ABSTRACT

THANGAVELU, KRITHIGA. Maximizing Service Coverage of Adaptive Services in Wireless Mo-

bile Ad-Hoc Networks using Non-Clustering Approach. (Under the direction of Douglas S. Reeves).

Wireless Mobile Ad-hoc Networks are characterized by dynamic network topology and lack of
network infrastructure. The network fragments into smaller networks and merges over a period of
time due to mobility. This makes provisioning solutions to common network problems, like routing
and QoS provisioning, a challenging task.

Services in ad-hoc networks face two-fold problems. Making nodes aware of the availability and
the location of services in a dynamically changing network is difficult, especially when such services
are not tightly coupled with a fixed infrastructure. Servers may come and leave the network. Nodes
may shutdown services to conserve energy. The problem is further exacerbated by the limitations
posed by the wireless network on the bandwidth and by the limited computational capability of the
wireless devices. This thesis addresses the problem of providing continuous and guaranteed access to
such centralized services in a mobile wireless ad-hoc network.

A distributed algorithm based on the exchange of service provider information is proposed to
solve the problem. The previous work addressing the same problem assumes that the nodes move in
long-term groups. Our solution does not make this assumption and targets arbitrary motion. So, no
attempt is made to correlate the movement of the nodes, in order to solve the problem. In this thesis,
we illustrate that our approach achieves higher service availability than the previous methods at the
cost of a higher number of service instances.

The proposed algorithm converges after a time period equivalent to the average propagation delay
of the service instance information from a service provider to its reachable nodes. The computational
and communication complexity of the algorithm is theoretically proved to be O(slogn) and O(n92)
where s is the number of service instances, n is the number of nodes in the ad-hoc network and ng
is the average number of nodes in a connected component of the graph formed by the nodes in the

ad-hoc network.



The service cost incurred in providing the necessary service coverage is proved through simulation
to be in the order of the number of connected components in the graph formed by the nodes in the
ad-hoc network. Simulation results are used to prove that the algorithm provides for maximum service

coverage independent of the mobility pattern of the nodes in the ad-hoc network.
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Chapter 1

| ntroduction

1.1 Mobile Wireless Ad-hoc Networks

Wireless technology is a fast emerging technology undergoing evolution day by day due to popular
demand. One sphere of wireless technology that is highly addressed in today’s research is the mobile
ad-hoc network. The advent of different kinds of mobile and portable devices has given rise to the
desire to be able to communicate anytime, anywhere, without the aid of a centralized fixed infrastruc-
ture. This kind of networking is loosely termed as Ad-hoc networking. In short, ad-hoc networks are
networks formed on the fly by a group of wireless devices in an ad-hoc fashion: infrastructure-less
with no configured but varying network topology.

Ad-hoc networks pose a unique set of problems requiring that already solved network problems
be readdressed. Most of the available network solutions are based on the existence of "fixed" reliable
networks with rare occurrences of link failures and the existence of mobile components as appendages
to the fixed infrastructure. Since ad-hoc networks are formed purely by mobile wireless devices, link
formation and breakage are ubiquitous phenomena, calling for a new approach to solve common
network problems like routing, QoS provisioning and Security. Yet, the scenarios where one does not
want or cannot deploy and manage an infrastructure justify the need for ad-hoc networks.

The notion of ad-hoc networks can be associated with a wide spectrum of communication needs
ranging from communication in combat fields and disaster recovery sites, to requirements in the com-

mercial sector like sharing of information in conferences, communication between different appli-
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ances in a home network or among a group of robots doing security surveillance or environmental
monitoring.

Ad-hoc networks are not only envisioned for communication between reasonably sized devices but
are also speculated for use in intercommunications between miniature computational elements used
for diagnosis and study of working of systems ranging from different forms of life to manufacturing
systems. Ad-hoc networking is the only possible solution for communication between such devices
and in cases where wired connectivity is infeasible for communication between a huge number of
devices confined to a small area. Ad-hoc networks are envisioned to be smaller temporary networks

than traditional networks.

1.2 Constraints posed by Mobile Ad-hoc Networks

A wireless ad-hoc network is a set of mobile or semi-mobile devices communicating with each other
directly or indirectly with the help of intermediate nodes in the network. All the nodes in the network
communicate through wireless links. Since not all the nodes in the network are within the transmission
range of each other and no node is constrained to form the network crux, routing or forwarding
capability is desired in all the nodes in the network.

