 

interactions between lower-level components of an initially disordered system [39] [40]. 

Spontaneous means that the process is not controlled by any agent inside or outside the 

system. Based on purely local information, an agent chooses which rules the process and 

its initial conditions should follow. This is distributed across all the agents in the system 

which follow the same process in parallel. As a result of this, the organization is very 

robust, and self-repairs any damage or perturbations. Any elimination or replacement of 

individual agents will not affect the system. In such a complex system, the agents directly 

interact locally with other agents near them, by visual contact or chemical contact, and 

affect the remote agents indirectly by changing the environment around them. The agents 

are goal-directed and select one outcome over another during the evolution of the system 

[40] [41]. Self-organization can be found in many different areas of science, e.g. physics, 

chemistry, biology, and telecommunication. Swarming in groups of animals, flocks of 
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birds, schools of fish, and colonies of insects are common examples of self-organization in 

nature. 

Implementing a swarm system with self-organization features in wireless networks is a real 

challenge, but not impossible. Bonabeau et al. (1999) present self-organization in swarms 

through positive feedback, negative feedback, fluctuations and multiple interactions. 

Positive feedback as a simple behavior may be presented as a recruitment and 

reinforcement [39]. For example, the dancing of bees, or laying of pheromone and 

following these trails of ants, are kinds of recruitment for their fellow species to reach a 

food source. On the other hand, negative feedback represents a way of balancing positive 

feedback and stabilizing the collective pattern. Fluctuations, such as random searches and 

errors, are important for self-organization in swarms in order to create creativity, 

innovation and discover new solutions. Finally, multiple interactions appear from sharing 

and spreading information between agents in the swarm [39] [41]. 

Individuals in swarms behave in a simple way that collectively create more complex 

behaviors. They interact locally with each other and with the environment around them to 

create a self-organization system able to solve complex problems [40] [41].   

4.2 Swarm Intelligence 

Swarm Intelligence (SI) is an artificial-intelligence approach to problem-solving using 

algorithms based on the self-organized collective behavior of social insects such as ants, 

bees, birds, fish, wasps, and termites that follow very basic rules [39]. Beni and Wang 

introduced the expression "Swarm Intelligence" in 1989 in the context of cellular robotic 

systems [42]. Scientists and engineers have studied this field of swarm behavior for years 

to analyze the intelligence behind how insects achieve a goal, and the interest continues to 
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grow. The individual insects are not intelligent but with cooperation they make smart 

colonies able to solve complex tasks. Insects communicate with each other directly, or 

indirectly through changes in their environment, forwarding information about locations, 

paths, or food. Sharing these experiences about the best places they found and the shortest 

paths they can take makes a perfect SI system of simple agents. Natural swarm systems 

made up of millions of flexible individual agents following simple rules demonstrate 

complicated group behavior. Such systems can be found in ant and bee colonies, flocks of 

birds, and schools of fish [43] [44].  

Swarm intelligence solves problems within complex systems made up of many agents that 

are capable of cooperation. The failure in one of the agents affects neither the SI system 

performance nor the number of the agents. SI based on the nature of insects provides a 

basis on which it is possible to explore collective (or distributed) problem-solving methods 

without centralized control or the provision of global models such as MANETs [44] [45] 

[46]. Different Swarm Intelligence algorithms are applied to optimally solve problems in 

the real world, i.e. Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO) 

and Artificial Bee Colony (ABC). 

Swarm Intelligence algorithms can be used in MANET to control the movement of the 

nodes in order to follow an optimal forwarding path during the network run time. Nodes 

using an SI algorithm have the same ability to connect as other nodes, except that they 

move dynamically and are called agents. The agents follow very simple rules, although 

there is no centralized control structure dictating how individual agents should behave. 

These interactions between agents lead to "intelligent" global behavior, unrecognized by 

the individual agents [47] [48] [49]. 
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4.2.1 Particle Swarm Optimization 

The Particle Swarm Optimization (PSO) algorithm was introduced to solve nonlinear 

function optimization based on swarm intelligence by Kennedy, Eberhart and Shi in 1995 

[50]. Particle Swarm Optimization is an Artificial Intelligence (AI) technique related to 

both genetic algorithms and evolutionary programming to model group movement 

behavior inspired by flocks of birds and schools of fish. An example is birds flying 

randomly searching for food in different places, until one of the birds is close to the food 

source and can actually smell it. The birds then know which bird is nearest to the food and 

they also know how far away the food is. At this point, the bird shares the information 

about the position of the food with the other birds in the flock. Transference of the correct 

information will enable the flock to follow the bird closest to the food to reach the food 

[51] [52]. In this example, the flock represents the swarm solution and the food source 

represents the optimal solution. 

The Particle Swarm Optimization algorithm represents the swarm as a population, while 

the “n” particles represent the candidate solution. The population following a few simple 

mathematical formulas to move around in a D-dimensional search space is represented as 

𝑋𝑖 = (𝑥𝑖1, 𝑥𝑖2, . . . , 𝑥𝑖𝐷). Each particle position represents a possible solution and each 

particle with a weight value has its own velocity representing a direction to the next 

position. The i-th particle is represented as 𝑃𝑖 = (𝑝𝑖1, 𝑝𝑖2, . . . , 𝑝𝑖𝐷), while the velocity of i-

th particle is also represented in a vector as 𝑉𝑖 = (𝜐𝑖1, 𝜐𝑖2, . . . , 𝜐𝑖𝐷). The particles move 

according to the local best-known position and toward a better best-known position that 

other particles found in the search space. Eventually, the whole swarm moves toward the 

best position until a solution is found, although it is not guaranteed to be the optimal 
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solution [51] [52]. The new velocity, and the new position of the i-th particle added to its 

new velocity, are respectively determined according to the following expressions: 

𝑉𝑖
𝑘+1 = 𝜒 (𝜔𝑉𝑖

𝑘 + 𝑐1𝑟𝑖1
𝑘 (𝑃𝑖

𝑘 − 𝑋𝑖
𝑘) + 𝑐2𝑟𝑖2

𝑘 (𝑃𝑔
𝑘 − 𝑋𝑖

𝑘))                                                    (4.1) 

𝑋𝑖
𝑘+1 = 𝑋𝑖

𝑘 + 𝑉𝑖
𝑘+1                                                                                                                (4.2) 

𝑖 = 1, 2, … , 𝑁 - N the population size 

𝑋𝑖
𝑘- the position of particle i at time k 

𝑃𝑖
𝑘- the best position particle i has found up to time k 

𝑃𝑔
𝑘- the best position any particle (global) has found up to time k 

𝜒- constriction factor to control velocities 

 𝜔- inertia weight 

𝑐1- positive constant, called cognitive parameter 

𝑐2- positive constant, called social parameter 

𝑟𝑖1& 𝑟𝑖2- uniformly distributed random numbers between [0,1] 

The value of the constriction factor 𝜒 is given in [51] [52] as: 

𝜒 =
2

|2−𝜑−√𝜑2−4𝜑|
                                                                                                                   (4.3) 

𝜑 = 𝑐1 + 𝑐2, 𝜑 > 4                                                                                                                  (4.4)                                                                            

The concept of Particle Swarm Optimization (PSO) is to take advantage of the collective 

memory of the entire swarm along with the individual memories. The swarm learns from 

the performance and experience of individuals in the swarm, and the individuals in the 

swarm learn from their own and each other's experiences. PSOs can search very large 

spaces for candidate solutions and use these on optimization problems that are partially 

irregular, noisy and change over time. Also, it is a fast algorithm and requires less memory 
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compared with other optimization algorithms, and is easy to implement [52]. A PSO 

algorithm can be used in many different areas such as neutral network training, machine 

study, model classification and function optimization.  

4.2.2 Ant Colony Optimization 

Ant Colony Optimization (ACO) is a type of optimization algorithm modeled on the 

actions of an ant colony using a swarm intelligence method. In 1996 Marco Dorigo, 

Vittorio Maniezzo and Alberto Colorni implemented the Ant Colony Optimization based 

on their observation of ant behavior in nature [53]. ACO methods are useful in problems 

that need to find paths to goals. The first ACO algorithms aimed to solve the NP-complete 

Travelling Salesman Problem [TPS] with the goal of finding the shortest round trip 

between a series of cities [53] [54] [55]. In nature, ants without vision  (almost blind) 

explore the environment around the colony searching randomly for a food source. When 

an ant finds food, it leaves a chemical pheromone trail on the path taken returning to the 

colony carrying that food. The other ants start following that pheromone trail to reach the 

food source [56] [57]. Pheromone is not permanent, it evaporates over time and distance. 

The pheromone evaporates from the longer paths faster than the shortest one and in this 

way ants always find the shortest path to the food source. Artificial 'ants' as simulation 

agents locate optimal solutions by moving through a parameter of space representing all 

possible solutions to solve a problem [58] [59] [60]. 

4.2.2.1 Ant System 

Colorni, Dorigo and Maniezzo (1996) developed the first and simplest Ant Colony 

Optimization algorithm, called Ant System (AS) [53]. The Ant System algorithm was 

inspired by the parallel search over different paths for real ants in nature. Real ants take 
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several ways to solve their problems based on the data and information stored in their 

memory about previous obtained results [53] [61]. Ant System transition probability was 

modified to include heuristic information. Also, a tabu list was added to the Ant System as 

a memory capacity. In the Ant System a set of agents (Ants) follows local decisions to 

move through nodes (places) to solve a problem [62] [63]. The probability rule used by the 

ant to move from place 𝑖 to place 𝑗 during iteration is:  

𝑝𝑖𝑗
𝑘 = {

𝜏𝑖𝑗
𝛼 𝜂𝑖𝑗

𝛽

∑ 𝜏𝑖𝑘
𝛼 𝜂𝑖𝑘

𝛽
𝑘∉𝑡𝑎𝑏𝑢𝑘

             𝑖𝑓 𝑘 ∉ 𝑡𝑎𝑏𝑢𝑘

0                                     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                                             (4.5) 

𝜏𝑖𝑗- the amount of pheromone trail 

𝜂𝑖𝑗- the visibility (0 ≤ 𝜂𝑖𝑗 ≤ 1) 

𝛼- the impact of trail defined by the user (0 ≤ 𝛼 ≤ 1) 

𝛽- the attractiveness defined by the user (0 ≤ 𝛽 ≤ 1) 

𝑡𝑎𝑏𝑢𝑘- tabu list contain the visited cities by antk during current iteration  

The visibility value represents the heuristic information, which can be calculated by using 

the following expression: 

𝜂𝑖𝑗 =
1

𝑑𝑖𝑗
                                                                                                                                  (4.6)  

𝑑𝑖𝑗- the distance between place 𝑖 to place 𝑗 

Each ant leaves a trail called pheromone 𝜏 after completing a solution to attract the other 

ants. This pheromone trail 𝜏 can be modified by other ants moving along the same path or 

it can just evaporate over time [63]. The pheromone 𝜏𝑖𝑗 laid on the connected edge between 

place 𝑖 and place 𝑗 is updated by using the following equation: 

𝜏𝑖𝑗(𝑡 + 1) = (1 − 𝜌)𝜏𝑖𝑗(t) + ∑ ∆𝜏𝑖𝑗
𝑘𝑚

𝑘=1                                                                                                 (4.7) 
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∆𝜏𝑖𝑗 = ∑ ∆𝜏𝑖𝑗
𝑘𝑚

𝑘=1                                                                                                                (4.8)                                                          

∆𝜏𝑖𝑗
𝑘 = {

𝑄 𝐿𝑘        𝑖𝑓 𝑎𝑛𝑡𝑘 𝑢𝑠𝑒𝑑⁄  𝑝𝑎𝑡ℎ(𝑖, 𝑗) 𝑖𝑛 𝑖𝑡𝑠 𝑡𝑜𝑢𝑟
0                𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                              

                                                        (4.9)                                       

𝜌- the evaporation coefficient defined by the user (0 ≤ 𝜌 ≤ 1) 

𝑚-the number of ants 

∆𝜏𝑖𝑗
𝑘 - the pheromone quantity laid by ant-k on the path (i,j) 

𝑄- constant, often 1 

𝐿𝑘-the tour length of the solution obtained by ant-k 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Ant System Algorithm Pseudocode [53] 

1- Initialize the parameters value     

 The pheromone trail 𝜏𝑖𝑗 

 The visibility 𝜂𝑖𝑗  

2- For each antk in state 𝑖 do //construction 

    Repeat 

 Choose the next state 𝑗 to move into //using the probability rule 

 Add the chosen state 𝑗 to the tabuk for the antk 

 Until antk complete its solution 

3- For each ant move through 𝑝𝑎𝑡ℎ(𝑖, 𝑗) do //pheromone update 

 Compute the pheromone quantity ∆𝜏𝑖𝑗 

 Update the pheromone trail matrix 

4- If not (end test) go to step 2 //terminating condition 
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The ant agents use the pheromone trail information to control movement through the search 

operation to find the optimal solution for the problem [60] [61] [63]. The full pseudocode 

for the ant system algorithm is given in (Figure 4.1). 

4.2.2.2 Rank-Based Ant System 

The Rank-Based Ant System (ASRank) is an improvement of the Elitist Ant System (EAS) 

algorithm introduced by Bullnheimer in 1997 [64]. Each iteration in the Rank Based Ant 

System has a number of tours approximately equal to the number of ants illustrating the 

solutions found by these ants. These tours are ranked and have a weight factor ω usually 

equal to 25% of the number of ants based on previous experiments. The best tour has a 

weight factor of (ω-1), the second tour has a weight factor of (ω-2), the third ranked tour 

has a weight factor of  (ω-3), etc. In the Rank-Based Ant System, pheromone is deposited 

only by the best ants that have a weight factor of (ω-1) and by one other elite ant [61] [64]. 

