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ABSTRACT 

 

On demand ad hoc routing protocols such as AODV and DSR do not look for 

new routes unless there is a change in the network topology. In scenarios where same 

intermediate node is used for longer time, this behavior may cause the traffic 

concentration on few intermediate nodes resulting in large latency and depletion of 

battery power at the nodes. To overcome this problem, a load balancing algorithm is 

proposed in this thesis.  Each node forwards its residual energy information to all its 

neighbor nodes using reserved fields in the hello packets. Each node calculates a 

desirability metric, for each of its neighbor, based on the neighbor‟s energy information 

and the available bandwidth towards it. The choice of a particular route depends upon 

the desirability metric of the next hop. The proposed scheme is independent of the 

underlying routing protocol however the routing protocol should be able to save multiple 

routes to a destination and be able to put and retrieve the energy information to and 

from the hello messages.  
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CHAPTER 1 

INTRODUCTION 

 

Wireless networks can be defined as networks in which the nodes are 

interconnected by wireless links. These networks are becoming more and more popular 

with time due to the recent advance in technology of mobile computers and wireless 

communication devices. The wireless networks use radio waves for physical layer 

communication. One of the types of wireless networks is a mobile wireless network 

where the nodes are mobile and not stationary. The network topology in mobile wireless 

networks is dynamic and may change rapidly and unpredictably due to mobility. The 

other limitations, including limited transmission range, energy and bandwidth of the 

nodes, also needs to be considered while dealing with such networks. Mobile wireless 

networks can be infrastructured or infrastructureless. Infrastructured mobile network 

involves fixed wired gateways called base stations. A mobile node has to go through the 

base station in order to communicate to other nodes. Unlike these networks, an 

infrastructureless mobile network is a decentralized network with no pre-existing 

infrastructure and is referred to as a mobile ad hoc network or MANET. The word ad 

hoc has its roots in Latin which means “for a purpose”.  

The nature of ad hoc networks is such that it is established on demand to 

achieve a particular purpose. It is an autonomous system of mobile routers and does 

not have fixed gateways. As there is no centralized administration in a mobile ad hoc 

network, each node forwards and routes packets. Nodes in MANETs connect to each 

other using wireless multi-hop communication paths. The topology is dynamic as the 
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radio links between nodes break or the mobile nodes join or depart the network. All 

nodes interconnect dynamically in an arbitrary manner within a MANET. Each node 

behaves both as a host and a transit router and is responsible for route discovery and 

maintenance. These networks are self-creating, self-organizing, and self-administering 

making their deployment an easy task. These networks are advantageous for military, 

police, and rescue purposes and for certain application environments which are isolated 

and hostile as MANETs are fault resilient and can be created and used at any time and 

at any place. They can also be created at disorganized locations such as of natural 

disaster and armed conflict. Other applications of MANETs are students with laptop 

participating in an interactive lecture, sharing information in a conference, convention 

areas and relaying information in a battle field. 

Traditional routing protocols used in wired networks cannot be used for MANET 

as it is difficult to be able to get a route in a timely manner due to the dynamic nature of 

such networks. Therefore, an efficient ad hoc routing scheme is needed to facilitate 

communication among different nodes in a mobile ad hoc network, which must be 

capable of successful route establishment and route maintenance within the network, 

keeping the overhead and the bandwidth consumption to a minimum. Besides the 

mobility, limited power, limited transmission range, low bandwidth makes routing in 

MANETs a very challenging task. 

1.1 Routing in MANETs 

Routing protocols for MANETs are dynamic in nature and require each node to 

store routing information about destinations that are needed to be reached and also 

update that information as the network topology changes. A significant number of 
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routing protocols have been suggested for these networks. These protocols are further 

classified into following types:  

 Position-based routing protocols 

These protocols make the routing decisions based on nodes‟ geographical 

coordinates. Each node maintains an updated location table that contains the 

geographical position of all its neighbors. The routing decisions are made based 

on the neighbors‟ coordinates and trajectory information towards the destination 

location. Two of the position based protocols are Simple Forwarding over 

Trajectory (SIFT) and Distance Routing Effect Algorithm for Mobility (DREAM). 

 Topology-based routing protocols 

Classical routing approaches for MANETs are topology-based in which the 

routing decisions are based on links among network nodes. In other words, these 

protocols are link-driven. A routing table is maintained which contains the route to 

destinations and an existing link pointing towards it. If a node moves resulting in 

a link break then the route needs to be recomputed. These protocols can further 

be classified as Table-driven or Proactive, Source-initiated (On demand) or 

Reactive and Hybrid routing protocols. 

 Table-driven routing protocols 

Proactive routing protocols monitor the topology of the network at 

all times and pre-compute paths between any source and destination. 

Routes are maintained for all nodes, even for nodes to which no data has 

been sent. This is done by periodically exchanging routing tables 

throughout the network, similar to traditional wired networks. These 
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protocols maintain tables at each node which stores updated routing 

information for every node to every other node within the network.  An 

advantage of these routing protocols is that obtaining the required route 

information and establishing a session will not be time-consuming. A 

disadvantage of these routing protocols is that it will react to topology 

changes even when no traffic is affected by that change, which is 

extremely resource-consuming and will result in the unnecessary usage of 

bandwidth even when no data is transferred. Another drawback is more 

power consumption due to periodic exchange of information. Examples of 

such protocols are Destination-Sequenced Distance-Vector Routing 

protocol (DSDV), Clusterhead Gateway Switch Routing (CGSR) protocol, 

The Wireless Routing Protocol (WRP), Optimized Link State Routing 

(OLSR).  

 On-demand routing protocols 

Reactive routing protocols find a route only when there is a demand 

for data transmission, i.e., at the beginning of a connection. In other 

words, the route discovery process begins whenever a source node needs 

a route to a destination in on-demand routing. A route between two hosts 

is determined only when there is an explicit need to forward packets. This 

is done by initiating a route discovery within the network by flooding the 

entire network with route request (RREQ) packets. Also, once a route is 

established, it is maintained in the routing table until the destination is out 

of reach or the route expires. During topology changes, the routing 
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overhead is significantly reduced, since the routing information does not 

have to be updated periodically, and no maintenance is done on routes 

that are not being used. One disadvantage of these protocols is the 

latency that occurs when a route is required. However, for highly mobile 

networks, these protocols show better performance for MANETs. Few 

examples of such protocols are Ad Hoc On-Demand Distance Vector 

(AODV) routing protocol, Temporally Ordered Routing Algorithm (TORA), 

Dynamic Source Routing (DSR) protocol and Associativity-Based Routing 

(ABR). 

 Hybrid routing protocols 

On-demand routing has relatively less routing overhead, since it 

eliminates periodic flooding of the network with update messages. But it 

suffers high routing delay when compared to table-driven routing. Table-

driven routing ensures high quality in static topologies but cannot be 

extended to mobile networks. Combining the advantages of both, a few 

hybrid routing protocols have been designed, whereby the routing is first 

initiated with some proactive routes and then serves the demand from 

other nodes through reactive flooding. Zone Routing protocol (ZRP) is one 

of the protocols that falls under this category. 

Since both bandwidth and power are limited in mobile networks, on-demand 

routing protocols are more widely used then table-driven routing protocols. Among all 

proposed on-demand routing protocols, AODV and DSR are most commonly used 

protocols. The author uses AODV in this thesis for experimentation purposes. 
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1.2      Load Balancing in MANETs 

In traditional wired networks, load balancing can be defined as a methodology to 

distribute or divide the traffic load evenly across two or more network nodes in order to 

mediate the communication and also achieve redundancy in case one of the links fails. 