Ad-hoc networks are expected to be highly tolerant to node and path failures. This feature is a
consequence of the inherent need for nodes to be mobile and not be dependent on other nodes. Hence
network functions have to run in a distributed fashion since the nodes might suddenly appear and
disappear from the network.

Wireless networks have a major constraint on the resources like limited bandwidth with limited
transmission range and very little computational capability of the nodes. A solution being proposed
for an ad-hoc network problem has to be efficient enough to avoid wasting the limited resources.

When the nodes are mobile, links are formed and broken arbitrarily. As a result, these networks
frequently break into a number of disjointed networks and merge over a period of time. Yet the
connectivity in the network should be maintained for uninterrupted operation of applications and
services.

Since the nodes in the network communicate through wireless links, the link capacity fluctuates
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with a high bit-error rate. This problem is further exacerbated by the mobility of nodes. Communica-
tion between the nodes should involve as few hops as possible to bind the transmission error rate.
Most devices are battery driven, so the power demand on the nodes should be minimized. This
need directly translates to minimum usage of the resources of a node by other nodes in the network.
Since cooperating nodes form the network, there is no concept of centralized administration. Ad-
hoc networks are required to operate in an environment where all or some nodes are mobile and yet

provide for the same user level requirements on connectivity and traffic delivery as in wired networks.

1.3 Services in Ad-hoc networks

Applications in ad-hoc networks can follow one of the following paradigms: (1) network transparency
and (2) mobility aware adaptation. Making applications oblivious to the changes in the environment
comes with a compromise on the efficiency of the system and the application’s performance . Provid-
ing application level transparency complicates the system design as the underlying infrastructure has
to make adaptation decisions for diversified applications. Mobility-aware adaptation allows applica-
tion to react to resource changes in a prompt manner. One way to make applications adapt to change
in mobility is through collaboration of system and individual applications. System can monitor the
resources and provide information to the application to make resource specific decisions. Mobility
adaptation logic can exist on the clients or on both clients and servers or on a proxy in client-server
models.

Services in ad-hoc networks can be classified into two types:

(1) Peer-to-peer services, and

(2) Centralized services.

The basic need for all the envisioned applications of ad-hoc networks (refer Sec.1.1) is information
sharing. Ad-hoc networks are inherently peer-to-peer since no node in the ad-hoc network is assumed
to be a part of the network during the entire time period of its existence. Some popular P2P systems
currently available for fixed or stable networks are Gnutella[1], Napster[2] and JXTA[3]. Gnutella and
Napster are specifically designed for sharing of files across the internet. In Gnutella, a file server joins

the Gnutella network by notifying the neighboring Gnutella file server. When a query arrives at a file
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server, it attempts to answer the query or forwards the request to its neighboring Gnutella file servers.
In Napster, all file servers register with a central server and provide information about the documents
stored in the file servers. Clients query the central server to find file sources. The usage of these two
peer technologies without adaptation in ad-hoc networks is not feasible as location of servers or nodes
hosting the files, changes dynamically. Resource discovery and advertisement are essential design
components to be defined for the above file sharing P2P systems to work in ad-hoc networks. Ad-hoc
networks are inherently peer-to-peer since no node in the ad-hoc network is assumed to be a part of
the network during the entire time period of its existence.

Yet all the services in an ad-hoc network cannot have a peer-to-peer architecture. Important net-
work applications and services, like web servers, information databases and network management
functions inherently follow the client-server paradigm. Since the topology of an ad-hoc network is

dynamic, we cannot rely on any one node to provide the centralized service.

1.4 Service Provisioning in Mobile Ad-hoc Networks

As we’ve seen in the previous section, service provisioning in a network has to address the following

issues:

e From a service provider’s point of view, advertisement of available services and their location

and

e From a client’s point of view, dynamic discovery of the service and optimal server selection.