The amount of pheromone deposited depends on the tour rank and the quality of the 

solution. The pheromone update expression is given by: 

𝜏𝑖𝑗(𝑡 + 1) = (1 − 𝜌)𝜏𝑖𝑗(𝑡) + 𝜎∆𝜏𝑖𝑗
𝑒 + ∑ (𝜎 − 𝜇)∆𝜏𝑖𝑗

𝜇𝜎−1
𝜇=1                                                     (4.10)                                             

∆𝜏𝑖𝑗
𝑒  and ∆𝜏𝑖𝑗

𝜇
can be defined as follow: 

∆𝜏𝑖𝑗
𝑒 = {𝑄 𝐿𝑔𝑏                𝑖𝑓 𝑝𝑎𝑡ℎ(𝑖, 𝑗) ∈ 𝐺𝑏𝑒𝑠𝑡⁄

0                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                  
                                                                        (4.11)                       

𝑒- the elitist ants 

𝐿𝑔𝑏- the tour length of global-best solution 

∆𝜏𝑖𝑗
𝜇 = {

𝑄 𝐿𝜇          𝑖𝑓 𝑡ℎ𝑒 𝜇𝑡ℎ 𝑏𝑒𝑠𝑡 𝑎𝑛𝑡 𝑡𝑟𝑎𝑣𝑒𝑙𝑠 𝑝𝑎𝑡ℎ(𝑖, 𝑗)⁄

0                  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                    
                                                (4.12)                                               
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4.2.2.3 Max-Min Ant System 

Thomas Stutzle and Holgar Hoos introduced the Max-Min Ant System (MMAS) in 1996 

to improve the Ant System Algorithm [65]. One of the improvements was binding the 

pheromone value on the edges to avoid search stagnation (all ants follow the same path) 

[66]. The Max-Min Ant System has two pheromone bounds, upper bound 𝜏𝑚𝑎𝑥and lower 

bound 𝜏𝑚𝑖𝑛 to reach pheromone thresholds. At the beginning of the Max-Min Ant System, 

the upper bound (Max) pheromone value is initialized, to make the most advantage of the 

algorithm [66] [67]. The upper bound τmax (t) is given by using the following equation: 

τmax (t) =  
1

(1−ρ) Costopt(t) 
                                                                                               (4.13) 

Costopt(t)- the optimal solution value for a specific problem. 

On the other hand, the lower bound τmin value is given by: 

τmin (t) =  
τmax (t) (1− √Pbest 

n )

(λ−1) √Pbest
n                                                                                                (4.14)                                                                                      

if {
Pbest = 1              τmin(t) = 0               

Pbest  ≈ 0             τmin(t) >  τmax(t) 
                                                                           (4.15) 

Pbest- the probability of creating the global-best solution defined by the user 

n- the number of decision points 

λ- the average number of edges at each decision point 

The probability rule used by the Max-Min Ant System to move from place 𝑖 to place 𝑗 

during iteration is the same rule used by the Ant System algorithm (Equations 4.5 and 4.6):  

𝑝𝑖𝑗
𝑘 = {

𝜏𝑖𝑗
𝛼 𝜂𝑖𝑗

𝛽

∑ 𝜏𝑖𝑘
𝛼 𝜂𝑖𝑘

𝛽
𝑘∉𝑡𝑎𝑏𝑢𝑘

             𝑖𝑓 𝑘 ∉ 𝑡𝑎𝑏𝑢𝑘

0                                     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                                                    

𝜂𝑖𝑗 =
1

𝑑𝑖𝑗
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𝑑𝑖𝑗- the distance between place 𝑖 to place 𝑗 

Another improvement identified how to update pheromone; this is the main difference 

between the Ant System and other Ant Colony Optimization algorithms [66] [68]. In Ant 

Colony Optimization each ant leaves a certain amount of pheromone trail on every edge it 

passes. However, to find the best solution in the Max-Min Ant System, the pheromone 

trail is updated and placed during iteration only by the best ant, the ant with best local 

solution [66].  

Figure 4.2: MMAS Algorithm Pseudocode [65] 

 

1. Initialize the parameters value 

 The pheromone trail 𝜏𝑖𝑗 

 The heuristic value 𝜂𝑖𝑗 

2. For each antk do //main loop 

 Place ants on the starting node // randomly or in predefined order 

 Constructs solutions for each ant by adding nodes // using the 

probability rule 

 Boosting algorithm performance constructed a better solution 

than the initial solution // optional step 

 Find ant with the best solution 

 Update the pheromone trails by evaporate trails or reinforce 

trails 

3. End for loop 
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The pheromone update is implemented by using the following expression: 

τij(t + 1) = [(1 − ρ)τij(t) + ∆τij
best] τmax

τmin
                                                                                      (4.16) 

∆τij
best = {

1

Lbest
                               path(i, j) ∈  Gbest           

        0                                   otherwise                              
                                                (4.17)          

𝐿𝑏𝑒𝑠𝑡 is the tour length found by the best ant, which can be equal to 𝐿𝑖𝑏-length of iteration 

best- the best solution at the current iteration or 𝐿𝑔𝑏-length of global best- the best found 

solution since the beginning of the algorithm [68] [68]. Max-Min Ant System one of the 

best Ant Colony Optimization algorithms so far. For full algorithm pseudocode check 

Figure 4.2.  

4.2.2.4 Best-Worst Ant System 

The Best-Worst Ant System (BWAS) algorithm was designed to improve the performance 

of the Ant Colony Optimization algorithm [70]. The Best-Worst Ant System uses the same 

transition probability rule as the Ant System algorithm (Equation 4.5), which is given by: 

𝑝𝑖𝑗
𝑘 = {

𝜏𝑖𝑗
𝛼 𝜂𝑖𝑗

𝛽

∑ 𝜏𝑖𝑘
𝛼 𝜂𝑖𝑘

𝛽
𝑘∉𝑡𝑎𝑏𝑢𝑘

             𝑖𝑓 𝑘 ∉ 𝑡𝑎𝑏𝑢𝑘

0                                     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                                                       

At the beginning of the algorithm, a pheromone value is initialized for each edge. With 

regards to pheromone updating, a pheromone trail is deposited only by the global best ant 

over the edge of the best route so far. The pheromone is updated at the end of each iteration 

by using the following function: 

𝜏𝑖𝑗 = (1 − 𝜌)𝜏𝑖𝑗 + 𝜌∆𝜏𝑖𝑗
𝑏𝑠                                                                                                             (4.18)                                                        

The pheromone trail value in Best-Worst Ant System also evaporates over time from the 

edges as all the other Ant Colony Optimization algorithms. The evaporation happens 
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immediately after the ant chooses the edge for its tour. The evaporation equation is given 

by:  

𝜏𝑖𝑗 = (1 − 𝜉)𝜏𝑖𝑗 + 𝜉𝜏0                                                                                                                    (4.19)                                                   

The difference with Best-Worst Ant System is that the pheromone evaporates only from 

the worst route [70] [71]. Also, the pheromone trail on each row of the pheromone matrix 

is subject to mutation to introduce diversity in the search based on a probability called pmut. 

4.2.3 Bee Colony 

There are thousands of kinds of insects that behave in different patterns but they are all 

capable of solving complex tasks. They are robust, flexible, organized and adaptive to 

changes in their environment. Bees in colonies are self-organized and follow very simple 

rules of behavior, like all other individual insects in nature.  

Karl Von Frisch 1973 investigated bee behavior more closely, and came up with an 

excellent understanding of the language of communication between bees in a colony [72]. 

Frisch did not believe the biologists' idea that all insects are color-blind, so he undertook 

experiments. He started testing the ability of bees to see color, and the more he tested the 

more he discovered interesting facts. One of the important facts he discovered was the 

communication tool used among bees, which he named the Waggle dance. The Waggle 

dance is a figure-eight dance pattern starting with a straight waggle run then a turn to the 

right back to the starting point, and again another straight waggle run then a turn but to the 

left this time and back to the starting point. Bees repeat these steps a few times to inform 

each other about the direction and distance of the location of the food source. The length 

of the straight waggle run shows the distance to the food source, where the angle of the 

dance relative to the sun shows the direction to it [72] [73].     
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In nature, bees fly out of the hive looking for flowers to collect nectar and carry it back to 

the hive where they store it. When a bee finds a flower full of nectar she attracts other bees, 

nestmates, to follow her by dancing. Dancing is the bees’ way to share information about 

the source of the nectar and each hive has its own dance floor area to distinguish them from 

other hives. Bees will follow the dancing bee to the source of the nectar and the dancing 

bee will begin collecting the nectar until she is full. Afterwards, she returns to the hive, 

hands over the nectar to the storer bee and flies out again to collect more nectar. There is 

no obvious reason to explain why the bees will decide to follow a specific bee dancer rather 

than another, but the number of attracting bees always correlates with the quality of the 

nectar source[73] [74]. 

4.2.3.1 Bee Colony Optimization 

Bee Colony Optimization (BCO) is a new direction for those studying in the field of swarm 

intelligence, and the interest of research applies to a variety of areas, such as computing 

and engineering. The Bee Colony Optimization was proposed first in 2003 by Panta Lucic 

and Dušan Teodorovic to solve the Traveling Salesman problem [74]. The Bee Colony 

Optimization algorithm is a population-based algorithm inspired by bees' behavior in 

nature. The algorithm is designed to solve complex optimization problems by creating 

artificial bees called multi-agents that search for solutions to problems by behaving 

partially like and partially different from the bees in nature [74] [75].  

At the beginning of the Bee Colony Optimization algorithm each agent, or artificial bee, 

is initially located in the hive to start exploring the search space with a series of predefined 

moves to find a solution.  
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             Set parameter values 

B= number of bees in the hive; 

It= number of moves during one forward iteration; 

Start; //all bees are in the hive 

1. Set every bee to an empty solution; 

2. For every bee (i=0; i<B; i++) do: //the forward pass 

i. Set Counter=1; // for constructive moves in the forward pass; 

ii. Evaluate all possible constructive moves; 

iii. According to evaluation, choose one move using the roulette wheel; 

iv. Counter=Counter+1; if Counter<=It Go to step ii. 

3. All bees return to the hive; //the backward pass; 

4. Sort the bees by their objective function value; 

5. Every bee decides randomly whether to continue its own search and 

become a recruiter or to become a follower; 

6. For every follower, choose a new solution xi from recruiters using the 

roulette wheel; 

7. If solutions are not completed go to Step 2; 

8. Evaluate all solutions to find the best one and update x=xi;  

9. If the stopping condition is not met go to Step 2; 

10. Output the best result x found. 

Figure 4.3: BCO Algorithm Pseudocode [74] 
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One or more partial solutions are generated at each iteration during the algorithm search. 

Each agent generates only one partial solution for the problem and continues to search to 

find a new partial solution or improve an existing one. This phase is called the forward 

pass and during the next phase, referred to as the backward pass, all the agents, or artificial 

bees, go back to the hive, share information directly about the quality of the partial solution 

i.e. the object function value and make a decision [74] [75] [76]. 

Based on a probability function, the bee decides to continue with its own exploring if she 

has a high-object function value and dances to attract other bees, or nestmates; otherwise 

the bee will give up on the created partial solution and become a follower. The bees will 

go through a second forward pass and expand the previous discovered partial solutions, 

after which they will return to the hive during a second backward pass. The agents keep 

performing the two previous phases iteratively until feasible solutions are created or until 

they reach a stop condition, then the best solution will be chosen as the solution for the 

current problem [76] [77].  See Figure 4.3 for a full BCO algorithm pseudocode. 

4.2.3.2 Artificial Bee Colony 

The Artificial Bee Colony algorithm (ABC) is an optimization algorithm developed by 

Karaboga (2007) that simulates honeybee behavior [78] [79] [80]. The Artificial Bee 

Colony has two types of honeybees: employed bees that fly to a food source they visited 

before, and unemployed bees. The unemployed bees are divided into two types: scout bees, 

that search for new food sources around the hive randomly, and onlooker bees, that wait in 

the hive for the information that will come from the employed bees to establish a food 

source and make decisions. All of them share one specific purpose, to search the area 

around the hive randomly to find a food source and collect nectar [78] [79] [80].  
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1. Initialize the population of solutions 𝑥𝑖, 𝑖 = 1, … , 𝑆𝑁 // the food source number 

2. Evaluate the fitness 𝑓𝑖𝑡𝑖 population 

3. Set cycle=1 

4. repeat 

5. For each employed bee { 

Produce new solutions 𝜐𝑖for the employed bees by using (4.22) and evaluate them; 

      Apply the greedy selection process for the employed bees;} 

6. Calculate the probability values 𝑃𝑖 for the solutions 𝑥𝑖 by (4.20) 

7. For each onlooker bee { 

Produce the new solutions 𝜐𝑖  for the onlookers from the solutions 𝑥𝑖  

selected depending on 𝑃𝑖 and evaluate them 

Apply the greedy selection process for the onlookers} 

8. If the scout abandons a solution, then replace it with a new random  

9. produced solution 𝑥𝑖 by (4.23) 

10. Memorize the best solution achieved so far 

11. cycle = cycle + 1 

12. until cycle = MCN // the maximum cycle number 

Figure 4.4: ABC Algorithm Pseudocode [78] 

The position of the food source is saved in the employed bees' memories and when a new 

food source is discovered they compare between the two sources based on the amount of 

nectar. If the amount of nectar in the new food source is higher than the previous source, 

the employed bees will memorize it and forget about the old one. Otherwise they keep the 

position of the one that is already there in their memories. By dancing the waggle dance, 
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the employed bees attract other bees to follow them and share information with the 

onlookers about the location of the new source they found, such as direction, distance and 

amount of nectar. Immediately, onlookers evaluate this information and again they notice 

the difference in the amounts of nectar by comparing the two sources, just like the 

employed bees did. The onlooker bees prefer food sources with a lot of nectar, forget the 

position of the low nectar sources and only remember the preferred one [80] [81] [82]. In 

the ABC algorithm the artificial onlooker bee uses the following probability value pi to 

choose a food source: 

𝑝𝑖 =
𝑓𝑖𝑡𝑖

∑ 𝑓𝑖𝑡𝑛
𝑆𝑁
𝑛=1

                                                                                                                                     (4.20)                                 

𝑓𝑖𝑡𝑖- the fitness value of the solution i 

SN- the number of food source     

The 𝑓𝑖𝑡𝑖 value of the 𝑖th employed bee is obtained as follows: 

𝑓𝑖𝑡𝑖 =  {

1

1+𝑓𝑖
                                  𝑖𝑓 (𝑓𝑖  ≥ 0)

1 + 𝑎𝑏𝑐(𝑓𝑖)                    𝑖𝑓 (𝑓𝑖  < 0)
                                                                                   (4.21) 

The next expression produces a candidate food position from the old one in memory: 

𝜐𝑖𝑗 = 𝑥𝑖𝑗 + 𝜙𝑖𝑗(𝑥𝑖𝑗 − 𝑥𝑘𝑗)                                                                                                (4.22)                

𝜙𝑖𝑗- random number between [-1,1] 

k ∈ {1, ,2, … , 𝑆𝑁}- random index and different from i 

j ∈ {1, ,2, … , 𝐷}- random index 

The employed bees carry the nectar to the hive and those whose food source has been 

abandoned can become a scout and start to search for a new food source, or they can be 

follower bees and follow the employed bees after watching the waggle dances. The ABC 
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algorithm produces a random position to replace the abandoned source 𝑥𝑖 limit with control 

parameter represented in operation (4.23). 