The other advantages of load balancing can be optimal resource utilization, increased 

throughput, and lesser overload. The load can also be unequally distributed over 

multiple links by manipulating the path cost involved. 

On the other hand, the objective of load-balancing in MANETs is different from 

that of wired networks due to mobility and limited resources like bandwidth, 

transmission range and power. In mobile ad hoc networks, balancing the load can 

evenly distribute the traffic over the network and prevent early expiration of overloaded 

nodes due to excessive power consumption in forwarding packets. It can also allow an 

appropriate usage of the available network resources. The existing ad-hoc routing 

protocols do not have a mechanism to convey the load information to the neighbors and 

cannot evenly distribute the load in the network. It remains a major drawback in 

MANETs that the nodes cannot support load balancing among different routes over the 

network. 

1.2.1 Need of Load Balancing in MANETS 

On-demand routing protocols such as AODV initiate the route discovery only if 

the current topology changes and the current routes are not available. In high mobility 

situations where the topology is highly dynamic, existing links may break quickly. It may 

be safe to assume that in such scenarios the on-demand routing protocols like AODV 



7 

 

and DSR can achieve load balancing effect automatically by searching for new routes 

and using different intermediate nodes to forward traffic. 

Whereas, in the scenarios where the same intermediate nodes are used for 

longer period of time, the on-demand behavior may create bottlenecks and cause 

network degradation due to congestion and lead to long delays. In addition, the caching 

mechanism in most on-demand routing protocols for intermediate nodes to reply from 

cache, can cause concentration of load on certain nodes. It had been shown in [45] that 

the increase in traffic load degrades the network performance in MANETs. In other 

words, if the topology changes are minimal then this behavior results in same routes 

being used for a longer period of time which in turn increases the traffic concentration 

on specific intermediate nodes. It had been proved in [16] that the congestion and the 

delay in delivering packets are increased with the decreased mobility in on-demand 

routing. In addition, it also increases the energy consumption at intermediate nodes and 

have them expire early. This early expiration of nodes can cause an increase in the 

control packets and the transmission power of other nodes to compensate the loss. 

Furthermore, it can result in network degradation and even an early expiration of the 

entire ad-hoc network. Besides, using a same node for routing traffic for a longer 

duration may result in an uneven usage of the available network resources, like 

bandwidth. A network is less reliable if the load among network nodes is not well 

balanced. 

The above problem can be addressed by implementing a load balancing 

mechanism in MANETs. This thesis proposes one such mechanism.  
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1.3  Significance of this Thesis 

In this thesis, the author proposes an intelligent load-balancing approach for 

MANETs. This approach considers a number of factors that judge if a node is 

overloaded or has sufficient available bandwidth and energy in order to handle and 

forward the traversing traffic. The approach takes into account several parameters that 

include node‟s queue occupancy or buffer, its available power and available bandwidth. 

All the packets are assumed to be equal in size so that the queue occupancy is equal to 

the number of buffered packets. 

In [20], a method is presented which calculates the average of node‟s energy and 

queue occupancy in the whole MANET and uses this average to evenly distribute the 

traffic load across the network. A similar approach is being used in this thesis. The 

author considers the average of the buffered packets and the energy in a node and its 

direct neighbors. Another parameter considered in this thesis is an estimated available 

bandwidth of a link. 

As discussed earlier, the topology of MANETs is dynamic in nature and changes 

constantly as the mobile nodes keep joining or departing the network. Due to the 

dynamic topology in such networks, a node identifies itself to its neighbors by 

periodically broadcasting a probe packet and similarly identifies its neighbors. These 

probes can be used for exchanging the state information among nodes. Most on-

demand routing protocols use periodic Hello packets (beacon) that are broadcasted by 

the nodes to inform the neighbors about their presence and to confirm link connectivity. 

The author makes use of these Hello packets to find out the neighbors‟ residual energy. 

The reserved field in the Hello message is used by a node to put the energy 
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information. The node then computes a neighbors‟ desirability metric based on the 

neighbors‟ residual energy information and the available bandwidth towards it. This 

metric is further used for balancing traffic among different neighbors.  

1.4 Thesis Outline 

The remaining chapters of this thesis are organized as follows. Chapter 2 

presents a literature survey on the earlier work related to mobile ad hoc networks and 

routing in such networks, bandwidth estimation in mobile ad hoc networks, proposed 

work in the area of load balancing and the work related to Discrete Event systems. 

Chapter 3 will present a Load Balancing scheme for mobile ad hoc networks followed by 

Chapter 4 which shows a performance comparison between a mobile ad hoc network 

with and without load balancing support. Conclusions and scope of future work is 

presented in Chapter 5. 
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CHAPTER 2 

LITERATURE SURVEY 

 

There are many technologies that make our lives easier however some of them 

are left unnoticed. However, wireless networking is one of the technologies that have 

always been an active area of research since its origin. A type of wireless networks is a 

mobile ad hoc network that has gained a lot of attention and has extensively been 

studied over the past many years. A large number of literature is available that 

discusses different attributes and characteristics of mobile ad hoc networks. A number 

of techniques have been proposed to address the challenges involved when dealing 

with such networks. 

In this chapter the author reviews various literatures and articles related to the 

current research work in the area of mobile ad hoc networks and discrete event 

systems.  

The chapter is divided into two sections. First section reviews the current work 

related to mobile ad hoc networks and the idea of load balancing in such networks, 

followed by the second section which is a review of research work related to the 

discrete event systems and the methodology of supervisory control in such systems. 

2.1 Mobile Ad Hoc Networks (MANETs) 

Mobile ad hoc networks or MANETs, as they are commonly called, are one of the 

fastest growing technologies of modern world. Much work related to MANETs has been 

presented in the literature [1, 2, 3].  
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The topology of a MANET changes dynamically as mobile nodes join or depart 

the network which makes the process of routing a challenging task and opens up an 

intensely active and interesting area of research. The power limitation of nodes also 

causes frequent change in network topology. 

Routing protocols therefore play an important role in mobile network 

communications. The following sub-section discusses various routing protocols 

proposed for MANETs. 

2.1.1 Ad Hoc Routing 

A wide variety of routing protocols has been proposed, presented and developed 

for MANETs. These protocols have broadly been classified into two types - topology-

based [4], and position-based [5], routing protocols. The author focuses mainly on 

topology based routing. 

The topology-based routing protocols that can either be table-driven or on-

demand, have been examined and compared in [4]. The following are some examples 

of these type of routing protocols  - Destination-Sequenced Distance-Vector Routing 

(DSDV) [6], The Wireless Routing Protocol (WRP) [7], Ad Hoc On-Demand Distance 

Vector Routing protocol (AODV) [8], Dynamic Source Routing protocol (DSR) [9], 

Temporally Ordered Routing Algorithm (TORA) [10], Associativity-Based Routing 

protocol (ABR) [11]. 

AODV [8] and DSR [9] are two of the most popular ad hoc routing protocols. 

They have been well-studied and have also been submitted for standardization. They 

both fall under the category of on-demand routing protocols. DSR [9] uses source 

routing in order to discover routes from a source to a destination node. On the other 
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hand, AODV [8] maintains routes as long as they are needed by the source and the 

route discovery is reinitiated if the destination becomes unreachable. AODV [8] is 

further discussed in detail in the next sub-section. 