𝑥𝑖
𝑗 = 𝑥𝑚𝑖𝑛

𝑗 + 𝑟𝑎𝑛𝑑[0,1](𝑥𝑚𝑎𝑥
𝑗 − 𝑥𝑚𝑖𝑛

𝑗 )                                                                                     (4.23) 

The Artificial Bee Colony algorithm initializes and randomly distributes the food source 

positions.  The employed bees are also initialized and distributed randomly between the 

food sources. Each employed bee is assigned to one food source so the number of food 

sources matches the number of employed bees. The food source positions represent 

possible solutions for the problem and the nectar amount, or fitness value, represents the 

quality of that solution. The ABC algorithm has three control parameters, which are: SN, 

the number of food source equal to the number of employed or onlooker bees, and the value 

of limit and MCN, the maximum cycle number [82] [83]. A full pseudocode for the ABC 

algorithm is given by Figure 4.4. 

4.3 The proposed Self-Organization Movement Control 

The movement of the mobile nodes in MANETs is random and the performance depends 

on the density, distribution and movement of the mobile nodes. Because of the changing 

nature of MANET topology, the network suffers from the rapid disconnection between the 

nodes, which causes a significant decrease in the delivery ratio of the network. Controlling 

the movement of nodes in MANETs and keeping them in the transmission range to improve 

the network performance is always a problem. The Slow Down Speed algorithm (SDS) is 

a self-organization control algorithm proposed in this Section 4.3 as a dynamic-mobile 

node-movement control solution based on observation of network traffic conditions. It 

aims to control the mobile node movements and extend the length of time that the 

forwarding path lasts and therefore reduce the number of changes in the routing table. 
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At the beginning, the mobile nodes start moving randomly at different speeds. The mobile 

nodes represent the agents, and they have no control over each other or over the network. 

During the random movement, the network traffic is observed waiting for the routing 

protocol to detect the forwarding path, which is used in the SDS algorithm as the local 

information. Based on that local information, the agents decide which rule they should 

follow to transmit the packets from the source node to the destination node. When a few 

mobile nodes agents take a place in between the source and the destination, the routing 

protocol finds a forwarding path, and the nodes are divided according to this local 

information into forwarding nodes, and source and destination communicating nodes. At 

this time, each active forwarding agent that is actually a part of the forwarding path used 

to transmit the packets over the network decides to follow a simple rule to slow down. This 

simple self-control behavior presented in changing the speed of the active forwarding agent 

based on the local information of the traffic condition results in extending the life time of 

the forwarding path for a longer period. The slower the agents the longer the forwarding 

path remains, and the longer the time the forwarding path remains live, the higher the 

packet delivery ratio.  

This simple SDS self-organization behavior of the agents in a random movement network 

creates a more complex MANET that is actually able to solve the problem of the rapid 

disconnection of the source from the destination. It also decreases the changes in the 

routing table in addition to the changes in the MANET topology, resulting in a higher 

packet delivery ratio to network performance.   

 

 



 

42 

 

4.4 The proposed Ant Colony Optimization Movement Control 

MANET is a high dynamic network where all the mobile nodes are moving in random 

directions at random speeds. This rapid movement of the mobile nodes causes changes in 

the MANET topology, which increase the disconnection between the source node and the 

destination node. The continual disconnection affects network performance and decreases 

packet transmission rates. In order to improve MANET performance, a dynamic-

movement node-control algorithm based on Swarm Intelligence has been proposed to 

control the mobile node movement according to the node's awareness of the traffic 

condition. In this thesis the proposed Ant System Node Control algorithm, ASNC, is 

implemented to control the mobile node movements in MANET according to the traffic 

condition in the network. The ASNC is adapted from the Ant Colony Optimization 

algorithm, and more specifically the Ant System algorithm. A variety of related Swarm 

Intelligence (SI) studies and algorithms for MANETs have been proposed by other 

researchers where they adapted different SI algorithms, such as the Ant Colony 

Optimization and the Bee Colony Optimization algorithms. Examples of related work 

where the researchers adapted the Ant Colony Optimization algorithm to evaluate routing 

protocols for MANET include: Ant-colony-based Routing Algorithm (ARA) [5], Simple 

Ant Routing Algorithm (SARA) [6], Ad-hoc Networking with Swarm Intelligence (ANSI) 

[7], AntHocNet hybrid algorithm [8], AntNet routing algorithm [9], and HOPNET routing 

algorithm [10].  

At the start, the mobile nodes are moving randomly in MANET without any control. The 

mobile nodes act like Ant-agents, they explore the simulation area randomly until the 

routing protocol detect the first forwarding path between the source and the destination. 
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The source node represents the ant colony while the destination node represents the 

position of the food source. At this time, each active forwarding node, ant-agent, leaves a 

pheromone trail on its position, and the deposited pheromone trails show the forwarding 

path that the packets transmit through from the source to the destination. The other mobile 

nodes, ant-agents, will start moving towards these pheromone trail positions deposited by 

the forwarding ant-agents. Each time a forwarding path detected in MANET, the active 

forwarding ant-agents deposited new pheromone trails on the forwarding positions. The 

pheromone trails are not permanent, they evaporate over time from the far forward 

positions faster than the closest forward positions to the source and the destination. The 

ant-agents take several positions to solve the problem of the rapid disconnection between 

the source and the destination in MANET. In this way, the packets always find a forwarding 

path from the source to the destination to transmit in MANET.  

In the ASNC, the ant-agents follow local decisions to move from forward position to 

another forward position using the Ant System probability rule (Equation 4.5). The 

deposited pheromone in a forward position will be modified by other ant-agents, mobile 

nodes, moving toward the same forward position, otherwise the pheromone evaporates 

from the forward position over time using the Ant System update equation (Equation 4.7).      

The pheromone trail deposited based on the traffic condition of MANET control the ant-

agents movement during the simulation to find a forwarding path between the 

communication nodes, the source and the destination, and improve the network 

performance. 
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Chapter 5 

Simulation Environment  

5.1 Introduction to Network Simulator 2 

The Network Simulator 2, also known as NS2, was developed by researchers at Berkeley 

University in 1989 under UNIX environment to simulate different types of wired, e.g. 

LANs, and wireless, e.g. MANETs, networks [84]. NS2 is an open source simulation tool, 

which means that the source code is available to be developed and improved by the users 

for free. This simulator is an object-oriented event-driven network simulation tool where 

the events are not executed on a fixed time interval. Each event has a time stamp showing 

the time the event will occur, which has to be greater than the current simulation clock to 

insure that the simulation always goes forward in time. The events are stored in a list, called 

an event list, and the simulation executes these events by retrieving and removing them in 

order according to the time of occurrence [84] [85].  

NS2 is a popular simulation tool in the network research area, which provides a variety of 

ways to design network topologies with different scenarios, traffic generators such as FTP 

and CBR, and protocols including TCP and UDP to study their behaviors. Over years, 

several developers and programmers have improved the first NS2, the REAL network 

simulator, since its inception in 1989, and the development still continues [85] [86].            

5.2 Network Simulator 2 Architecture 

NS2 was written in two languages, C++ and Object-oriented Tool Command OTCL both 

of which are linked together using TclCL. NS2 runs on a UNIX environment or Linux 

without any complications, however, it is possible to run it on other platforms, such as 
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Windows via Cygwin (UNIX emulator) and Mac [84] [86]. In order to write a scripting file 

for NS2, programmers have to use a scripting language called Tool Command Language, 

or Tcl. The Tcl was developed by J. Ousterhout in 1988 as dynamic typing where every 

operation is a command and everything in the script can be treated as a string [87]. NS2 

files are executed using "ns" command in the terminal followed by a space and the name 

of the scripting file as follows: ns filename.tcl  

The simulation then starts and the results can be visualized via graphical and interactive 

tools, such as the animation tool Network AniMator (NAM), which visualizes the mobile 

node movements and how the packets are transmitted through the network (Figure 5.1). 

Xgraph (Figure 5.2) is another tool used to plot graphs, e.g. throughput graphs [84] [85].  

 

Figure 5.1: Network AniMator 
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Figure 5.2: Xgraph  

The random distributed mobile node positions, velocities and movement directions are 

initialized in NS2 using a Setdest command or a Setdest tool [84]. The Setdest tool uses 

the Random Waypoint Model to automatically generate a large number of mobile node 

positions along with their destinations and speeds in the following syntax: 

setdest -v 1 -n $numnodes -p $pt -M $maxspeed -t $simtime -x $maxx -y $maxy 

where: 

$numnodes, mobile node total numbers in the simulation 

 $pt, pause time 

$maxspeed, the maximum speed allowed for the mobile nodes 

 $simtime, simulation run time 

$maxx, the maximum X coordinate for the simulation area 

$maxy, the maximum Y coordinate for the simulation area 

It is also possible to create a trace file, a text-based output, to analyze and process the 

simulation results, such as calculating the delay, delivery ratio and throughput, in order to 

measure the network performance. AWK language, developed in 1970 and named after the 
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authors' family names A. Aho, P. Weinberger and B. Kernighan, is used to extract and 

calculate the data from the NS2 trace file [88].   

5.3 Modification on Network Simulator 2 

The dynamic-movement node-control algorithms utilize the NS2 to simulate the 

experiments using the MANETs. In the experiments, the proposed SDS and ASNC 

algorithms were performed based on the awareness of the traffic conditions during the 

simulation run time to control the random movement of the mobile nodes. The algorithms 

are written in Tcl, which does not provide the necessary information about the network 

routing tables. To be able to extract the routing table information the two routing protocols, 

AODV and DSDV, were modified in NS2. It was also important to get the right position 

for a mobile node at a specific time during the simulation run; unfortunately NS2 did not 

provide timely X and Y coordinate information for a mobile node, so that had to be 

modified as well. John DeDourek, professor at UNB, had modified NS2 to extract the 

correct positions of the mobile nodes during the simulation run and the modification in 

Section 5.3.3 is a modification based on his work. As NS2 files are written in C++ and 

linked with OTCL, all the modifications have been done using C++ language.           

5.3.1 AODV 

AODV, one of the reactive routing protocols available for MANET in NS2, has been used 

in this study on dynamic-movement node-control algorithms. Each entry in the AODV 

routing table contains information about the packet destination, route sequence number, 

hop counts needed to reach the destination, next hop, route expiry time, and flags. These 

variables are declared in the AODV routing table header aodv_rtable.h, which is located in 

the aodv folder. A new function, called ForwardPaths that takes a routing table of type 
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aodv_rt_entry as an argument, has been added to aodv.cc and declared in the AODV header 

aodv.h as follows: AODV::Forwardpaths(aodv_rt_entry *rt). 

This function opens a text file to write the routing table entry information that was actually 

used to transmit a packet over a forwarding path. The writing text file contains the node id 

(index), current time (CURRENT_TIME), destination (rt->rt_dst), next hop (rt-

>rt_nexthop), hop counts (rt->rt_hops), route sequence number (rt->rt_seqno), route 

expiry time (rt->rt_expire), flags (rt->rt_flags), X coordinate (xpos), and Y coordinate 

(ypos) respectively, (Figure 5.3).  

0 39.522581 1 6 7 4 49.522581 1 50.000000 400.000000   

6 39.528863 1 4 6 4 49.528863 1 215.988352 553.086271  

4 39.535225 1 11 5 4 49.535225 1 392.469308 575.056250  

11 39.541407 1 16 4 4 49.541407 1 487.443696 381.596208  

16 39.547189 1 10 3 4 49.547189 1 674.974626 229.450740  

10 39.553352 1 14 2 4 49.553352 1 920.019073 247.328439  

14 39.559373 1 1 1 4 49.559373 1 948.287665 360.825409 

0 49.554501 1 6 8 4 49.522581 1 50.000000 400.000000    

6 49.555518 1 15 7 6 59.555518 1 223.229006 534.432421  

15 49.561780 1 9 6 6 59.561780 1 370.423781 663.037535  

9 49.567722 1 11 5 6 59.567722 1 487.386541 581.945456  

11 49.573983 1 16 4 6 59.573983 1 514.728394 393.969527  

16 49.579846 1 10 3 6 59.579846 1 692.729822 241.066723  

10 49.586028 1 14 2 6 59.586028 1 919.231459 263.574320  

14 49.592069 1 1 1 6 59.592069 1 947.039449 370.528963 

0 59.250000 1 6 8 6 69.250000 1 50.000000 400.000000  

6 59.255618 1 15 7 6 69.255618 1 230.233047 516.388149  

15 59.261560 1 9 6 6 69.261560 1 358.888243 659.614267  

9 59.267722 1 11 5 6 69.267722 1 498.349725 580.591536  

11 59.273823 1 16 4 6 69.273823 1 541.103990 405.930579  

16 59.279886 1 10 3 6 69.279886 1 709.893276 252.295570  

10 59.285848 1 14 2 6 69.285848 1 918.470101 279.278628  

14 59.291669 1 1 1 6 69.291669 1 945.832872 379.908827  

   

Figure 5.3: AODV forwarding Paths 

To determine the position of the forwarding mobile node the following code was used 

directly from C++ rather than from Tcl: 

MobileNode *m; 
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m = (MobileNode *) (Node::get_node_by_address(index)); 

m-> update_position(); 

xpos = m-> X(); 

ypos = m-> Y(); 

The ForwardPaths function is called from inside another function in aodv.cc, the forward 

function, that takes a routing table entry, a packet and a delay as arguments as follows: 

AODV::forward(aodv_rt_entry *rt, Packet *p, double delay)  

More specifically, only the forwarding paths between the stationary communication nodes, 

the source (node 0) and the destination (node 1), with no errors or dropped packets, are 

considered. This has been accomplished by adding an 'if' condition to the forward function. 

These improvements made it possible to extract all the needed information about the traffic 

conditions to control the mobile node movements using the SDS and ASNC algorithms. 

During the simulation run time, the forwarding paths are written in a text file using C++, 

and are read by the Tcl scripting file simultaneously.                        

5.3.2 DSDV 

The DSDV proactive routing protocol is the other MANET routing protocol that has been 

used in the experiment on dynamic movement node control algorithms. DSDV routing 

table entries contain information about the destination, next hop, metric (hop count), and 

route sequence number, which are all declared in rtable.h, the routing table header located 

in the dsdv folder. As in AODV, a new function, ForwardPaths, has been added to dsdv.cc 

and declared in the DSDV header dsdv.h. This function takes a routing table of type 

rtable_ent as an argument as follows: DSDV_Agent::Forwardpaths(rtable_ent *prte) 
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It has the same functionality as the ForwardPaths function in AODV, which writes the 

routing table entry information that was actually used to transmit a packet over a 

forwarding path into a text file. The text file contains the node id (myaddr_), current time 

(now), destination (prte->dst), next hop (prte->hop), metric (prte->metric), route sequence 

number (prte->seqnum), X coordinate (xpos), and Y coordinate (ypos) respectively, 

(Figure 5.4).  