2.1.2  AODV 

In a mobile ad hoc environment, one of the most commonly and widely used 

routing protocols is the ad hoc on-demand distance vector routing protocol. The major 

advantages of AODV are its low CPU utilization and memory usage, its automatic 

adjustments to the topology changes and unicast routing. It provides a loop-free 

topology by the use of destination sequence numbers and prevents common problems 

with distance vector routing like "counting to infinity". It is a self-starting protocol that 

enables multi-hop routing between mobile nodes in an ad hoc network. The routes to 

different destinations are achieved quickly resulting in a low convergence time. The 

routes that are no longer needed are dropped. The link breakages are only propagated 

to the affected set of nodes and not the entire topology which results in a low control 

overhead. 

AODV mainly defines four types of messages: Route Requests (RREQs), Route 

Replies (RREPs), Route Errors (RERRs), and Route Reply Acknowledgment (RREP-

ACK). These messages use UDP port 654 and an ip header. 

2.1.2.1 Message Formats 

 Route Request (RREQ) 
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Fig 2.1: RREQ packet format 

 Route Reply (RREP) 

 

Fig 2.2: RREP packet format 

 Route Error (RERR) 

 

Fig 2.3: RERR packet format 
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 Route Reply Acknowledgment (RREP-ACK) 

 

Fig 2.4: RREP-ACK packet format 

 Hello Messages 

In addition to the above message types, AODV also defines another message 

type called the Hello message. 

In order to maintain local connectivity, every node must keep track of its 

neighboring nodes or next hops. This can be achieved by either using the Link layer 

notifications such as those supported in IEEE 802.11 or by using the Hello messages. A 

hello message is a route reply (RREP) message with the TTL value set to 1. These 

messages are broadcasted every HELLO_INTERVAL, 1000 milliseconds by default, 

and can be used to identify the neighboring nodes. 

Besides establishing connectivity, they can also be used to exchange state 

information that can be helpful in making better routing decisions. After receiving a Hello 

message, the node creates an active route to the neighbor in the routing table and 

maintains that route. 

The RREP message fields for the Hello messages are: 

 Destination IP Address:  The node's IP address. 

 Destination Sequence Number: The node's latest sequence number. 

 Hop Count:    0 

In the RREP message the bits 11-19 are reserved. In a standard AODV 

operation, these bits are set to 0 and are ignored when a node receives route reply. The 
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author makes use of these 9 bits to store the energy information of the node generating 

these messages. 

2.1.2.2 Operation of AODV 

AODV, being a reactive routing protocol follows two major phases, route setup 

and route maintenance. In the route setup phase, a route is set up to a previously 

unknown destination if it is needed and is cached in the route table. On the other hand, 

route maintenance phase is responsible for maintaining the routes in the route table. If 

there is a link breakage, then an error message is sent to all the affected nodes and the 

route discovery process re-initiates. The operation of the AODV protocol is further 

explained here. 

When a node needs a route to a destination, the RREQ message is broadcast 

into the network. This RREQ message includes the last known sequence number for 

that route. The request will be flooded until the TTL value in the request packet is 0. 

Once the TTL is 0, the packet is not broadcasted further. Node that receives the route 

request first updates the information of the source node in the route table and then 

looks up its own route table if it has a route to the destination. The request packets are 

flooded throughout the network in a controlled manner until they reach a node that is 

either the destination or has a route to the destination. Every node that forwards the 

RREQ maintains a pointer to have a reverse route pointing to the originating node.  

A node generates an RREP in either of the following two scenerios - if it has a 

route to the destination or if it is the destination. The RREP is then unicast to the node 

that originated the request. As the RREP is forwarded back to the originating node, 

every node that forwards the RREP message enters the route to the destination node in 
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its routing table. If the node is neither the destination, nor does it has a route to the 

destination, then the RREQ is further broadcast by the node. Nodes keep tracking the 

broadcast ID's and the received RREQ's. If an RREQ message with the same ID is 

received, the request is discarded. 

Once the originating node receives an RREP, an entry is made in the routing 

table and data is forwarded. A current route entry is updated with a new route only if 

either the originating node receives an RREP with a greater sequence number or an 

RREP with the same sequence number but a smaller hop count. Sequence numbers 

are used to maintain loop-free routing in the network. 

As long as the route is being used, the route remains active in the routing table. If 

there is a link breakage, the upstream node then informs the source node of the 

unavailability of the route. This is done by propagating an RERR message to the source 

node and all the affected nodes in the path. Once a node receives an RERR, if it 

requires connectivity to the destination node then the route discovery process is re-

initiated. The RERR can either be a broadcast (if there are a large number of 

precursors) or a unicast (if there is only one precursor). 

If a route is not being used for a certain period of time it is removed from the 

routing table of the node. This time is called the lifetime of a route and is 3000 

milliseconds by default. 

The following fields are included in an AODV route table: 

 Destination IP Address 

 Destination Sequence Number 

 Valid Destination Sequence Number flag 
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 Other state and routing flags (e.g., valid, invalid, repairable, being repaired) 

 Network Interface 

 Hop Count (number of hops needed to reach destination) 

 Next Hop 

 List of Precursors (These nodes will be notified in the event of a link breakage) 

 Lifetime (Time after which a route that is not active will be removed) 

Every time a route is used to forward a packet, the lifetime of the route is updated 

regardless of whether the destination is a single node or a subnet. Route decisions are 

made based on the hop count. For every destination the route with the least number of 

hops will be chosen and updated in the routing table, eliminating the previous route. 

Traffic to a particular destination will always use the same route as long as all the links 

in the route are active. 

Most of the standard on demand routing protocols, including AODV, make use of 

a single route and do not support multiple alternative paths. This behavior needs a new 

route discovery process to be initiated every time a route breaks and in turn causes 

traffic delay and additional control overhead, which increases as the topology becomes 

more and more dynamic. In order to overcome this drawback, various multiple route 

protocols have been suggested that can provide alternative routes if the primary path 

breaks. 

2.1.3 Multipath Ad Hoc Routing 

Multiple redundant route extensions for AODV [8] and DSR [9] had been 

presented in [12, 14] and [13], respectively. [12], discusses a new protocol AODV-BR 

which is an extension of standard AODV [8]. The author proposes an improvement to 
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existing on-demand routing protocols and applies the scheme to AODV [8]. The 

proposed model creates a mesh topology and provides multiple routes. [14], presents 

Ad hoc On demand multiple distance vector (AOMDV), which is another extension of 

AODV [8], that provides efficient recovery from route failures by computing multiple loop 

free routes to a destination. AOMDV [14] is further optimized in [15]. 

Most of the known multiple path extensions of existing on demand routing 

protocol are focused on route redundancy and failure recovery. These protocols do not 

consider balancing the load over multiple paths. 

It was shown in [16] that the traffic latency for both AODV [8] and DSR [9] 

increases with the decrease in node mobility. This is caused due to increased traffic 

load at intermediate nodes for a longer period of time. It remains a major drawback in 

existing on-demand ad hoc routing protocols as these protocols do not consider the 

load balancing over multiple routes to a same destination. 

Balancing load over the network can increase throughput. The network can 

become more reliable and have increased life-time. The increased necessity for 

complex application, with high bandwidth requirements, support in MANETs has also 

increased focus on load balanced ad hoc networks. 

In this thesis, the author addresses above problem by proposing a protocol 

independent load balancing scheme for mobile ad hoc networks. A few known numbers 

of such schemes have been proposed in literature and are discussed below: 

2.1.4 Load Balancing in MANETs 

[17], proposes a routing scheme with load balancing using mobile agent 

(RLBMA) which uses the concept of mobile agent for route discovery and balancing 
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load. This scheme also provides route maintenance. The routing information is 

forwarded to the destination and by weighing total cost of a path, congested paths are 

prevented. The route information stored at the destination node is used to select 

alternate paths. 