0 113.509981 1 4 5 50.000000 400.000000   

4 113.522182 1 8 4 212.600653 506.324689   

8 113.535139 1 9 3 415.836549 567.635846   

9 113.544255 1 18 2 642.309652 562.812912   

18 113.553071 1 1 1 784.181263 432.474439   

0 161.000000 1 4 5 50.000000 400.000000   

4 161.005718 1 8 4 221.989592 498.800995   

8 161.011900 1 9 3 445.757732 547.925253   

9 161.018102 1 16 2 664.548081 555.877133   

16 161.024004 1 1 1 803.291464 497.048610  

0 373.800000 1 5 5 50.000000 400.000000   

5 373.805678 1 17 4 261.289707 465.267385   

17 373.811741 1 18 3 488.268180 511.776907   

18 373.817781 1 9 2 578.221025 548.211809   

9 373.823844 1 1 1 781.465488 555.781600  

0 483.900000 1 4 5 50.000000 400.000000   

4 483.906038 1 8 4 255.058131 396.164606   

8 483.912040 1 18 3 460.251491 474.815848   

18 483.918081 1 9 2 569.351448 487.938356   

9 483.924003 1 1 1 759.674239 581.987879  

Figure 5.4: DSDV forwarding Paths 

To determine the position of the forwarding mobile node the following code was used 

directly from C++ rather than from Tcl: 

node_-> update_position(); 

xpos = node_-> X(); 

ypos = node_-> Y(); 
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The ForwardPaths function is called from inside another function in dsdv.cc, the forward 

packet function that takes a packet argument as follows: 

DSDV_Agent::forwardPacket (Packet * p) 

Particularly, the forwarding paths between the stationary communication nodes, the source 

(node 0) and the destination (node 1), with no errors or dropped packets are considered, 

accomplished by adding an 'if' condition to the forward packet function. 

The improvements in the DSDV routing protocol in NS2 made it possible to extract all the 

needed information about the traffic conditions to control the mobile node movements 

using the SDS and ASNC algorithms. During the simulation run time, the forwarding paths 

are written in a text file from the C++, and read by the Tcl scripting file simultaneously.                        

5.3.3 Mobile Nodes 

The mobile node files in NS2 have been modified to extract the correct positions of the 

mobile nodes during the simulation run at a specific time. The C++ files that have been 

modified are mobilenode.cc and the header mobilenode.h in the ns-allinone-2.35/ns-

2.35/common directory. Two inline functions, called Xp and Yp, have been added to the 

mobile node header in order to get the updated X and Y coordinates: 

inline double Xp { update_position(); return X_;} 

inline double Yp { update_position(); return Y_;}, where: 

 update_position() is an existing function in NS2 that updates the position of the mobile 

nodes  

X_ binding variable in NS2 

Y_ binding variable in NS2 
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Two OTcl commands have been created in the command function that take two arguments 

to return the values of the updated X and Y coordinates. Within the command function, in 

mobilenode.cc an "if/then" condition has also been added to compare the arguments and 

the names of the OTcl commands, and return TCL_OK.  

To invoke the new OTcl commands from Tcl script Xp and Yp function names have been 

used instead of set X_ and set Y_, for example: 

set Xpos [$node_($i) Xp] 

set Ypos [$node_($i) Yp] 

instead of : 

set Xpos [$node_($i) set X_] 

set Ypos [$node_($i) set Y_] 

The modification insures a return of the correct position of the mobile nodes at a specific 

time in order to control the movements of the mobile node in the implementation of the 

proposed algorithms.  

5.4 Simulation Study 

In this thesis, a Random Movement scenario has been simulated using NS2, in addition to 

self-organization node-control and Swarm Intelligence node-control algorithm scenarios 

using MANETs. For comparison purposes, two different routing protocols, AODV and 

DSDV, were used in the simulation. The network performance was measured based on 

different MANET performance metrics.  

5.4.1 Simulation Environment 

The simulated experiments were done in a square simulation area of 1000x1000 meters 

with different densities of mobile nodes: 5, 10, 20, 30, and 40 nodes. The mobility nodes 
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were randomly distributed using the Random Waypoint Model with 250 m transmission 

range and an average speed of 4 m/s or 9 mph, which is equal to speed of riding a bicycle. 

The source and destination communication nodes are stationary, with the source node 

located at (50, 400) and the destination node located at (950, 600). The Constant Bit Rate 

(CBR) was used to generate the data packets, and the size of each packet was 512 bytes 

(Table 5.1). The link data rate was 1 Mbps, and the buffer size for each node was 50 

packets. Each simulated experiment was run three times for 500 seconds with the average 

of the measurements calculated.   

Table 5.1: NS2 Parameters 

Parameters 

Simulator NS-2.35 

Channel Type Channel / Wireless 

Channel 

Network Interface Type Phy/WirelessPhy 

Mac Type Mac/802.11 

Radio-Propagation Type Propagation/Two-ray 

ground 

Interface Queue Type Queue/Drop Tail 

Link Layer Type LL 

Antenna Antenna/Omni Antenna 

Maximum Packet in ifq 50 

Area (n * n) 1000 x 1000m 

Source node location (50, 400) 

Destination node location (950, 600) 

Source Type CBR over UDP 

packetSize_ 512 

interval_ 0.05 

Simulation Time 500 s 

Routing Protocol AODV and DSDV 
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5.4.2 Performance Metrics  

The performance of the proposed dynamic-movement node-control algorithms was 

evaluated using NS2. Different performance metrics were used to evaluate the simulation 

results. The performance metrics are illustrated in more detail in sections 5.4.2.1, 5.4.2.2 

and 5.4.2.3. 

5.4.2.1 Packet Delivery Ratio 

Packet Delivery Ratio, PDR, is the number of the packets received by the destination 

divided by the number of the packets sent by the source. As long as the mobile nodes stay 

connected to each other and transmit packets between the source and the destination the 

PDR results will be high.  The higher the PDR results the higher the mobile node 

connectivity. The proposed SDS and ASNC algorithms aim to control the mobile node 

movements and increase the packet transmission rate by keeping the nodes connected as 

much as possible. The best way to measure the performance of these algorithms in MANET 

is by comparing the results using PDR. AWK has been used to extract and calculate the 

PDR results from the NS2 trace file. 

5.4.2.2 End-to-End Delay 

End-to-End Delay, or packet delay, is the average transmission time for the data packet 

from when it is sent from the source until it reaches the destination. The delay time includes 

all the possible delays that may happen during the transmission through MANET, such as 

any delays caused by buffering, queuing, retransmission, or propagation. End-to-End delay 

has been used to measure the network performance during the experiments. The delay 

results extracted and calculated from the trace file using AWK.   
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5.4.2.3 Forward Path Time Detection    

Forward Path Time Detection, FPTD, represents the time when the routing protocol detects 

the first forwarding path. Due to the high dynamic nature of MANETs, some routing 

protocols take a longer time than other protocols to find a route and forward the packets 

from the source to the destination. This delay in finding the first forwarding path affects 

network performance and PDR. The FPTD is one of the performance metrics to measure 

the performance of the proposed SDS and ASNC algorithms.            
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Chapter 6 

Study of Self-Organization Movement Control 

6.1 Slow Down Speed Algorithm 

The proposed SDS (Slow Down Speed) algorithm is a self-organization algorithm that aims 

to control mobile node movements in MANET based on awareness of the network traffic. 

The experiments have been done in NS2 using the RWP model. The mobile nodes move 

to random destinations at random speeds, with an average speed of 4 m/s. The mobile 

nodes, or agents, move in a restricted area of 1000x1000 meters, while the source and 

destination communication nodes are stationary and located at (50,400) and (950,600) 

coordinates respectively. The stationary nodes communicate with each other using CBR 

traffic generators over UDP to generate and send packets. The SDS experiment has five 

different scenarios: Random, Speed/2, Speed/6, Speed/10, and Speed Zero. Each scenario 

is run for different mobile node densities: 5, 10, 20, 30, and 40. Each mobile node density 

is run over two routing protocols, AODV and DSDV, three times each and the average 

results taken. The simulation run time is 500 seconds for each experiment.      

 Random Scenario 

The Random scenario case is the basis of all the experiments, in which all the mobile nodes 

are moving randomly, using RWP model, toward the destinations with random but constant 

speeds. The speed for each mobile node is calculated based on the speed equation: 

Si= Di/T                                                                                                                            (6.1) 

where D is the distance between the current position and the next position for node i and T 

is a constant time period to reach the destination.  
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In this scenario there is no control over the movements of the mobile nodes during the 

entire 500 seconds of the simulation run time. The source communicates with the 

destination when a forwarding path is available, and because of the dynamic movement of 

the mobile nodes the forwarding path may not last for a long time, or may be broken. In 

some cases, e.g. low mobile node density, the routing protocols are not able to detect a 

forwarding path, which means no packets are transmitted through the network.  

 Speed/2 Scenario 

At Speed/2 scenario, the mobile nodes start moving randomly at different speeds without 

control over each other or over the network, as in the Random scenario. During the 

simulation the network traffic is observed waiting for the routing protocol to detect the first 

forwarding path, which is used in SDS algorithm as local information to control the 

movement of the mobile nodes. The mobile nodes continue moving until a few nodes take 

a position in between the source and the destination. The mobile nodes then become 

forwarding nodes, mobile medium, to forward data packets through the forwarding path 

that has been detected by routing protocol. The packets are transmitted between the source 

and the destination through these forwarding nodes, mobile medium, and the network 

performance is measured based on how many packets the mobile medium carries and how 

long the nodes stayed connected. The information about the detected forwarding paths are 

written to a text file directly from the routing protocol C++ files in NS2. The text file is 

read by the SDS Tcl script at the same time it is written by the C++ code to get the 

forwarding path information. Based on the forwarding path information in the text file, the 

active forwarding nodes that transmit packets through the detected forwarding path decides 

to follow a simple rule. While the forwarding nodes decide to slow their speed down by 
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half, the other mobile nodes are not affected by the forwarding nodes decision and they 

continued moving randomly. For example, if the forwarding nodes are nodes 5, 3, 9, and 6 

moving randomly at speed 3.2, 2.5, 4, and 1.8 m/s respectively, then the speed of the 

forwarding nodes after slowing down by half become 1.6, 1.25, 2, and 0.9 m/s for nodes 5, 

3, 9 and 6 respectively. Slowing down the speed of the active forwarding nodes is a self-

organization control behavior that the forwarding nodes follow according to awareness of 

traffic condition in MANET. Slowing down the mobile node speeds by half results in 

extending the life time of the forwarding path, which means that the source and the 

destination stay connected for a longer period of time. This also decreases the changes to 

the routing tables along with the changes in MANET topology compared with the Random 

scenario. In this scenario of slowing down the speed by half, the network performance and 

PDR increase in general.                    

 Speed/6 Scenario 

Speed/6 scenario is the same as Speed/2 scenario where the mobile nodes move randomly 

in the beginning of the experiment waiting for the routing protocol to detect the first 

forwarding path. When the information about traffic condition becomes available for the 

mobile nodes in MANET the forwarding nodes take a decision to divide their speed by six. 

Decreasing the speed of the forwarding nodes results in an increase in the forwarding path 

life time and the number of packets transmitted between the source and the destination. 

Slowing down the speed of the forwarding nodes also decreases the number of changes in 

the routing table. The network performance is measured based on how many packets the 

mobile medium can carry during the simulation run time.  
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 Speed/10 Scenario 

In the Speed/10 scenario decrease the random speed of the forwarding nodes in MANET 

is decreased by 10, which is slower than the speed in Speed/2 and Speed/6 scenarios. The 

same technique used in Speed/2 and Speed/6 scenarios has been used in Speed/10 scenario. 

The traffic condition is observed, waiting for the moment when the routing protocol detects 

the first forwarding path. Based on the information of the forwarding path the forwarding 

nodes are determined and then the forwarding nodes decide to follow a simple self-control 

action, which is slow down speed. The decision of slowing down the speed of the 

forwarding nodes does not affect on the other mobile nodes in MANET. The other mobile 

nodes remain moving randomly at random speeds without any self-organization control. 

Slowing down the speed extends the life time for the forwarding path resulting in the 

transmission of more packets through the mobile medium and increasing the performance 

of the network.         

 Speed Zero Scenario 

In Speed Zero scenario the active forwarding nodes stop moving once the forwarding path 

is detected by the routing protocol. Based on information about the traffic condition coming 

from C++ routing protocol files in NS2, the forwarding nodes take a decision to set their 

own speed to zero. Setting the speed of the forwarding nodes at speed zero means that the 

nodes are no longer moving but they stay still on the forwarding position until the end of 

the simulation run time. Keeping the forwarding nodes on the forwarding positions insure 

that a high number of packets are transmitted between the source and the destination from 

when the first forwarding path is detected, for the rest of the simulation run time. A high 

PDR results in a high performance of the network.       
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6.2 SDS Results and Analysis 

The proposed SDS algorithm scenarios were tested using two different routing protocols, 

AODV and DSDV, with different mobile node densities: 5, 10, 20, 30, and 40. The average 

result for three simulation runs has been taken for each mobile node density during the 500 

seconds of the simulation run time. The performance metrics PDR, End-to-End Delay and 

FPTD have been used to measure the performance of the network.     

6.2.1 Performance of SDS over AODV 

AODV experiment results tested measurement of the performance of the SDS algorithm in 

MANET. The analysis of the PDR results are provided in Section 6.2.1.1, followed by the 

End-to-End Delay results in Section 6.2.1.2 and finally the result of the FPTD in Section 

6.2.1.3.      

6.2.1.1 PDR for SDS  

Slowing down the speed of the forwarding nodes in the experiments using AODV routing 

protocol in an area of 1000x1000 meters improved the PDR in general (Figure 6.1).  

For mobile node density of five, a very low density, the AODV routing protocol was not 

able to detect any forwarding path during the entire simulation run time, resulting in zero 

PDR for the five different SDS scenarios: Random, Speed/2, Speed/6, Speed/10, and Speed 

Zero. Mobile node density of 10 shows PDR of 2% for the Random scenario without any 

control over the mobile nodes, increasing to 4%, 10% and 30% for Speed/2, Speed/6 and 

Speed/10 scenarios respectively, and reaching a high PDR of 90% when the forwarding 

nodes stop moving in Speed Zero scenario. The 20 mobile node density is the most 

interesting case in SDS, demonstrating the best benefits of the dynamic-movement mobile 

medium control in MANET. 
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Figure 6.1: PDR for SDS over AODV 

The PDR for the 20 mobile node density in the Random scenario is 31%, rises to 56% in 

Speed/2 scenario and increases to 80% and 86% in Speed/6 and Speed/10 scenarios, finally 

reaching 98% in Speed Zero scenario. At a mobile node density of 30 the PDR is high at 

any speed, starting at 74% in Random speed scenario where there is no self-control over 

the forwarding nodes, then increasing to 87% in Speed/2 and Speed/6 scenarios, followed 

by 91% in Speed/10 scenario and 98% in Speed Zero scenario. The PDR at high density of 

40 mobile nodes in 1000x1000 simulation area ranges between 88% and almost 100% 

resulting in a high PDR as expected regardless of the speed.      

Reducing the forwarding node speeds in a low mobile node density in an area of 1000x1000 

meter results in a zero delivery ratio (Figure 6.2). With a low mobile node density of 10 

nodes the PDR increased gradually as the speed was slowed down, to reach 90% at Speed 

Zero.  
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Figure 6.2: PDR2 for SDS over AODV 

The performance improved significantly with reducing the forwarding nodes speed by half 

compared with the original random speeds without control. The PDR is very low at the low 

mobile node densities, then increases dramatically relative with reducing the speeds, to 

reach almost 100% when the forwarding nodes stop moving. The network with high mobile 

node densities, 30 and 40 nodes, perform very well as expected regardless of the speed. 

The lower the speed of the forwarding nodes the higher the PDR, which results in better 

network performance.  

6.2.1.2 End-to-End Delay for SDS     

The very low mobile node density, five nodes, shows no packet delay during the entire 

simulation run time because the AODV routing protocol was not able to detect any 

forwarding path and the PDR was zero percent for the five SDS scenarios (Figure 6.3).  
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Figure 6.3: Packet Delay for SDS over AODV 

For 10 mobile node density the packet delay starts at 785 ms for the Random scenario then 

decreases to 563 ms, 240 ms and 237 ms by reducing the speed to half, 6% and 10% 

respectively. 

The packet delay for 20 mobile node density decreases significantly from 582 ms in 

Random scenario to 140 ms by reducing the speed to half, and reaches 42 ms when the 

forwarding nodes stop moving in Speed Zero scenario. At high mobile node densities of 

30 and 40 nodes the packet delay diminishes with reducing the speed and range from 201 

ms to 37 ms. As in PDR the 20 mobile node density shows the most beneficial performance 

for SDS in packet delay. The low and high mobile node densities also performed as 

expected in the network demonstrating a low packet delay when the PDR is high and vice 

versa.  
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6.2.1.3 FPTD for SDS 

The experiments of SDS for the five mobile node density shows that no forwarding paths  

were detected by AODV. While in the 10 mobile node density the AODV routing protocol 

took an average 190 seconds out of 500 second simulation run time to detect the first 

forwarding path (Figure 6.4). 

The FPTD for the mobile node density of 20 nodes was 25 seconds, reducing by the 

increase of the nodes to 8 second and 1.2 second for 30 and 40 mobile node densities 

respectively. Detecting the forwarding paths early increase the PDR and the network 

performance.                                    

 

Figure 6.4: FPTD for SDS over AODV 

6.2.2 Performance of SDS over DSDV  

The performance of SDS experiments running DSDV routing protocol has been measured 

in terms of PDR, End-to-End Delay and FPTD. The analysis of the PDR results is given in 
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Section 6.2.2.1, then Section 6.2.2.2 provides the result of the End-to-End Delay, and the 

result of FPTD illustrated in Section 6.2.2.3.  

6.2.2.1 PDR for SDS  

The experiments of slowing down the speed for the forwarding nodes using DSDV perform 

similar to AODV. DSDV did not detect any forwarding path for a mobile node density of 

five in an area of 1000x1000, resulting in zero PDR for all scenarios: Random, Speed/2, 

Speed/6, Speed/10, and Speed Zero (Figure 6.5). The 10 mobile node density shows a very 

low PDR, less than 10%, for all the scenarios except the Speed Zero scenario where the 

delivery ratio increases to 38%. As in AODV experiments, the 20 mobile node density in 

DSDV experiments shows an improvement in network performance. 

 

Figure 6.5: PDR for SDS over DSDV 

The PDR in the Random scenario is 6%, increasing significantly with reduction in speed 
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These results demonstrate the best benefits of using the self-organization node control 

proposed in the SDS algorithm. At 30 mobile node density the PDR starts high at 20% in 

the Random scenario compared with 0.01% and 6% in the Random scenario at 10 and 20 

mobile node densities respectively. The PDR then increases gradually as the speed slowed 

down to reach 35% when the speed is slowed by half, followed by 53% at Speed/6, 60% 

at Speed/10 and 77% at Speed Zero. The high mobile node density, 40 nodes, perform well 

at any speed with 28% PDR at the original speed without control and 48% at half speed to 

range eventually between 64% and 80%.  

Reducing the speed by half for the forwarding nodes in different densities of 5, 10, 20, 30, 

and 40 increases the delivery ratio in line with the increase in the number of nodes (Figure 

6.6). 

 

Figure 6.6: PDR2 for SDS over DSDV 
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Compared with the original random speed of the nodes the network performance improved 

by 20% when slowing down the speed by half, while in stopping the forwarding nodes the 

PDR goes higher to range between 74% and 80% for the 20, 30 and 40 node densities. 

6.2.2.2 End-to-End Delay for SDS  

As in AODV, DSDV experiments detect zero forwarding paths at very low density of five 

nodes resulting in zero packets delivered, and delays for all the SDS scenarios (Figure 6.7). 

The 10 mobile node density in Random scenario has a 760 ms packet delay, reducing to 

610 ms when the speed was slowed by half, 481 ms at Speed/6, 79 ms at Speed/10, 

dropping to 36 ms at Speed Zero. Packet delays in 20 mobile node density decrease from 

89 ms to 38 ms along with the node speeds. In the high node densities, 30 and 40 nodes, 

the packet delay is less than100 ms for high speeds and more than 40 ms for low speeds. 

The lower the packet delay and the node speeds, the higher the PDR.    

 

Figure 6.7: Packet Delay for SDS over DSDV 
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6.2.2.3 FPTD for SDS 

Due to the proactive nature of DSDV, detecting forwarding paths in SDS experiments over 

DSDV takes a long time compared with the experiments over AODV (Figure 6.7). DSDV 

displays a poor ability to detect the routes quickly in high dynamic mobility networks and 

it takes more time in advertising good routes and recovering broken ones. At low mobile 

node density, five nodes, no forwarding paths have been detected by the DSDV routing 

protocol during the 500 second simulation run time (Figure 6.8). 

In 10 mobile node density it took an average of 187 seconds to detect the first forwarding 

path, while it took 106 seconds to detect the first forwarding path in 20 mobile node density 

compared with 25 seconds for AODV with the same node density. The FPTD for high 

mobile node densities is 65 seconds for 30 nodes and 69 seconds for 40 nodes, which is 

around 60 seconds more than FPTD in AODV experiments. 

 

Figure 6.8: FPTD for SDS over DSDV 
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6.3 SDS Summary 

The new proposed SDS algorithm is a dynamic-movement node-control paradigm for a 

self-organizing MANET. This algorithm takes advantage of the traffic condition in the 

network to control the forwarding nodes that create the mobile medium and uses it to 

transmit data packets between communication nodes. The control mechanism is based on 

slowing down the speed of the forwarding nodes in MANET, which increases the network 

performance. The lower the speed of the active forwarding nodes the higher the PDR. The 

implemented SDS algorithm improves the network performance for different mobile node 

densities running two different routing protocols, AODV and DSDV. The low mobile node 

densities show low PDR and increase relative to the increase in the node densities. In 

general, AODV experiments show a very good performance and give higher PDR than 

DSDV experiments. AODV routing protocol is a better choice for ad-hoc networks than 

DSDV due to the potential it has to deal with high dynamic mobility networks. The 

proactive DSDV routing protocol takes a long time to advertise the new routes and identify 

the broken ones. This delay causes DSDV a long time to detect the forwarding paths, which 

affects the performance of the network and reduces the PDR. On the other hand, the 

reactive AODV routing protocol is able to detect the forwarding paths in a noticeably 

shorter time compared with DSDV. For high mobile node densities, e.g. 40 nodes, AODV 

is able to detect a forwarding path at the first second of the simulation run time. This is 

because AODV has an efficient technique to establish and maintain routes quickly without 

any extra traffic for communication. The best mobile node density that shows the 

noteworthy benefit of the proposed SDS algorithm is a density of 20 nodes.                   
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Chapter 7 

Study of Ant Colony Optimization Movement Control 

7.1 Ant System Node Control Algorithm 

The new proposed Ant System Node Control algorithm, ASNC, is a Swarm Intelligence 

algorithm that aims to control the mobile node movement in MANET based on awareness 

of the traffic condition in the network. ASNC is adapted from the Ant System algorithm, 

which is one of the existing Ant Colony Optimization (ACO) algorithms used to control 

the random movement of mobile nodes. ASNC experiments simulated in NS2 utilized the 

RWP model in a restricted area of 1000x1000 meters. The mobile nodes, representing the 

ant agents, move toward random destinations at random speeds with an average speed of 4 

m/s. In the experiments based on ASNC, two stationary nodes, the source and destination 

nodes located at (50,400) and (950,600) coordinates respectively, are communicating with 

each other using the CBR traffic generator over UDP. The experiments run over two 

different ad-hoc network routing protocols, AODV and DSDV, for five mobile node 

densities: 5, 10, 20, 30, and 40 nodes. Each mobile node density has been simulated three 

times for 500 second simulation run time and the average results taken.  

 ASNC Mechanism  

At the beginning of each experiment, the mobile node moves randomly to explore the 

simulation area without any control. The traffic of the network is observed during the entire 

simulation run time waiting for the utilized routing protocol to detect a forwarding path. 

The control mechanism starts when the first forwarding path is detected by the routing 

protocol. At this moment the information about the forwarding path becomes available 
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including the active forwarding nodes and their positions. Each forwarding node deposits 

a pheromone trail 𝜏 on its own position to mark it as a good place to be and to transmit data 

packets between the source and destination nodes. The amount of the deposited pheromone 

trail 𝜏 on a new forwarding position is initially equal to one. These pheromone trails 

demonstrate the forwarding path that has been used to transmit data packets between the 

communication nodes. For the ant agents the source node represents the ant colony while 

the destination node represents the food source in the simulation. The pheromone trail 

attracts other mobile nodes to move toward the forwarding postpositions where the 

pheromone is deposited rather than moving randomly. In order to move toward the 

pheromone trails each mobile node follows a local action based on the distance between 

its current position and the pheromone trail position as well as how far the trail is from the 

source and the destination. The closest pheromone trail position to the current position of 

the mobile node with the highest pheromone amount will be selected. The distance between 

each chosen position must be less than the transmission range of 250 m between the mobile 

nodes in NS2. To accomplish this condition a tabu list has been added to keep track of the 

visited forwarding positions by the mobile nodes along with the results of the obtained 

forwarding path as a solution. The tabu list was adapted from the Ant system algorithm to 

operate as memory capacity. When the mobile nodes reach the selected positions they 

pause for three seconds before they determine where to move next. The decision about 

where to move next during the simulation is taken by applying the probability rule, which 

is also adapted from the Ant System algorithm (Equation 4.5). In ASNC the values of the 

probability rule parameters for 𝛼, the impact of the trail, and 𝛽, the attractiveness, were set 
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to 0.5 while the distance value in the visibility 𝜂𝑖𝑗 =
1

𝑑𝑖𝑗
 (Equation 4.6) was calculated based 

on the distance between the communication nodes and the forward position. Changing the 

values of  𝛼 and 𝛽 in the experiments did not affect the PDR results. 

 Pheromone Trails 

The pheromone trails are not permanent; they evaporate over time from the more distant 

forward positions faster than those in forward positions closet to the source and the 

destination. A pheromone trail deposited on a forward position is modified when another 

mobile node moves toward this forward position, otherwise the pheromone evaporates over 

time. To update the pheromone trail 𝜏 the update equation (Equation 4.7) has been adapted 

from the Ant System algorithm where the evaporation coefficient 𝜌 value is equal to 0.01 

and the constant 𝑄 is equal to 1. Also, changing the values of 𝑄 and 𝜌 did not affect the 

PDR result of the experiments. The update equation increases the pheromone amount on 

the visited forward positions and reduces and/or evaporates the pheromone amount on the 

unvisited forward positions. A new pheromone trail 𝜏 is deposited by the forwarding nodes 

each time the routing protocol detects a new forwarding path in MANET. 

 Problem Solution 

The mobile nodes visit several forwarding positions before they find the perfect positions 

to transmit packets between communication nodes. The proposed ASNC algorithm solves 

the problem of rapid disconnection in MANET due to the highly dynamic nature of the 

network. ASNC improves the network performance significantly by controlling the 

movement of the mobile nodes in a Swarm Intelligence mechanism based on awareness of 

the traffic condition. 
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7.2 Results and Analysis of ASNC 

The experiments of the new proposed ASNC algorithm has been simulated in NS2 using 

two different ad-hoc routing protocols, AODV and DSDV. Each routing protocol has been 

tested with a density of 5, 10, 20, 30, and 40 mobile nodes then an average result for three 

runs has been taken for each. The experiment is conducted over a 500 second simulation 

run time and the performance of the MANET measured in terms of PDR, End-to-End Delay 

and FPTD.  

7.2.1 Performance of ASNC over AODV 

ASNC experiments result over AODV have been calculated to measure the performance 

of the new proposed technique to control the movements of mobile nodes in MANET. The 

results of the performance metrics PDR, End-to-End Delay and FPTD are illustrated in 

Sections 7.2.1.1, 7.2.1.2 and 7.2.1.3 respectively.     

7.2.1.1 PDR for ASNC 

Attracting the mobile nodes to move toward the best forward positions based on the 

deposited pheromone trails resulted in a significant increase in the delivery ratio in 

MANET, (Figure 7.1). 

At a very low density with five mobile nodes no forwarding paths were detected by the 

routing protocol AODV during the entire simulation run time. As a result zero packets have 

been delivered in the experiments using five mobile node density. Increasing the mobile 

node density to 10 nodes shows a PDR of 26% compared with 4% in Random experiment. 

As in the SDS scenarios, the experiments with 20 mobile node density in ASNC shows the 

most interesting results and the best benefit of controlling the node movements based on 

the behavior of ants in nature.  
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Figure 7.1: PDR for ASNC over AODV 

In the 20 mobile nodes density 89% of the data packets have been successfully delivered 

to the destination resulting in an improvement of 57% over Random movement. The 30 

and 40 mobile node densities, high densities, perform very well at any circumstances giving 

a delivery ratio of 90% and 97% in ASNC compared with 74% and 88% in the Random 

movement respectively. ASNC shows improvement for MANET even though the mobile 

nodes continued to move during the entire simulation run time. 