[18], presents a distributed approximation algorithm for load balancing in an ad 

hoc network. It modifies DSR [9] to use multiple paths in order to balance traffic load 

and uses an approximation algorithm to minimize the maximum network congestion. 

 Another method to balance the load in MANETs is proposed in [19]. The scheme 

is applied to route request process. Only the nodes, that have enough resources 

available to serve as intermediate nodes, respond to the route requests. Other nodes do 

not take part in the routing process. The nodes compare its interface queue occupancy 

with a threshold value to determine if it is overloaded. The threshold is variable and is 

recalculated according to the nodes‟ buffer around the backward path. This scheme 

excludes the overloaded nodes from the new paths and distributes the load evenly over 

the network. 

A similar approach is presented in [20], Simple Load-balancing Approach (SLA) 

that considers nodes‟ available energy along with its queue occupancy. A node 

participates in the routing process or packet forwarding, based on its available 

resources. It not only distributes the traffic evenly on a network but also increases the 

lifetime of the network. [20], suggests an additional scheme to make nodes volunteer in 

packet forwarding, Protocol-Independent Fairness Algorithm (PIFA). [21], and [22], also 

consider load balancing in the MANETs.  
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In this thesis, the author considers a method similar to that of [20], in order to 

determine the node‟s available energy. The proposed model considers available energy 

as one of the parameters that is used to compute the metric for load balancing. Besides 

the available energy, the author also considers available bandwidth as another 

parameter. The following sub-section presents a review of known literature related to 

the estimation of available bandwidth in mobile ad hoc networks.  

2.1.5 Available Bandwidth Estimation in MANETs 

Real time and complex multimedia applications, like voice, video and large data 

transfer, require some sort of service guarantee by the network.  A recent growth in the 

use of multimedia applications has led to the need of Quality of Service (QOS) in an ad 

hoc network. The network should be able to guarantee a set of predetermined services 

to the end user, mainly in terms of bandwidth. Bandwidth estimation is, thus, a critical 

component for providing QoS support in networks. Estimating the remaining bandwidth, 

at a given time, in MANETs is complex as the medium is shared among neighboring 

nodes. This requires an efficient estimation technique for the available bandwidth on a 

link between two neighboring nodes at any time. Much of such techniques have been 

suggested in the past. Most of the known research work assumes that the underlying 

wireless technology is the IEEE 802.11 standard [23].  

This thesis utilizes available bandwidth in order to compute the metric for load 

balancing over multiple links. Therefore, the author reviews some of these techniques in 

the present section. 
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In [24], the channel occupancy is estimated by sending probe packets and 

measuring the delay of these packets. The residual bandwidth is then deduced by 

multiplying the capacity of the link to one minus the channel occupancy.  

A similar approach is suggested in [25]. The authors saturate the link with probe 

packets. They use averaging windows to compute the link utilization factor and the 

product of the link capacity and one minus the link utilization factor is considered as the 

available bandwidth of a link. 

[26], suggests a different approach that uses channel utilization ratio to estimate 

channel‟s available bandwidth. A node continuously monitors the channel status, which 

can either be idle or busy, and the length of its internal transmission queue. The 

estimated bandwidth is then computed by deducting the two from the raw data rate of 

the node. 

[27], presents another method for bandwidth estimation. The authors define the 

available bandwidth between two neighbor nodes as “the maximum throughput that can 

be transmitted between them without disrupting any ongoing flow in the network”. 

Carrier range interference, packets collision probability, backoff and synchronization of 

sender and receiver idle periods, are the factors considered in [27]. A protocol that 

implements this technique has also been designed. 

[28], rethinks the estimation mechanism proposed in [27] and increases the 

estimation accuracy with an improved calculation of the probability for two adjacent 

node‟s idle periods to overlap. 
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This thesis uses the technique proposed in [27] to estimate the available 

bandwidth between neighbors. 

2.2 Discrete Event System and Supervisory Control 

The proposed algorithm in this thesis represents a mobile ad hoc network as a 

Discrete Event System (DES). The nodes are represented as the states of a DES and 

the links are considered as the events of that DES. The following section presents a 

summary of existing research work related to Discrete Event Systems and Supervisory 

Control.  

The research in the area of supervisory control for a discrete event system was 

initiated and pioneered by Ramadge and Wonham [29], [30], which defines a discrete 

event system (DES) - 'as a dynamic system that evolves in accordance with the abrupt 

occurrence, at possibly unknown irregular intervals, of physical events'. 

A discrete event dynamical system (DEDS) is modeled as a state machine (SM) 

and its behavior is described by the language accepted by the state machine. The 

language formed by strings of events in a deterministic DES characterizes its behavior 

and systems are said to be equivalent if they have a same language. SM, unlike other 

approaches, allows us to evaluate the effect of different control policies on the behavior 

of the “uncontrolled” system. Other approaches use a separate model for each control 

policy. 

The Ramadge-Wonham approach also separates the open-loop plant and the 

controller unlike the approaches that permit only closed-loop models. The DES models 

in [29], is based on the set of events as a fundamental concept.  
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[41], considers an alternative approach by treating the state space as the 

fundamental concept in which case controlling the behavior of a DES is described in 

terms of its state trajectories by using predicates and predicate transformers. Predicates 

can concisely characterize an infinite state space. However, in the network scenarios 

the state space (number of nodes) is finite so this approach is not considered. 

The theoretical ideas of control for DES (like controllability, observability, 

aggregation, decentralized and hierarchical control) were further examined in [32], from 

a qualitative/logical point of view. The qualitative structural features of a problem are 

first investigated and a DES model is developed which is independent of representation 

such that its validity is not dependent on any specific representation, which can later be 

turned into other forms of representation for computation purposes.  

2.2.1 Supervisory Control 

With the addition of a supervising agent, the behavior of the DES can be 

controlled by preventing the occurrence of key events at certain times such that the 

system behaves in obedience to various constraints or obligations. A supervisor 

controls the transitions to be disabled by observing the past behavior of the state 

machine in order to achieve a desired objective. Problems like partial observations and 

decentralized supervision are also discussed in [32]. 

The qualitative models are used in a number of applications which include 

supervisory control [29, 30, 33, 34, 35]. The complexity of these models is reduced 

through a modular problem specification and supervisor construction. These problems 

have been examined in [32, 33, 34]. 
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[44], introduces a class of mathematical models in order to formalize the 

description of DES and the specification of their control policies, thus facilitating the 

realization of their analysis (proving the declarations about the system behavior and 

effectiveness of control policies) and implementation. The work is build upon framework 

presented in [29, 32], extending this basic framework by including the case of a 

nondeterministic process with controllers that make partial observations of the process 

events. Based upon these observations, the process events are enabled or disabled by 

the controller such that the desired language can be generated. Decentralized control, 

with several controllers each making partial observations and controlling a subset of the 

process events, is also studied. 

[36, 37, 38], further extend the work to limit the system behavior such that a cost 

defined along the path or trajectory of the system is optimized. 

In [37], the author initiates the development of the foundations for an optimal 

control theory for the systems with logical discrete event system (DES) model, by 

introducing a new DES controller synthesis methodology. This method considers the 

system model as characterizing the valid dynamical DES behavior and another model 

specifying the desirable DES behavior which is a part of the valid behavior. The author 

focuses on the design objectives for a desirable DES behavior that it is in some sense 

optimal. In other words, the optimal controller synthesis problem for deterministic DES is 

addressed, which includes the design of an optimal controller which selects a sequence 

of inputs resulting in allowable/desirable behavior. A cost function is designed and the 

objective is to control the system behavior such that after starting from initial state the 

plant reaches one of the desirable states along a path of optimal cost. 
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In [38], two types of costs are considered on a graph representing a system - a 

control cost and a path cost. The control objective is to find out a sub graph of this 

graph such that the the maximum of the total cost for all its trajectories is minimum. 

The work done in [38] is extended in [42] with a different objective, finding out a 

state-feedback supervisor, [33, 40, 41], such that the net cost of disabling events of 

reaching undesired states is minimized. These supervisors control the system based on 

its state and not the sequence of executed events. Two types of cost functions are 

considered. One is a positive cost of control function corresponding to the cost of 

disabling a transition and the second is a penalty of control function corresponding to 

the state reachability. Cost of control is incurred when an event is disabled and penalty 

of control is incurred whenever undesired states remain reachable, or desired states 

remain unreachable. 

[40], also shows the methods that can be used for solving supervisory control 

problems under complete as well as partial observation. 

The cost and penalty approach in [42] is further extended to [43] where the 

author proposes an algorithm to design an optimal supervisor under the condition that 

the controlled system must be a trim generator, [29]. This algorithm directly applies to a 

DES and minimizes the net cost of the optimal supervisor. It has a polynomial-order 

computational complexity and ensures that the controlled system is a trim generator. 

In this thesis, the author represents a mobile ad hoc network as a Discrete Event 

System and designs a supervisor that controls the traffic flow across the network in 

order to support load balancing. 
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CHAPTER 3 

INTELLIGENT LOAD BALANCING IN MOBILE AD HOC NETWORKS 

 

The Mobile Ad hoc networks, or MANETs, have gained extreme popularity in the 

past few years. This growth is a result of the infrastructure-less nature of these networks 

and their ability to self-create and self-organize themselves. MANETs can be created 

wherever and whenever needed without the need of any pre-existing infrastructure or 

equipments. These properties have an advantage over other type of wireless networks 

which are dependent on pre-existing setups. MANETs do not need additional network 

devices to forward or pass traffic. Each node is capable of acting as a host and a transit 

router. Due to this advantage, MANETs, are being used in a variety of areas and 

applications where the traditional wireless networks are difficult and less economic to 

setup. 

3.1 Introduction 

With advantageous properties and ease of setup, comes a number of 

complexities. The dynamic topology and limitations of power, bandwidth and 

transmission range are some of the characteristics of MANETs that make their 

implementation a difficult task. 

The topology of mobile ad hoc networks changes as the mobile nodes join or 

depart the network.  The topology can also change due to a nodes‟ power failure, or a 

node going out of transmission range. As there is no centralized control device in 
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MANETs, each node is responsible for creating and maintaining the routes to other 

nodes. Thus, a routing scheme is needed for route identification and route 

reconfiguration. Among the number of routing protocols proposed for MANETs, the two 

on-demand routing protocols, AODV [8] and DSR [9], are the most commonly used 

protocols for such networks. 

With the advancement in technology, a growing need of large data transfer and 

need of multimedia support in wireless networks has motivated further extensions of the 

traditional on demand routing to be able to support the technologies as supported by the 

classical wired networks. One such technology is the ability to balance the traffic or load 

over a mobile ad hoc network. Balancing the load can evenly distribute the traffic in the 

network thus preventing early expiration of overloaded nodes and appropriate utilization 

of the available network resources. In other words, the network becomes more reliable 

with load balancing. 

Traditional on-demand routing protocols do not support load balancing over 

multiple links. As discussed in Chapter 1, in the scenarios where the same intermediate 

nodes are used for longer period of time, the on demand behavior may create 

bottlenecks and cause network degradation due to congestion which in turn causes 

longer delays. It increases the energy consumption at intermediate nodes and have 

them expire early and can result in network degradation and even an early expiration of 

the entire ad hoc network. Not to mention, an uneven usage of the available network 

resources that is caused due to this behavior.  
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The focus of this thesis is to address the above problem by proposing an 

Intelligent Load Balancing Scheme for MANETs. The proposed model is independent of 

the underlying routing protocol. This approach considers a number of factors that can 

determine if a node is overloaded or has sufficient available bandwidth in order to 

handle and forward the traversing traffic. The parameters considered include nodes‟ 

queue occupancy or buffer, its available power and available bandwidth. All the packets 

are assumed to be equal in size so that the queue occupancy is equal to the number of 

buffered packets. Due to dynamic topology in MANETs, a node identifies itself to its 

neighbors by periodically broadcasting a probe packet and similarly identifies its 

neighbors. These probes can be used for exchanging the state information among 

nodes. Most on-demand routing protocols use periodic Hello packets (beacon) that are 

broadcasted by the nodes to inform the neighbors about their presence and to confirm 

link connectivity. The author makes use of these Hello packets to find out the neighbors‟ 

residual energy. 

The rest of this chapter digs deeper into the details of the proposed algorithm. 

3.2 Available Energy 

To take into account available energy of a node, the author considers available 

energy ratio which is calculated as follows. Let qk be the current occupied queue size or 

number of buffered packets in kth node, and ek be the available energy of that node. 

Then, the remaining energy left in node k after transmitting qk packets can be given by  

                       (3.1) 

e is the energy used by the node in forwarding one packet. 
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Let, EN be the average of the available energy of node k and its neighbors, such 

that 

 
    

        
 
   

   
        

(3.2) 

n is the total number of neighbors for node k. 

The author defines available energy ratio as 

 
     

  

   
 (3.3) 

The lower the value of ENA, the more desirable the node is with respect to its 

lifetime. 

3.3 Available Bandwidth Estimation 

Real time and complex multimedia applications, like voice, video and large data 

transfer, require some sort of service guarantee by the network which is considered in 

terms of Quality of Service. The appropriate QoS metrics, associated with the 

intermediate nodes and links, are considered during the route calculation for a particular 

application flow. One of the most important QoS metric is bandwidth. The estimation of 

available bandwidth is an important process for providing QOS support in a network, 

wired or wireless. The availability of bandwidth varies greatly in wireless networks due 

to channel fading, shared-access medium and physical hindrances. Such estimation 

becomes more complex in case of MANETs due to the mobility.  

Thus, estimation of a nodes‟ available bandwidth in an ad hoc network at a given 

time has been extensively studied and several solutions are proposed. The sharing of a 
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common medium in ad hoc networks makes this estimation a complex task. This 

section presents an estimation technique for available bandwidth proposed in [27]. The 

method estimates available bandwidth between two neighbor nodes at any given time. 

This scheme applies to IEEE 802.11-based Ad Hoc networks and uses local information 

on the used bandwidth via local broadcasts and takes into account the following factors: 

 Carrier sense mechanism  

 Idle periods synchronization between a transmitting and receiving node over a 

link for the entire transmission 

 Collisions 

 Overhead due to the time lost after collision 

Considering a node s, [27] defines the upper limit for the available bandwidth as 

 
     

        

 
              (3.4) 

 Bs = available bandwidth of node s 

 Tidle (s) = total idle time during which node s neither emits any frame nor senses 

the medium busy 

 ∆ = observation period 

 Cmax = medium capacity 

The author considers a link between two neighbors s and r and 

 δ = time step 

 Tm = ∆/δ = time units in measurement period 

 Ts = time units of medium availability for node s 

 Tr = time units of medium availability for node r 
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 Bs = available bandwidth bound for node s from above eqn 

 Br =  available bandwidth bound for node r from above eqn 

 B(s, r) = true  available bandwidth on the link (s, r) 

 b(s, r) = estimated available bandwidth on the link (s, r)  

In [27], the author considers a uniform random distribution of the medium for ∆ 

and computes the expected delay E (l(r, s)) before nodes s and r get synchronized in 

terms of medium availability. The probability that the first synchronization occurs at time 

unit i is given by 

 
          