7.2.1.2 End-to-End Delay for ASNC 

In five mobile nodes density no packets have been delivered to the destination, which 

produces a zero packet delay during the whole 500 s of simulation run time, (Figure 7.2). 

The longest packet delay given by the 10 mobile node density drops from 786 ms in the 

Random scenario to 239 ms in ASNC. 
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Figure 7.2: Packet Delay for ASNC over AODV 

For 20 mobile node density the packet delay decreased to 73 ms corresponding with the 

increase in the PDR for 20 nodes compared with 583 ms in Random movement. This is 

followed by 70 ms and 69 ms, 201 ms and 125 ms in the Random scenario; for the high 

mobile node densities with 30 and 40 nodes respectively.  

7.2.1.3 FPTD for ASNC 

AODV routing protocol detected zero forwarding path during the whole 500 second of 

simulation time in the ASNC experiments of five mobile node density. For the experiments 

of 10 mobile nodes the average FPTD by AODV was 279 seconds, reduced to 87 seconds 

by increasing the number of the mobile nodes to 20, (Figure 7.3). 

With high mobile node densities the AODV routing protocol is able to detect the first 

forwarding path in a short time, less than 10 seconds, which has improved the delivery 

ratio during the experiments.  
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Figure 7.3: FPTD for ASNC over AODV 

7.2.2 Performance of ASNC over DSDV 

The performance of the new proposed ASNC algorithm over the proactive DSDV routing 

protocol is described in detail in Sections 7.2.2.1, 7.2.2.2 and 7.2.2.3. These sections 

contain the average results for PDR, End-to-End Delay and FPTD for five different mobile 

node densities. The results of these experiments show the improvement in MANET after 

controlling the movement of the nodes. 

7.2.2.1 PDR for ASNC 

The proposed ASNC has increased the delivery ratio by depositing a pheromone trail on 

the forwarding positions during the simulated experiments. These trails attract the mobile 

nodes to create forwarding paths from the source to the destination, resulting in carrying 

more packets and delivering them successfully during the simulation, (Figure 4). 
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Figure 7.4: PDR for ASNC over DSDV 

As expected no packet delivered in the very low mobile node density experiments. For 10 

mobile nodes 1.3% of the total packets have been delivered, compared with 0.6% delivery 

ratio in the Random movement over DSDV routing protocol. These result changes by 

adding more mobile nodes to the experiments to become 20 mobile nodes rather than 10 

nodes. The PDR reaches 55% during the experiments of 20 mobile node density almost 

50% higher than Random movement. As in all the previous experiments using DSDV and 

AODV, 20 mobile node density shows the best performance of controlling the movements 

of mobile nodes in MANET. With 30 mobile node density, the PDR in Random movement 

of the nodes was 21% packets delivered, which improved to 55% in ASNC. The density of 

40 mobile nodes have given a PDR of 58%, also higher than the Random scenario. In 

general, the PDR in ASNC over DSDV is still higher than the delivery ratio results in 

Random movement experiments. ASNC algorithm is preferred due to the fact that in ASNC 

the mobile nodes are moving during the entire simulation run time.  
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7.2.2.2 End-to-End Delay for ASNC 

ASNC experiments over DSDV in MANET show zero packet delay for five mobile node 

density, as with all the other scenarios and experiments presented in this thesis. However, 

the packet delay for 10 mobile node density in ASNC has been improved to 208 ms 

compared with 760 ms in Random movement, (Figure 7.5).  

 

Figure 7.5: Packet Delay for ASNC over DSDV 

Increasing the mobile node density to 20 nodes decreases the delay to 49 ms, which is half 

the result in Random movement. The packet delay in the high mobile node density of 30 

and 40 nodes reach 39 ms and 50 ms respectively while in Random movement the results 

were above 80 ms.  

7.2.2.3 FPTD for ASNC 

Unlike AODV detecting a forwarding path in DSDV proactive routing protocol takes a 

considerable time. In ASNC experiments for 10 mobile node density it took DSDV 299 

seconds to find a good route for transmitting data packets between the communication 

nodes, 20 seconds longer than the experiments over AODV (Figure 7.6).  
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Figure 7.6: FPTD for ASNC over DSDV 

The FPTD for 20 mobile node density utilizing DSDV was 90 seconds, followed by 71 

seconds for 30 nodes and 50 seconds for 40 nodes. For ASNC over AODV experiments 

(Figure 7.3) the FPTD in 20 mobile nodes was 87 seconds, then reduced significantly for 

the high mobile node densities, showing a difference of at least 50 seconds compared to 

the DSDV results. DSDV delay in detecting forwarding paths affects the PDR and network 

performance. The experiments of five mobile nodes show zero forwarding paths during the 

entire 500 second simulation run time in both AODV and DSDV routing protocols.  

7.3 ASNC Summary 

The new proposed ASNC algorithm, Ant System Node Control, is an adaptive ACO 

algorithm that aims to control the movement of mobile nodes in MANET. The adapted 
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moment to control the mobile nodes. The mobile nodes in ASNC represent the ant-agents; 

they leave a trail on their way, called pheromone, to attract other ant-agents to move toward 

the places they marked. These places are the forwarding positions in the network and 

moving toward these positions improves the network performance. The ASNC 

experiments are simulated for different mobile node densities over AODV and DSDV 

routing protocols. The ASNC PDR results increased significantly in all the mobile densities 

along with the number of mobile nodes. The low mobile node densities show a low delivery 

ratio compared with the PDR results for the high mobile node densities in both AODV and 

DSDV. Moreover, the 20 mobile node experiment demonstrates the best benefit of using 

ASNC in MANET to control the movement of the mobile nodes.  In ASNC, the 

experiments running over AODV routing protocol perform better than the DSDV routing 

protocol experiments. Definitely, AODV is the choice for a high dynamic network such as 

MANET due to the quick discovery and maintenance of the routes. AODV was able to 

detect the first forwarding path in the experiment with high mobile node densities, in less 

than 10 seconds, while it took DSDV between 50 and 70 seconds. The performance of 

ASNC in MANET over AODV shows delivery ratio results of 10% to 50% more than in 

the experiments with Random movement. DSDV experiments also show performance 

ranging between 20-50 percent higher than the original movement of the mobile nodes 

without control in Random movement. ASNC improves the network performance and 

keeps the mobile nodes moving during the entire simulation.  
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Chapter 8 

Comparison of Slow Down Speed versus Ant System Node Control 

Algorithms 

8.1 SDS VS. ASNC  

In this thesis, two new dynamic-movement node-control algorithms are proposed to control 

the mobile nodes in MANET according to awareness of the traffic condition. The proposed 

algorithms are the complex self-organization algorithm, Ant System Node Control 

(ASNC), adapted from the Swarm Intelligence Ant Colony Optimization algorithm, ACO, 

and the Slow Down Speed (SDS) algorithm, designed based on a simple self-organization 

mechanism. During the experiment studies of the new proposed algorithms on different 

mobile node densities, the 20 mobile node density experiments demonstrated the most 

benefit of the dynamic-movement node-control in MANET. The interesting case of 20 

mobile node density was chosen for comparison purposes between the performance of 

ASNC and SDS over AODV and DSDV routing protocols. A movement file for 20 mobile 

nodes was generated using the Setdest tool to define the node positions, speeds and 

directions in NS2, with zero pause time and average speeds of 4 m/s for 500 s simulation 

run time in a 1000x1000 meter simulation area. To avoid any randomness in the 

comparison between ASNC and SDS over AODV and DSDV, the generated movement 

file of 20 mobile node density was used in all the experiments. The performance of ASNC 

and SDS in MANET have been compared over different performance metrics including 

the PDR, distance covered, active forwarding nodes, End-to-End Delay, and FPTD in 

addition to pheromone maps.    
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8.1.1 Performance of SDS VS. ASNC over AODV  

Section 8.1.1.1 shows the delivery ratio results for ASNC and the five SDS scenarios 

including the Random movement scenario, followed by Section 8.1.1.2 that shows the 

distance covered by the mobile nodes in the ASNC and SDS experiments, with the active 

forwarding nodes that participated in forwarding packets presented in Section 8.1.1.3. The 

next Section (8.1.1.4) demonstrates pheromone maps for ASNC over the 500 second 

simulation run time. The packet delay results are presented in Section 8.1.1.5 and the FPTD 

in Section 8.1.1.6. These experiment results show the performance of SDS versus ASNC 

in MANET for 20 mobile node density over AODV routing protocol using the same 

movement file generated by Setdest tool. 

8.1.1.1 PDR for SDS VS. ASNC 

Controlling the mobile node movements in MANET using both the adapted ACO 

algorithm, ASNC, and the self-organization algorithm, SDS, over AODV routing protocol 

increases the packet delivery ratio, (Figure 8.1).  

 

Figure 8.1: PDR Comparison over AODV 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Random Speed/2 Speed/6 Speed/10 Speed 0 ASNC

P
ac

ke
t 

D
el

iv
er

y 
R

at
io

ASNC and SDS Experiments

AODV PDR for 20 Nodes 

AODV



 

83 

 

In the original node-movement experiment without control, the Random scenario, the PDR 

was 38% and increased with the slowing down of the forwarding nodes speed by half to 

reach 69%. The ASNC experiment shows double the result of the Random scenario, 76% 

delivery ratio, only 10% less than the PDR in the Speed/6 scenario. In slowing down the 

Speed/10, the average speed of the forwarding nodes is 0.4 m/s or less, while stopping the 

forwarding nodes in the Speed Zero scenario resulted in delivery ratios of 90% and 92% 

respectively. Even though slowing down the forwarding node speed in the network shows 

high PDR, the forwarding nodes are actually stopping or almost not moving, with speeds 

of less than 0.5 m/s. 

Figure 8.2 shows the number of packets delivered at 30 second intervals, for the AODV 

routing protocol with a density of 20 nodes. 

 

Figure 8.2: PDR every 30 seconds over AODV 
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established between the source and the destination. However, due to the random movement 

of the mobile nodes, this path disconnected, so the number of packets delivered dropped 

significantly until it reached zero at 240 seconds. The number of packets delivered during 

the Random movement experiment remained relatively low by comparison with the other 

scenarios. 

When the speeds are slower, the number of packets delivered are higher than the random 

movement, with 1/10 slowed speed having better results of packet delivery than 1/6, and 

both were better than 1/2. At Speed Zero, the forwarding nodes were not moving, which 

maintained the forwarding path unchanged resulting in delivering the maximum number 

of packets in 30 seconds (623) as soon as the forwarding path was detected at 39 seconds, 

and remained there throughout the simulation run time. 

For the ASNC experiment, the packet started to reach the destination at 39 seconds when 

the first forwarding path was detected by the AODV routing protocol.  The maximum 

number of packets (623) was delivered at the 120 second point, and then dropped at 180 

seconds due to the ant-agent (mobile node) search movements for the best forwarding 

positions in the network. The maximum number of packets delivered was reached again at 

240 seconds when the ant-agents took their forwarding places between the communication 

nodes, and remained moving from forwarding positions to other forwarding positions for 

the duration of the simulation run time. 

8.1.1.2 Distance Covered in SDS VS. ASNC 

The distance covered in the simulation using AODV routing protocol for ASNC and SDS 

(Figure 8.3) shows the average distance covered at intervals of 10 seconds by 18 mobile 

nodes in the 20 mobile node density that includes two stationary communication nodes. 
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The distance covered by the 18 mobile nodes was calculated for each experiment over a 

500 s simulation run time. For the first 38 seconds all the experiments demonstrated 

random movement of the 18 mobile nodes. The action of controlling the movement of the 

nodes by ASNC and SDS algorithms was initiated at 39 seconds when the AODV routing 

protocol detected the first forwarding path.      

 

Figure 8.3: Distance Covered over AODV 

For the Random scenario without any node-movement control, the 18 mobile nodes 

covered large distances with an average speed of 4m/s. In the first 120 seconds, the average 

distance covered by the 18 mobile nodes was 37 meters per 10 seconds. The following 120 

seconds showed an average distance covered of 44 m, then 40 m for the next 120 seconds, 

and finally 46 m for the last 120 seconds. 

The distance covered by the Speed/2, Speed/6 and Speed/10 scenarios during the first 38 

seconds is equal to the distance covered by the Random scenario, 37 m, because at this 

point the 18 mobile nodes were still moving randomly without control. After detecting the 

first forwarding path at 39 seconds, the distance covered decreased along with the speed of 
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the forwarding nodes to range between 20 to 37 meters. Slowing down the speed of the 

forwarding nodes to zero shows a similar line with curves to the Random scenario with 

less distance covered. That is because in the Speed Zero scenario at 39 seconds at least four 

forwarding nodes between the communication nodes stop moving until the end of the 

simulation experiment, showing a result of a decrease in the distance covered almost by 15 

m. The rest of the mobile nodes continue moving randomly with the same directions and 

speeds as the mobile nodes in the Random scenario.  

For ASNC, in the first 10 seconds after the routing table detected the first forwarding path 

the distance covered by the 18 mobile nodes dropped from 37 to 23 m, then dropped to 9 

m at the 220 second point, which proves that the mobile nodes are moving closer to the 

communication nodes. The distance covered then rose to 13 m, moving slightly further 

during the search for the best forwarding positions, where it stayed until the 340 second 

point. Again the distance covered by the mobile nodes dropped to 0.5 m at 410 seconds, 

and ended up at 4 m at the end of the simulation run time. These results show the most 

efficient movement control as the distance covered was more direct and restricted in a small 

area.   

8.1.1.3 Forwarding Nodes in SDS VS. ASNC 

Figure 8.4 illustrates the active forwarding nodes in the ASNC experiment over MANET 

using AODV routing protocol for 20 mobile node density, while Figure 8.5 illustrates the 

active forwarding nodes at Speed Zero, the SDS scenario with the highest PDR. Node zero 

is the source where node one is the destination in the simulated MANET. Both of the 

experiments used the same movement file generated by the Setdest tool and used in all 

experiments outlined in this chapter.  