  
 
      

 
         

      
         

      
 

   
  
     

  
 

       
(3.5) 

 j = idle time unit for sender before synchronization 

 k = idle time unit for receiver before synchronization 

Thus, the probability that the first synchronization occurs at a given time unit, and  

the expected delay before synchronization are 

 

 
                      

               

                  

 

              

                  

 
(3.6) 

 

 
                       

                    

   

 
(3.7) 
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The available expected bandwidth is then given by, 

 
             

   
 
        

    
 

   
  
 

     
(3.8) 

 
                         

          

   

        
(3.9) 

As discussed earlier, each node periodically broadcasts Hello messages. [27], 

finds the collision probability at the receiver end by, 

 
        

                            

                                
  (3.10) 

Since, hello packets have a small and constant size, [27] extends the 

measurement by computing the Lagrange interpolating polynomial, f(m), such that the 

collision probability for packets of m bits is 

                (3.11) 

Due to collision a node doubles its contention window size. To account for this 

time loss, [27] considers the following: 

 
   

                       

    
       

(3.12) 

The average back off is given by, 

 
                    

 

 
 
        

 
               (3.13) 

 K = the proportion of bandwidth consumed by waiting 

 CWmin = minimum contention window size 

 n = number of retransmissions 

 Tm = time between two consecutive frames 
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The expected available bandwidth for the link between the two neighbors (s, r) is 

then computed by combining the above equations as 

                                (3.14) 

3.4 Discrete Event System and Supervisory Control  

A system is said to be “a combination of components that act together to perform 

a function”. An event is an instantaneous occurring or action causing the system to 

transit from one state to another. A discrete event system is associated with an 

underlying set of events and a set of states that are caused by these events. The logical 

representation of a DES considers only the sequence of states visited by such a system 

and the corresponding events that cause these state transitions. This model is 

independent of the time at which individual transitions or events occur. The individual 

events are represented by an alphabet and their sequences are thought of as "words" 

or "strings", with the set of strings forming a "language". It is this language that 

describes the behavior of a Discrete Event System and the modeling process includes 

building a system that speaks a desired language. 

If a Discrete Event System has an infinite state space and the automaton G 

models an uncontrolled behavior of the DES which is not acceptable, then this behavior 

can be modified by the use of a control mechanism which is introduced by using a 

supervisor, S. This modification or control is required due to several reasons such as, 

the language of the DES may include strings that violate some desired conditions, some 

states of the system may not be desirable or physically inadmissible or we may want the 

system to be restricted to desired behavior. The supervisor observes the events that 
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system executes and tells it which events are to be executed next.  It can disable some 

feasible events of G and thus leads to a dynamic feedback control on the system. 

For an example, let E be a set of events x, y and z, such that 

            (3.15) 

and a string s is a sequence in which the individual events occur which can be 

represented by concatenation of individual events in the order of their occurrence. The 

number of events in a string defines its length, |s|, and a string with no events is called 

the empty string, ε. 

                          (3.16) 

A language, L, can then be defined as a "set of finite length strings formed from 

events in E. It specifies all admissible sequences of events that a DES can generate 

and describes its behavior in a formal way. 

             (3.17) 

               (3.18) 

If xyz = s, then x is a prefix of s, y is a substring of s, and z is a suffix of s. 

The following are some operations that can be performed on the languages: 

 A string is in L1L2 if it can be written as the concatenation of a string in L1 with a 

string in L2. 

 Prefix-closure,    consists of all the prefixes of all the strings in L such that 

                                               (3.19) 
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 Kleene-closure, 

                        (3.20) 

 Projection is an operation performed on a language which takes a string formed 

from the larger set of events, El, and removes events in it that do not belong to 

the smaller event set, Es, where,      . 

      
    

        (3.21) 

        

 
       

           

        
  
  

        
(3.22) 

 El / Es denotes suffix of El after its prefix Es. 

3.4.1 Automata 

An automaton represents a system and its language according to well defined 

rules and is represented by a directed graph. Deterministic automaton is the one in 

which a state cannot have two transitions with the same event. 

                         (3.23) 

 X = set of states 

 E = set of events 

         = the transition function 

 x0 = initial state 

      = a set of marked states 
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          = means a transition from state x to y on event e 

      = set of all events e for which        is defined.      can be derived from f. 

 

Fig 3.1: State transition diagram 

3.4.2 Supervisory Controlled Discrete Event Systems 

A Discrete Event System can be fully represented by an automaton, G and 

languages, L and Lm. 

                    

 L(G) = set of all strings that the DES can generate 

 Lm(G)   L(G) = language of marked strings representing the completed tasks 

 L(G) is always prefix-closed 

The author considers a supervisor, S, which controls the languages marked by G 

and let E be,  
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                 (3.24) 

 Ec = set of controllable events that can be prevented from occurring and can be 

controlled by the supervisor 

 Euc = set of uncontrollable events that cannot be controlled by the supervisor 

Assuming the supervisor, S, observes or sees all the events in E, as shown in 

the figure, the transition function of G can be controlled by S by dynamically enabling or 

disabling the events of G, thus 

           (3.25) 

 

Fig 3.2: The feedback loop of supervisory control, with G representing the uncontrolled 

system and S the supervisor. 

For each        

                 = set of enabled events that G can execute at its current state 

f(x0, s). Or, G can only execute an event if that event is also in S(s). 

 S is admissible if,                                
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In other words, S is not allowed to disable a feasible uncontrollable event. 

The language generated by S/G (S controlling G), L(S/G) is defined as, 

           

                                                   

The language marked by S/G,         is defined by, 

               

Overall, we have the set inclusions 

                                           

The DES S/G is said to be blocking if                            and non-blocking if  

                            

3.5 Intelligent Load Balancing in Mobile Ad Hoc Networks 

The algorithm presented in this thesis is an independent module and can be 

implemented on any underlying routing protocol. However, the routing protocol in 

consideration should be able to perform the following tasks: 

 Routing protocol should be able to store multiple routes to a destination. 

 Routing protocol should be capable of putting the metric parameters to the 

Hello packets. 

 Routing protocol should be capable of reading the metric parameters from the 

Hello packets. 
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All packets considered are of fixed size for computational convenience. 

In this thesis, the author considers a mobile ad hoc network as a discrete event 

system. The MANET is modeled as a DES represented by an automaton, G 

                         (3.26) 

 X = set of nodes 

 E = set of wireless links 

 f = transition function or the link connections between the nodes 

 x0 = source node 

 Xm = destination node 

   = set of all events e in E for which f(x,e) is defined = f, in this case. This is due 

to the fact that each link points to a neighbor and hence to a new state (node). 

The language, L(G) generated by the system represents all the possible paths 

available within the network. The marked language, Lm(G) is a subset of L(G) and 

represents all possible paths to a particular destination. The number of nodes in an ad 

hoc network is finite. Thus, the above DES has finite number of states and can be 

represented as a finite state machine. The initial state is represented by an arrow 

entering into it.  
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Fig: 3.3 State transition diagram of Ad Hoc network 

The author considers an ad hoc network in fig 3.3, and represents it as a DES 

represented by a state transition diagram. The following observations are made: 

 Node 1 is a source node - initial state of the DES at a particular time. 

 Similarly, node 7 is a destination node - marked state of the DES. 

 Node 4 is reachable from node 1 through link a, which can be represented as 

            (3.27) 

 Similarly, node 6 is reachable from node 1 (source node) through path a-k, and 

node 6 is also reachable from node 3 through path h-j which is represented as 

                             (3.28) 

 Further it is observed that the languages generated and marked by the above 

DES are, 
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(3.29) 

L(G) represents a set of all the paths possible in the above ad hoc network and 

Lm(G) represents a set of paths leading to the destination node 7. The above DES can 

be controlled to generate a desirable marked language. In other words, a desirable path 

from a source node to a destination node can be obtained from a set of available paths 

by controlling the above model. 

The author proposes a controlled DES model that generates a desirable marked 

language based on the desirability metric calculated in the next section. 

3.5.1 Neighbor Desirability Metric (D) 

As shown in Sec 3.2, the available energy on node k is given by Eqn 3.1, 

                  

As shown in Sec 3.3, the available bandwidth towards a neighbor is given by Eqn 

3.14, 

                               

The neighbor desirability metric is computed by using the above equations. This 

metric is required only if a node has multiple routes to a destination each pointing to a 

different neighbor. The following steps are used: 

 Each node puts the available energy information, ENk, in the Hello packets. 
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 It calculates the average of its available energy and all its neighbor‟s available 

energy using the Eqn 3.2 as follows, 

    
        

 
   

   
        

n is the total number of neighbors for node k. 

 It further calculates available energy ratio using Eqn 3.3, 

      
  

   
                  

 The node desirability metric is further calculated using the Eqn below: 

 
   

       
    

                  
(3.30) 

The higher the value of desirability metric, Di, more desirable is the neighbor i 

with respect to its lifetime and available bandwidth. 

3.5.2 Supervisory Control 

Referring to the above model and an ad hoc network, all the possible events that 

can occur at a node (state) are controllable, that is, 

      (3.31) 

The author defines a supervisor that observes all the possible events that can be 

generated by the network, G, and ensures that only a desired subset of language, L(G) 

(path) is generated. A Supervisor,          , determines the set of events,       , 

to be enabled at node x. The supervised automaton is represented as 
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                          (3.32) 

                       
                                              
                                        

  

In words, the only allowable events in G are those which are also present in S. 

The following algorithm is presented to obtain S(x): 

 Consider a node k that has n routes to a same destination, each pointing to a 

different neighbor and, 

                 the desirability metric for the ith neighbor 

 Calculate desirability metric for all n neighbors 

 Compare the Di value for n neighbors and determine the neighbor, ND, with the 

largest value of D. 

 The set S(x) will contain the event corresponding to the neighbor, ND.  

 Thus, the node k chooses a desirable neighbor based on the comparison of Di. 

The above algorithm is used to create a supervisory table from a routing table. 

The final route selection for a particular destination is based on the availability of the 

route in the supervisory table. Route lookup is done on this table. The steps to create a 

supervisory table using the above model are discussed below: 

 The underlying routing protocol adds multiple routes to a destination while 

creating the route table, with each route pointing to a different next hop. 
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 Whenever a new route is established to a destination or a change in routing table 

takes place, the route table lookup is done to check if multiple routes exist for 

that particular destination. 

 If multiple routes are found then the desirability metric for all next hops pointing to 

that destination is calculated using the proposed methodology. 

 The route pointing to that destination via the most desirable neighbor is then 

copied to the supervisory table and a neighbor desirability field is added. 

 If the route table has just a single route to a destination then that route is copied 

to the supervisory table and a neighbor desirability field is added. 

 The algorithm further monitors the route table and neighbor desirability for any 

changes and repeats itself. 

Figure 3.4 below shows a flow of events in the creation of a supervisory table: 
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Fig 3.4: Flow of events 
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CHAPTER 4 

SIMULATIONS 

 

On-demand routing protocols are called reactive routing protocols as they react 

to the topology changes in a mobile ad hoc network and are silent protocols otherwise. 

As discussed in Section 2.1, the ad hoc on-demand distance vector routing protocol, 

AODV [8] is one of the most widely used on demand routing protocol. The author uses 

this protocol for experimentation and simulation purposes. The standard AODV [8] 

protocol is modified in accordance to the model presented in Chapter 3, in order to 

support load balancing. The Network Simulator 2 (NS2) is used to run simulations and 

the results compare the standard AODV to the modified AODV. For the simplicity of 

simulations, only the available energy of a node is considered as a metric for load 

balancing in a MANET.  

As presented in Chapter 2, the AODV Hello messages can be used to exchange 

the state information among neighboring nodes. This is in addition to establishing 

connectivity. These messages are not enabled by default as it may result in the 

increase of the control traffic within the network. The increased control traffic can 

however be ignored when compared to the improved network performance achieved 

due to the exchange of the state information among neighbors. In the RREP message 

the bits 11-19 are reserved. In a standard AODV operation, these bits are set to 0 and 

are ignored when a node receives route reply. The author makes use of these 9 bits to 

store the energy information of the node generating these messages. 
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4.1 Modifications made to AODV 

In this thesis, AODV is modified to reflect the model described in Chapter 3. For 

the simplicity of simulations, only the available energy of the neighbor is considered as 

the desirability metric for Load Balancing. The following modifications are made to the 

standard AODV: 

 Hello messages have been enabled such that the available energy information 

can be exchanged. 

 Multiple routes are stored in the routing table for every destination, if available.  

 An energy field is added in the routing table that keeps track of the remaining 

energy of the next hop in the route entries for all destinations. 

4.2  Operation 

Every node broadcasts the Hello messages every HELLO_INTERVAL for 

establishment of local connectivity. The node embeds its residual energy information in 

these messages before transmitting them. The reserved bits in the hello message are 

used for this purpose. A node receiving this hello message retrieves the energy 

information and updates the value of energy in the route entries which are using that 

neighbor. 

When a node needs a route to a new destination, a Route Request (RREQ) is 

broadcast to all the neighboring nodes. Nodes that are either the destination or have a 

route to the destination will reply with a Route Reply (RREP) packet. Once the source 

node receives an RREP, then that route is stored in the routing table and the energy 

information regarding the neighbor that forwarded that RREP will be updated in the 

energy field that was added in the routing table entries.  
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In the event that multiple RREPs are received by the node then,  

 If the RREP is received from a different neighbor, then that route is added 

to the routing table and the energy information regarding that neighbor is 

updated. 

 If the RREP is received from the same neighbor, then based on the hop 

count the route with the least hop count will be saved for that particular 

destination. 

Since multiple routes are now stored in the routing table, the route chosen for 

forwarding data to the destination will be the route which has the highest neighbor 

desirability. In other words, the neighbor that has higher residual energy will be chosen 

to forward the traffic. The energy information for every neighbor, for every route in the 

routing table will be updated every HELLO_INTERVAL. If the energy of any particular 

neighbor goes below a specific threshold value, then the next available route will be 

used to forward the traffic.  By doing this the traffic will not use up all the resources of a 

particular node and the node can stay active for a longer time. Having more than one 

route in the route entry for a same destination is also advantageous in case of 

redundancy. In case a link goes down, another route is always available which can be 

used with minimal interruptions in traffic transmission. In case RREPs are received from 

only one neighbor, then none of the modifications made to AODV will take effect and 

original AODV behavior is seen. 

The above modifications are made to the AODV protocol and as the load is 

balanced among the nodes intelligently, the author names it AODV-LBi. The simulations 
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are run using both AODV and AODV-LBi. The traffic and mobility conditions are kept 

same for comparison of both protocols. 

4.3 Simulations 

 The author uses Network Simulator 2 (NS2) version 2.34 for the purpose of 

simulations. The version used is the latest available version. Network Simulator (NS) 

was developed for networking research. It is a discrete event simulator. NS provides 

support for both wired and wireless networks. The simulator is written in C++ and uses 

OTcl as a command and configuration interface. Also NS is open source and can be 

modified. The latest version of NS2 includes the energy model implementation for 

MANETs and that is why it was chosen for simulation purposes. The simulations were 

run on PC with Linux OS.  