 

87 

 

 

Figure 8.4: Active Forwarding Nodes in ASNC over AODV 

The active forwarding nodes in ASNC (Figure 8.4) start showing up at 39 seconds with the 

detection of the first forwarding path. The first mobile nodes that participated in forwarding 

packets from the source to the destination were nodes 4, 6, 10, 11, 14, and 16. These 

forwarding nodes deposited a pheromone trail to attract the other mobile nodes. The 

remaining mobile nodes started moving towards the forwarding positions where the 

pheromone trails were deposited. The mobile nodes keep moving from one position to 

another, causing changes in the routes of the routing table and in the forwarding nodes that 

have been actively transmitting the data packets. Each forwarding path has an expired time 

and lasts for only 10 seconds. The path is maintained by the AODV routing protocol and 

replaced with a new path if it is broken; otherwise the forwarding path remains for a longer 

period. During the next 10 seconds, the active forwarding nodes changed to 4, 10, 11, 14, 

and 16, as node six moved out of the transmission range due to the node search-movements 

in the network. The mobile nodes continued to move between the forwarding positions 
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making new forwarding paths and ensuring connectivity between the communication 

nodes. At 110 seconds the network lost the connection due to the movement of the nodes; 

however, when the mobile nodes took a place on the forwarding position at 186 seconds 

the connection was restored. This period of time, 110-186 seconds, explains why the packet 

delivery ratio dropped in the ASNC experiment (Figure 8.5). The connection between the 

source and the destination remained for the rest of the simulation run time and at 330 

seconds the forwarding path was optimized by the algorithm with active forwarding nodes 

2, 9, 11, 12, 16, and 18, which remained the same until the end of the experiment at 500 

seconds. In general, all the mobile nodes from node 2 to node 19, except nodes 5 and 17, 

participated in forwarding packets during the 500 seconds simulation run time.   

 

Figure 8.5: Active Forwarding Nodes in Speed Zero over AODV 

Figure 8.5 shows the active forwarding nodes in Speed Zero scenario where the nodes that 

are participating in forwarding the data packets to the destination actually stopped moving. 

The first 38 seconds shows zero forwarding nodes until the AODV routing protocol 

detected the first forwarding path at 39 seconds. The nodes 4, 6, 10, 11, 14, and 16 are the 
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active forwarding nodes that create the first forwarding path, similar to  the first active 

forwarding nodes in the ASNC experiment, both using the same movement file, (Figure 

8.4). Because of the self-organization movement-control in Speed Zero scenario, the speed 

of the active forwarding nodes 4, 6, 10, 11, 14, and 16 reduced to zero, resulting in stopping 

the forwarding nodes from moving anywhere and remaining at the same positions until the 

end of the simulation run time. The other mobile nodes continue moving randomly in the 

network without affecting the forwarding path or changing the routing tables. The reactive 

nature of AODV routing protocol identifies a new route only when it is needed, otherwise 

the route remains unchanged, which is what happened in Speed Zero scenario. As shown 

in Figure 8.5 only six nodes participated in transmitting the data packets during the entire 

simulation run time, while in ASNC (Figure 8.4) the mobile nodes were moving all the 

time and most participated in forwarding data packets at various times.  

8.1.1.4 ASNC Pheromone Map 

In order to visualize the pheromone positions and amounts in ASNC experiment of 20 

mobile node density an X Y bubble-scatter map is used (Figure 8.6). The map is divided 

into 100 meter squares representing the 1000x1000 meter simulation area; the 1100 and 

1200 meter points on the X-axis are additional space to show the pheromone bubbles, 

during the 500 second simulation run time. For ASNC algorithm, at the beginning of the 

simulation run the source and destination communication nodes deposit a pheromone trail 

on their locations initially equal to one, (Figure 8.6). The source and destination are 

stationary, their deposited pheromones are constant, and remain until the end of the 

simulation run time with the same amount. Each bubble in the map represents the X and Y 

coordinate of the total pheromone amount deposited by different forwarding nodes in a 
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square of 100x100 meters. The radius of the bubble indicates the amount of the pheromone, 

the higher the pheromone amount the larger the bubble. At time zero, no forwarding path 

had been detected yet by AODV routing protocol and the only deposited pheromone in the 

area were the source and the destination pheromone trails.   

 

Figure 8.6: ASNC Pheromone Map over AODV at Time Zero 

After 50 seconds of the simulation run time, AODV routing protocol was able to detect the 

first forwarding path at 39 seconds and the forwarding nodes deposited a pheromone trails 

on the forwarding positions (Figure 8.7). The deposited pheromone trails are located in an 

area between the source and the destination with a distance less than the transmission range 

of 250 meters between each pheromone position.  

The deposited pheromone trail attracts other mobile nodes to move toward these 

forwarding positions, resulting in detection of other forwarding paths between the 

communication nodes and deposit of more pheromone trails on the newly discovered 

forwarding positions. 
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Figure 8.7: ASNC Pheromone Map over AODV at Time 50 

The pheromone trail is initialized at one but is subject to update if another mobile node 

decides to move toward this forwarding position, otherwise the pheromone trail evaporates 

over time. The forwarding positions with the lowest pheromone amounts are located at 

(300,600) and (500,400) with a pheromone trail of 0.94, followed by the next lowest 

pheromone trail in the map, 0.95, located at (1000, 300). These pheromone trails evaporate 

over time and decrease from 1 to 0.94 and 0.95 in the total of the deposited pheromones 

within 100 meter squares. Five bubbles, located at (200, 600), (300, 700), (600, 400), (600, 

500) and (900, 300) in the map, represent pheromone positions with amounts of 1. Two 

other pheromone amounts of 1.94 were located at (700, 300) and (1000, 400) coordinates. 

The largest amount of pheromone, 2.94, is found in the forwarding position located at (400, 

600), in addition to the source and the destination bubbles with pheromone amounts of 1 

which last until the end of the simulation. After the pheromone trails are deposited, the 
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mobile node tends to move in a rectanglular area between 200-1000 on the X-axis and 200-

800 on the Y-axis.     

After 100 seconds of the simulation run time, new bubbles showed up in the pheromone 

map for ASNC over AODV, (Figure 8.8). Moreover, some bubbles became larger and other 

bubbles became smaller due to the update and evaporation operations, except for the source 

and the destination.  

  

Figure 8.8: ASNC Pheromone Map over AODV at Time 100 
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(600, 700), (600, 800), (700, 500), (700, 600), (700,700), (800, 600), (800, 700), and (900, 

400) representing new forwarding positions with different pheromone amounts. 

   

Figure 8.9: ASNC Pheromone Map over AODV at Time 150 

The mobile nodes in MANET keep moving from one forwarding position to another 

searching the simulation area for the best forwarding positions to transmit the data packets 

between the communication nodes. The pheromone trail changes over the simulation run 

time, increasing at the positions with high attracting levels and decreasing at the unvisited 

forwarding positions, along with newly-deposited pheromone trails that showed up on the 

map of ASNC algorithm every time AODV detected a new forwarding path, (Figures 8.9, 

8.10 and 8.11). 
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Figure 8.10: ASNC Pheromone Map over AODV at Time 200 

   

Figure 8.11: ASNC Pheromone Map over AODV at Time 250 

For example, the pheromone trails located at (300, 400) and (300, 500) did not exist at 150 

seconds (Figure 8.9) but were deposited later at a time between 151 and 200 seconds, 
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including the trails deposited at (300, 500) , (600, 500), (600, 700), (600, 800), and (1000, 

300) on the map.   

 

Figure 8.12: ASNC Pheromone Map over AODV at Time 300 

    

Figure 8.13: ASNC Pheromone Map over AODV at Time 350 
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17 in total, (Figure 8.12). Moreover, the pheromone trails located at (200, 600), (300, 600), 

(400, 600), (500, 600), (600, 400), (700, 400), (900, 400), and (1000, 400) on the map have 

the biggest bubble size and the highest level of the pheromones.  

The pheromone trails on the favorite forwarding positions attract the mobile nodes to 

update the pheromone amounts by adding more pheromone, (Figures 8.13 and 8.14). 

However, the unvisited forwarding positions, e.g. distant positions, continue to evaporate 

and only reached a level of 0.4 over the simulation run time.     

  

Figure 8.14: ASNC Pheromone Map over AODV at Time 400 

In the final 100 seconds of the simulation run time, most of the pheromone trails 

evaporated, illustrated on the ASNC map as small bubbles depicting the remaining amount 

of pheromones (Figures 8.15 and 8.16). At this point, the mobile nodes know where to 

move and what place is their favorite based on the pheromone amounts that had been 

deposited on the forwarding positions.    
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Figure 8.15: ASNC Pheromone Map over AODV at Time 450 

As shown in Figures 8.15 and 8.16, during the simulation the mobile nodes prefer to be at 

six different forwarding positions in the simulation area, located at (300, 600), (400, 600), 

(600, 400), (700, 300), (900, 300), and finally (1000, 400). These positions have the largest 

bubbles on the map, showing the highest amount of pheromone located in a communication 

curve connecting the source and the destination. This curve starts to be obvious after 350 

seconds of the simulation run time (Figure 8.13). As shown in Figures 8.14 and 8.15 during 

the next 100 seconds, the other pheromone trails evaporated quickly making the curve more 

clear. 

The last 100 seconds definitely show that this is the forwarding path where the mobile 

nodes prefer to be a part as active forwarding nodes (Figures 8.15 and 8.16). The six 

participating forwarding nodes, 2, 9, 11, 12, 16 and 18 in ASNC at 330 seconds, shown in 

Figure 8.4, proves the observation about the six preferred forwarding positions in the 

pheromone map (Figure 8.16).                    
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Figure 8.16: ASNC Pheromone Map over AODV at Time 500  

8.1.1.5 End-to-End Delay for SDS VS. ASNC 

Figure 8.17 shows the packet delay for 20 mobile node density in different experiments 

using AODV routing protocol. The experiments share the same movement file generated 

by the Setdest tool for comparison purposes.  

The Random movement experiment shows the longest packet delay of 203 ms. By slowing 

down the speed to half in the next experiment, the packet delay reduced relatively to the 

reduction of the speed. For Speed/6, Speed/10 and Speed 0 the packet delay also reduced 

significantly with the reduction of the speed, and range between 75 and 68 ms. The packet 

delay for ASNC experiment shows a 90 ms delay less than half the delay for Random 

movement and in between the delays of Speed/2 and Speed/6.     
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Figure 8.17: Packet Delay over AODV 

8.1.1.6 FPTD for SDS VS. ASNC 

The forwarding path detection-time in the comparison experiments between SDS and 

ASNC over AODV routing protocol in MANET is 39 seconds (Figure 8.18).  

 

Figure 8.18: FPTD over AODV 
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This result is the same for all the 20 mobile node density experiments, Random, Speed/2, 

Speed/6, Speed/10, Speed Zero, and ASNC because all the experiments simulated in NS2 

use the same movement file generated by Setdest tool.     

8.1.2 Performance of SDS VS. ASNC over DSDV  

The results relating to the packet delivery ratio are presented in Section 8.1.2.1 for SDS 

and ASNC experiments over DSDV routing protocol in MANET. The distance covered by 

the mobile nodes during the entire simulation run time is given in Section 8.1.2.2 for both 

SDS and ASNC experiments. Section 8.1.2.3 presents the active forwarding nodes over 

DSDV during the network simulation, while the pheromones map for ASNC experiment 

is illustrated in detail in Section 8.1.2.4, followed by description of the packet delay and 

the forwarding path detection time in Sections 8.1.2.5 and 8.1.2.6 respectively. 

8.1.2.1 PDR for SDS VS. ASNC 

In general, using SDS, the self-organization algorithm, and ASNC, the Swarm Intelligence 

algorithm, over DSDV routing protocol significantly increase the packet delivery ratio 

(Figure 8.19). 

The experiment of Random movement for the mobile nodes in MANET shows that only 

5% of the total packets were delivered over DSDV compared with 38% in AODV. This is 

followed by 16% PDR for slowing down the forwarding nodes by half, 53% less than 

AODV PDR, with 54% PDR for Speed/6 experiment (86% in AODV). Reducing the speed 

by 10% increases the delivery ratio to 61% and stopping the forwarding nodes movement 

shows 70% PDR. While in AODV the delivery ratio for Speed/10 and Speed Zero 

experiments were 90% and 92% respectively (Figure 8.1). 
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Figure 8.19: PDR Comparison over DSDV 

In ASNC experiment over DSDV 43% of the packets were delivered to the destination, 
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then dropping again to zero after 30 seconds, and remaining at zero till the end of the 

simulation. 

 

Figure 8.20: PDR every 30 seconds over DSDV 
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For ASNC experiment using DSDV, 350 packets delivered at 150 seconds dropped to zero 

packets at 210 seconds. The graph in Figure 8.20 then shows a rise in delivery of 68 packets 

at 240 seconds, dropping again to zero packets after 30 seconds. During the time between 

180 to 270 seconds, the ant-agents were searching the simulation area in order to move 

toward the best forwarding positions. The preferred position was found at 360 seconds 

when the maximum number of packets delivered during 30 seconds, 623 packets, 

continued to be delivered until the end of the simulation run time. 

8.1.2.2 Distance Covered in SDS VS. ASNC 

Figure 8.21 shows the average of the distance covered by the mobile nodes in the 20 mobile 

node density experiments of ASNC and SDS using DSDV. The 20 mobile node density 

has two stationary nodes, source and destination, and 18 mobile nodes moving around the 

simulation area for the 500 seconds simulation run time. The distance covered for the 18 

mobile nodes over DSDV is calculated at 10 second intervals in each experiment.  

 

Figure 8.21: Distance Covered over DSDV 
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The DSDV routing protocol detected the first forwarding path at 113 seconds; before that 

the distance covered in all the experiments was 37 meters per 10 seconds. This result is the 

same as for AODV (Figure 8.2) because all the simulated experiments in Chapter 8 over 

AODV and DSDV routing protocols are using one movement file. For Random movement, 

the mobile nodes continue to cover the same distance as in AODV Random movement, 43 

m from 130 second until 240 second, reducing to 40 m until 360 second and then 46 m to 

the end of the simulation run time. At 113 second the mobile node control mechanism starts 

in ASNC and SDS experiments after detecting the first forwarding path. In Speed/2, the 

distance covered reduced along with reducing the speed by half to range between 41 and 

27 meters for 10 second intervals. Also in Speed/6, Speed/10 and Speed Zero experiments, 

the covered distance drops down relative to slowing the forwarding nodes speed while the 

other mobile nodes continue to move randomly. The distance covered for these 

experiments reaches around 20 meters at 210 seconds, rising up at 260 seconds, then 

dropping down to 20 meters again, to finally range between 25 and 10 in the last 100 

seconds of the simulation, with an average of 22 meters.  

In the experiment of ASNC, at 130 seconds after DSDV detected the forwarding path the 

covered distance drops to 21 meters, compared with 43 meters in Random movement. After 

that, the covered distance rises to 35 meters compared also with 43 meters in Random 

movement, until the 230 second points. During these seconds from 150 to 230 the mobile 

nodes, representing the ant-agents, were following the pheromone trails in the simulation 

area searching for good forwarding positions. At 250 seconds, the mobile nodes found their 

preferred forwarding positions and the distance covered drops significantly to 11 meters, 

compared to 40 meters in the Random movement, and at 410 seconds the distance covered 
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was 4 meters per 10 seconds, remaining the same until the end of the simulation run time. 