4.3.1 Simulation Environment 

TERRAIN DIMENSIONS   600 x 600 m 

NUMBER OF NODES   50 

TRANSMISSION RANGE   250 meters 

CHANNEL CAPACITY   2Mbps 

MOBILITY      Two way round propagation model 

MAC-PROTOCOL    802.11 

ROUTING PROTOCOL   AODV 

NUMBER OF MAXIMUM CONN  40 

SIMULATION TIME    600 seconds  

MAXIMUM SPEED    15m/s  

INTERFACE QUEUE LENGTH  100 
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The traffic generated is Constant Bit Rate (CBR) traffic of size 512 bytes. 

Each simulation is run 15 times and the average of the values is taken to reduce 

errors in the results and based on those values the graphs are developed. Simulations 

are studied for two conditions: variation in the mobility of the nodes in the network and 

the load in the network. These are described in detail below. 

4.3.2 Variation in Mobility 

 Simulations are carried out by varying the pause time: 10, 25, 50 seconds. The 

increase in pause time means decreased mobility and a lowest pause time would mean 

highest mobility in the network.  

4.3.3 Variation in Load 

 Simulations are performed by varying the load in the network. This is done by 

controlling the number of packets that are being generated per second. This is varied 

from a value of 1 pkt/sec to 6 pkts/sec. 

4.3.4 Performance Metrics 

The following performance metrics are compared for both AODV and AODV-LBi. 

 Packet delivery ratio: The ratio between the number of data packets delivered to 

the destination to the number of total data packets generated. 

 End to End delay: Time taken for the data packet to reach the destination from 

the time it leaves the source. 

 Control Overhead Ratio: The number of control packets (HELLO, RREQ, RREP, 

and RERR) in the network to the total number of packets in the network.  

 Load Distribution: Distribution of traffic throughout the network 
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4.4 Simulation Results 

4.4.1 Control Overhead with and without Hello messages enabled 

In NS 2 simulation environment, the Hello packet exchange is disabled by default 

and the link layer is responsible for establishing neighbor connectivity. In the proposed 

model, the author uses AODV Hello messages in order to exchange information among 

nodes. Therefore, all the simulations are run with the Hello exchange enabled. 

Figure 4.1, 4.2, and 4.3 compare AODV control overhead generated after 

enabling Hello packet exchange with the control overhead generated without Hello 

messages. The behavior of AODV remains same with an increase in the number of 

control packets. This increase is due to an additional control traffic (Hello messages) 

that is generated in order to maintain local connectivity and to exchange information 

among different nodes.  

 

Fig 4.1: Control Overhead with/without Hello messages enabled (Pausetime 10) 

0

5

10

15

20

25

30

1 2 3 4 5 6

C
o

n
tr

o
l O

ve
rh

e
ad

(%
)

Load(pkts/sec)

Pausetime 10 secs

AODV without Hello

AODV with Hello



52 

 

 

Fig 4.2: Control Overhead with/without Hello messages enabled (Pausetime 25) 

 

Fig 4.3: Control Overhead with/without Hello messages enabled (Pausetime 50) 
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4.4.2 Control Overhead vs Load 

Figure 4.4, 4.5, and 4.6 compare the control overhead generated by AODV and 

modified AODV with load-balancing support (AODV-LBi). 

The control traffic in the AODV decreases with the increase in load per second. 

This behavior is due to the fact that more number of packets can be transferred in less 

time before the route becomes unavailable. When compared to AODV, AODV-LBi 

shows a similar behavior with slight decrease in the control traffic. This can be attributed 

to the provision of multiple routes in AODV-LBi. If a route breaks then another route is 

readily available without any control traffic being generated.   

 

 

Fig 4.4: Control Overhead vs Load (Pausetime 10) 
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Fig 4.5: Control Overhead vs Load (Pausetime 25) 

 

Fig 4.6: Control Overhead vs Load (Pausetime 50) 
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4.4.3 End to End Delay vs Load 

Figure 4.7, 4.8, and 4.9 show the End to End delay for AODV and AODV-LBi. 

The End to End delay for AODV increases with an increase in the Load. This is because 

the network becomes more congested with an increase in the traffic causing packet 

delay and/or packets being dropped. The behavior of AODV-LBi remains same however 

there is a slight increase in the End to End delay. This increase is due to the hop count 

not being used as the only metric while making routing decisions. Load balancing may 

lead to selection of some longer routes.  

 

Fig 4.7: End to End Delay vs Load (Pausetime 10) 
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Fig 4.8: End to End Delay vs Load (Pausetime 25) 

 

Fig 4.9: End to End Delay vs Load (Pausetime 50) 
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4.4.4 Packet Delivery Ratio vs Load 

Packet Delivery Ratio (PDR) is compared in the figure 4.10, 4.11 and 4.12 below. 

PDR in AODV decreases with the increased traffic which is due to the fact that the 

network gets congested as the network load increases and the packets are dropped by 

the overloaded intermediate nodes. AODV-LBi shows a similar behavior however with 

an increase in the PDR. This increase is attributed to the load balancing nature of 

AODV-LBi in which the nodes remain unlikely to become overloaded. 

 

Fig 4.10: Packet Delivery Ratio vs Load (Pausetime 10) 
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Fig 4.11: Packet Delivery Ratio vs Load (Pausetime 25) 

 

Fig 4.12: Packet Delivery Ratio vs Load (Pausetime 50) 
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4.4.5 Load Distribution for Pausetime 25 secs 

The figures 4.13 to 4.18 compare the load distribution on 10 different nodes 

when using AODV and AODV-LBi. The load distribution is considered as the number of 

packets forwarded by a particular node during the entire simulation. The comparisons 

are done by keeping the mobility constant (Pausetime – 25 secs) and for different traffic 

generation rates. The AODV-LBi distributes the traffic more evenly across the network 

when compared to AODV. It greatly reduces the likeliness of a particular node being 

overloaded. 

 

Fig 4.13: Load Distribution (Load 1 pkt/s) 
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Fig 4.14: Load Distribution (Load 2 pkt/s) 

 

Fig 4.15: Load Distribution (Load 3 pkt/s) 
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Fig 4.16: Load Distribution (Load 4 pkt/s) 

 

Fig 4.17: Load Distribution (Load 5 pkt/s) 
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Fig 4.18: Load Distribution (Load 6 pkt/s) 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

In this thesis, the author has proposed a novel approach that can evenly 

distribute load across a mobile ad hoc network. The presented scheme, in comparison 

to existing similar methodologies, takes into account multiple factors while determining 

the most desirable node to forward network traffic. The proposed model is independent 

of the underlying routing protocol. 

Simulation analysis and comparison to existing ad hoc behavior reveals that the 

proposed algorithm evenly passes the traffic throughout the MANET with a slight 

decrease in the control traffic. One of the other improvements is an increase in the 

overall packet delivery ratio. 

In order to achieve the above improvements, the ad hoc network will have a 

slight increase in the end to end delay and increased computation on every node. 

5.2 Future Work 

The proposed model is implemented and simulated by changing an existing on-

demand routing protocol, AODV. For the simplicity of simulations, only energy is 

considered as a metric in order to provide load balancing support. 
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The simulation work can be extended to a more generic algorithm with a 

capability to run over an existing routing protocol without any modifications. In addition, 

the results can be generated by also considering available bandwidth while calculating 

nodes‟ desirability. 
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