Following the pheromone trails in the simulation area control, the mobile node movements 

move closer and slower in the transmission range of the communication nodes, resulting 

in improving the network performance. 

8.1.2.3 Forwarding Nodes in SDS VS. ASNC 

The active forwarding nodes for the ASNC and Speed Zero experiments, the experiments 

yielding the highest PDR when using DSDV routing protocol, are illustrated in Figures 

8.22 and 8.23 respectively. The experiments have been run in MANET with the same 

movement file for 20 mobile nodes density where node zero is the source and node one is 

the destination. 

 

Figure 8.22: Active Forwarding Nodes in ASNC over DSDV 

In Figure 8.22 the active forwarding nodes 4, 8, 9, and 18 start showing at 113 seconds of 

ASNC simulation run time, the detection time for the first forwarding path, to transmit the 

data packets from the source to the destination. In order to attract other mobile nodes in the 
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network, these four forwarding nodes leave pheromone trails on their positions. Other 

mobile nodes start moving toward the deposited pheromone, creating more forwarding 

paths between the communication nodes. When a route is disconnected due to mobile node 

movements, or when a better route shows up, DSDV routing protocol replaces the old route 

with the new one. Finding new routes and maintaining the broken ones in DSDV causes a 

long delay, which affects the performance of the network. The time from 142 seconds to 

185 seconds show zero active forwarding nodes; no forwarding path was detected during 

this period of simulation time. The forwarding nodes show up again at 185 seconds creating 

eight forwarding paths until time 254. The two forwarding paths showed up at 185 and 195 

seconds forwarded almost zero packets, that because the number of the active forwarding 

nodes in each path was only three nodes and they remained in their positions for a few 

seconds. The connection is lost for 30 seconds because of the delay in DSDV while the 

mobile nodes move from one forwarding position to another searching for the preferred 

places. The connection is established again at 286 seconds with the forwarding nodes 7, 

11, 13, and 18. The connection remains for the rest of the simulation run time but with 

changes in the routing tables results of a different number of forwarding nodes 

participating. Most of the nodes forward packets through the network during 500 second 

of the simulation time, except for nodes 17 and 19. 

In Speed Zero experiment (Figure 8.23) the active forwarding nodes 4, 8, 9, and 18 show 

up when DSDV detects the first forwarding path at 113 seconds the same as the first 

forwarding nodes in ASNC (Figure 8.22). Even though the forwarding nodes in Speed Zero 

stop moving at the moment of forward path detection, DSDV routing protocol still changes 

the routes during the rest of the simulation. Unlike AODV, DSDV tends to search for 
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alternative forwarding paths even if there is already a good connection between the source 

and the destination. 

 

Figure 8.23: Active Forwarding Nodes in Speed Zero over DSDV 

The continued changes in the forwarding path cause drops in the number of packets 

transmitted, which affects the network performance. However, the number of the 

participating forwarding nodes are higher than the number in Speed Zero experiment using 

AODV. In Speed Zero over DSDV, 12 nodes out of 18 participate in forwarding packets 

through the network during the 500 second simulation run time. 

8.1.2.4 ASNC Pheromone Map 

In ASNC experiment, the mobile nodes leave pheromone trails on their way, the same as a 

swarm of ants in nature. Different amounts of these pheromones are deposited in different 

positions over the simulation area. An X Y bubble-scatter map is used to visualize the 

deposited pheromone trails in the 20 mobile nodes density experiment of ASNC over 

DSDV. Each pheromone map is 1000x1000 meters and divided into 100 meter squares. 
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Each bubble represents the total amount of the deposited pheromone in a square of 100 

meters and the bubble radius demonstrates the amount of the pheromone. The stationary 

communication nodes have constant pheromone amounts, equal to one, during the entire 

simulation run time.  

 

Figure 8.24: ASNC Pheromone Map over DSDV at Time Zero, 50 and 100 

During the first 100 seconds, zero forwarding paths were found by DSDV routing protocol 

resulting in zero pheromone trails deposited, except for the pheromone of the 

communication nodes (Figures 8.24). 

DSDV detects the first forwarding path at 113 seconds and the forwarding node leaves a 

pheromone trail on the found forwarding position, which attracts other mobile nodes to 

follow the steps of the forwarding nodes. By the time of 150 seconds, eight bubbles shows 

up in Figure 8.25, six of them at 600 Y coordinate and the other two at 500 Y coordinate. 

The lowest pheromone amounts are located at (200,600), (900,500), (900,600), and 

(1000,600), equal to one, followed by 1.96 at (300,600), 2.92 at (500,600), 3.92 at 
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(800,500), and 4.92 at (700,600) coordinates. The pheromone trails are not permanent, they 

evaporate over time if the mobile nodes decide not to move toward these positions and they 

increased when the mobile nodes choose these forwarding positions. The distance between 

the pheromone trails must be less than, 250 meters, the transmission range. For the rest of 

the simulation, the mobile node follows the pheromone from one forward position to 

another close to the communication nodes and far from the edges.  

 

Figure 8.25: ASNC Pheromone Map over DSDV at Time 150 

Figure 8.26 shows new bubbles at 200 seconds located at (300,400) and (500,500) 

coordinates with a size of 2. The amount of the pheromone trails existed before being 

updated at 200 seconds. 

At 250 seconds, more forwarding positions are found by DSDV and more pheromone trails 

deposited by the forwarding nodes, (Figure 8.27). However, one of the existing pheromone 

positions located at (900,500) coordinate was not preferred by the mobile nodes, which 
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other pheromone trails reduced or increased based on their positions and amounts of 

pheromone deposited by the mobile nodes. 

 

Figure 8.26: ASNC Pheromone Map over DSDV at Time 200 

 

Figure 8.27: ASNC Pheromone Map over DSDV at Time 250 
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the pheromone trails of the non-preferred positions continue to evaporate over time and the 

sizes of their bubbles shrink. The four bubbles located at (300,500), (500,500), (700,600), 

and (800, 500) coordinates have the highest amount of pheromones on the map. 

 

Figure 8.28: ASNC Pheromone Map over DSDV at Time 300 

 

Figure 8.29: ASNC Pheromone Map over DSDV at Time 350 
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Figure 8.30: ASNC Pheromone Map over DSDV at Time 400 

 

Figure 8.31: ASNC Pheromone Map over DSDV at Time 450 
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time, the area where the mobile nodes move become restricted to 400-600 coordinates on 

the Y-axis and 200-1000 coordinates on the X-axis. 

 

Figure 8.32: ASNC Pheromone Map over DSDV at Time 500 

At the end of the simulation run time, Figure 8.32 shows the pheromone trails deposited in 

order, almost as a straight line, connecting the source and the destination. Due to the rapid 

changes in the DSDV routes, it is hard to predict which pheromone positions are preferred 

over others. From the active forwarding nodes in ASNC over DSDV (Figure 8.22), it is 

obvious that the forwarding path contains four hops. However, the four largest bubbles in 

the map at 500 seconds located at (200, 600), (500, 500), (700, 500), and (800, 500) 

coordinates are most likely to be the preferred positions. 

8.1.2.5 End-to-End Delay for SDS VS. ASNC 

The packet delay comparison between SDS and ASNC experiments over DSDV for 20 
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longest delay with 132 ms, which reduces significantly after applying the dynamic-

movement node-control algorithms.  

 

Figure 8.33: Packet Delay over DSDV  

The next long delay, 87 ms, is for slowing down the speed of the forwarding nodes by half, 

followed by the delay for Speed/6 and Speed/10 experiments of 38 ms and 37 ms 

respectively. The shortest packet delays were presented by Speed Zero and ASNC 

experiments, where the delay was reduced to 32 and 31 ms respectively.      

8.1.2.6 FPTD for SDS VS. ASNC 

The detection time for the first forwarding path in SDS and ASNC experiments using 

DSDV routing protocol is 113 seconds (Figure 8.34).  

The reason behind detection of the first forwarding path at the same second in all the 
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Figure 8.34: FPTD over DSDV 

8.2 SDS VS. ASNC Summary  

This chapter described a comparison between two self-organization algorithms over 

AODV and DSDV routing protocols. The first algorithm is a simple self-organization 

control that aims to slow down the speed of the forwarding nodes, while the other algorithm 

is a complex self-organization control adapted from the behavior of swarms in nature. The 

proposed SDS and ASNC algorithms compared in NS2 for 20 mobile node density utilized 

a movement file generated by the Setdest tool. Because all the experiments use the same 

movement file once using AODV and again using DSDV, the FPTD for all the AODV 

experiments was 39 seconds, and 113 seconds for the experiments using DSDV. In general, 

AODV routing protocol performs better than DSDV in all the experiments, confirming the 

observation about the efficiency of AODV in high dynamic networks.                          

Applying the movement control algorithms SDS and ASNC in MANET improves the 
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packet delivery ratio then increases relatively by slowing down the speeds to reach the 

highest PDR in Speed Zero experiment. ASNC shows double the PDR of Random 

movement, almost as high as Speed/6 results. ASNC is preferred over Speed Zero even 

though Speed Zero experiment gives a high PDR.  

For the total distance covered by the mobile nodes, ASNC demonstrates the best results of 

all the experiments using AODV and DSDV routing protocols, proving that following the 

deposited pheromones in MANETs controls the movement of the mobile nodes to reduce 

the distance and speed of the movements. The experiments of slowing down the speeds 

also reduces the total distance covered relative to reducing the forwarding nodes speed.  

ASNC almost allows all the mobile nodes to participate in forwarding packets during the 

simulation run time in AODV and DSDV. However, in Speed Zero experiment using 

AODV routing protocol the forwarding nodes, six nodes on average, stop moving at the 

moment AODV detects the first forwarding path and remain stopped until the end of the 

simulation. In the experiment using DSDV routing protocol the results for Speed Zero 

change due to the proactive nature of DSDV. DSDV tends to replace the existing routes, 

which causes changes in the active forwarding nodes during the simulation run time. 

Visualizing the pheromone positions and amounts in X Y bubble-scatter maps at 50 second 

intervals shows how the pheromone is distributed over the simulation area as well as the 

forwarding positions preferred by the ant-agents, in addition to the restricted area between 

the communication nodes where the agents tend to move after detecting the first forwarding 

path instead of moving far away to the edges. 
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Chapter 9 

Conclusions 

9.1 Results 

This master's thesis presents two movement control algorithms based on awareness of 

MANET traffic condition that results in significant improvement in the network 

performance. The new proposed self-organization algorithms are SDS, Slow Down Speed, 

and ASNC, Ant System Node Control, algorithms. SDS follows a simple self-control 

decision to slow down the speed of the forwarding nodes to extend the forwarding path life 

time. On the other hand, ASNC is a more complex algorithm adapted from a Swarm 

Intelligence algorithm to control the mobile nodes in MANET. The mobile node in ASNC 

behaves as ants in nature; they search the surrounding area depositing pheromone trails on 

their favorite positions to attract other mobile nodes in the network. Both of the algorithms 

simulated in NS2 over different mobile node densities, 5, 10, 20, 30, and 40 nodes, have 

utilized AODV and DSDV routing protocols. AODV routing protocol shows better results 

than DSDV in SDS and ASNC experiments. DSDV advertising for new routes and 

maintaining the broken route cause long delays in detecting forwarding paths, which affects 

the network performance. AODV techniques for discovering and maintaining routes is 

definitely the best choice for high-dynamic movement networks such as MANET. In SDS 

and ASNC experiments, AODV was able to detect the first forwarding path 50 seconds 

earlier than DSDV on average.    

The results of SDS algorithm show improvement in MANET performance in the four 

implemented scenarios: Speed/2, Speed/6, Speed/10, and Speed Zero compared with 
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Random movement. Slowing the speeds of the forwarding nodes increased the packet 

delivery ratio especially in 10 and 20 mobile node density experiments. However, the high 

mobile node densities of 30 and 40 mobile nodes perform very well even in Random 

movement, while the very low mobile density of five shows zero packets delivered during 

all SDS scenarios including Random movement. The delivery ratio increases relative to 

slowing down the speed showing a very high PDR for Speed Zero scenario, followed by 

Speed/10, Speed/6, and finally Speed/2 with the lowest PDR of them all. 

 ASNC experiments also improve the performance of MANET significantly by providing 

connection between the communication nodes most of the time to increase the number of 

the delivered packets. The pheromone trails in ASNC attract the mobile nodes toward the 

forwarding positions to improve the delivery ratio. The PDR in ASNC increases by 20% 

to 60% along with the increase in the mobile node densities compared with Random 

movement.  

The experiments of 20 mobile node density demonstrate the best benefit of SDS and ASNC 

in MANET over AODV and DSDV routing protocols. Based on this, the density of 20 

mobile nodes is used in comparison between the performances of the two proposed 

algorithms. The comparison experiments utilized one movement file generated by Setdest 

tool to avoid any randomness in the results. The results of the comparison show low PDR 

for Random movement compared with all the experiments of SDS and ASNC, with the 

highest PDR result found the Speed Zero experiments, stopping the forwarding nodes. The 

results of the ASNC experiments shows PDR higher than Random movement and Speed/2 

almost as good as the results of Speed/6 results. Although Speed Zero results in a high 
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delivery ratio in MANET, ASNC algorithm is preferred because the mobile nodes are 

actually moving the entire time. 

9.2 Future Work  

The unpredictable movement of the mobile nodes causes many issues that need to be solved 

in MANET including the rapid disconnection between the communication nodes. This 

thesis is focused on controlling the movement of the mobile nodes based on awareness of 

the traffic condition in the network. Due to the time limitations, the new proposed 

algorithms, SDS and ASNC, have been simulated over AODV and DSDV routing 

protocols with stationary source and destination for 5, 10, 20, 30, and 40 mobile node 

densities.  

In future, other scenarios may be considered in experiments, such as changing the source 

and destination positions during the simulation rather than being stationary for the entire 

time. In addition, a scenario with multiple communication nodes, two senders and one 

receiver or one sender communicating with different receivers may provide interesting 

results. Other routing protocols may also be utilized, e.g. DSR, in order to compare the 

performance over different routing protocols.  

For SDS algorithm, it is possible to add new speed scenarios for example Speed/4, Speed/5 

and/or Speed/8. It would also be interesting to reduce the speeds of the forwarding nodes 

in one scenario by different amounts over time.  

The ASNC algorithm adapts the Ant System from the Ant Colony Optimization algorithms 

in order to control the movement of mobile nodes. Other Swarm Intelligence algorithms 

presented in this thesis could also be adapted to control the movement of the mobile nodes 

instead of the Ant System algorithm, for example Rank-Based Ant System, Max-Min Ant 



 

120 

 

System and Best-Worst Ant System. Algorithms from Bee Colony Optimization rather 

than Ant Colony Optimization could also be explored, using for example Artificial Bee 

Colony.               
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