One popular method to advertise the location and availability of services is through a central registry
with which all the service providers register their services. The drawback of this method in ad-hoc
networks is the lack of a fixed infrastructure with which the location of the registry can be precon-
figured. Mobility makes it impossible to provide continuous access to the registry for all the nodes.
Another method to advertise service location is through broadcasting or multicasting. Broadcasting
and multicasting of information results in a larger consumption of bandwidth compared to that in
wired networks. Moreover, due to mobility of the services themselves, such broadcasting sessions

have to be periodic to be of any use.
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Nodes in an ad-hoc network come and leave the network anytime. Servers host services depending
on the availability of resources. They might shutdown services to conserve energy and for efficient use
of the computational capability. As a result, nodes in the ad-hoc network should be able to dynamically
discover new services. Due to mobility and limited bandwidth in ad-hoc networks, nodes should
access services closer to their location in order to have prolonged access to the services. Accessing
services closer to the node results in a fewer number of hops and hence fewer transmissions, which

means less possibility of network congestion.

1.5 Example

Large-scale networks of wireless sensors are becoming a reality with advances in the hardware tech-
nology design of miniature computational components[4, 5]. Smart Dust[4] are millimeter-scale
nodes with sensor functionality and communication capability. Its current prototype devices are much
larger than the smart dust elements (size of a sand particle) and communication is accomplished using
RF transmissions over short distances. The communication networks envisioned for these devices are
mobile wireless networks.

Imagine a military-based scenario where a large number of miniature mobile elements are dis-
persed in the war zone. These elements are assigned the task of collecting information for surveil-
lance, about the presence of chemical or biological agents, in the battlefield. Mini-database servers are
hosted on some of these elements to store the collected information. A small flying vehicle picks up
the collected information. The number of database servers should be minimized to reduce the number
of stopovers for the vehicle. An element hosting a database server has three tasks competing for the
CPU time. They are

(1) the task of running the database,

(2) the task of receiving information collected by neighboring elements and

(3) exploration by the element. The element acts as a fullfledged database server depending on
the number of clients. The task of hosting a database incurs a fixed cost whereas the task of receiving
information is a variable cost factor depending on the number of clients. The lesser the number of

clients, the more is the amount of CPU time available for exploration. We also need to keep the
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number of databases to a small value (< <the total number of elements) inorder to reduce the fixed
cost incurred by the network as a whole, while providing an accessible database server to all the
elements. So, an element performs only exploration, as long as a database server is accessible and
hosts a database server when isolated from database-hosting elements. When a previously isolated
element is highly connected and with very few clients, it transfers the stored information to a running
database server and becomes a full-fledged explorer. When a database server reaches its maximum
storage capacity, it shutdowns its service and becomes an inactive participant (neither an explorer nor
a storage provider). Since the mission undertaken is in a hostile environment, the flying vehicle does
not pick information from arbitrary servers. The servers have to identify with the flying vehicle using
a secret code. This code is changed during each visit. As a result, an element intending to host a
server should obtain the code from a current database-hosting element. The same code is also used to
transfer the collected information from one’s server to another server.

To acheive this scenario, we need an infrastructure that supports dynamic service discovery, iso-
lation prediction, adaptation to a mobile environment and a service provisioning algorithm that opti-
mizes the number of database servers in the ad-hoc network formed by the elements while ensuring
access to a database server for all elements. We will propose an application layer middleware to
provide for the required infrastructure in this thesis.

This scenario is similar to the scenario addressed by the research problem in Wang and Li[6, 7]
especially when nodes move in groups. Their research work addressed the problem of providing
maximum service coverage at the cost of minimum number of service instances in ad-hoc networks.
These services can be replicated by downloading service hosting information. A distributed QoS
provisioning algorithm is proposed to do the same. In our example scenario, database servers, el-
ements and secrete code are similar to the service instances, nodes and service hosting information
of the problem[6, 7]. Since the information required to host the database is the secret code which is
downloadable, we will refer to the database server as an adaptive service[6, 7] since the service can
migrate from one node to another, be replicated when necessary and terminated dynamically. Service
migration or termination is possible because we can transfer the information from one database server
to another.

Since the movement of the elements in the example scenario is motivated by the mission rather
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than a group expedition, mobility will not be strictly in groups. Since the goal of these elements is to
collect as much information as possible, their rate of movement varies depending on the need of the

moment.

1.6 Motivation

Researchers have tried to predict node mobility and correlation in the movement of nodes in order to
simplify the solutions to common network problems like routing and QoS provisioning in an otherwise
ad-hoc network[8, 9, 10, 11, 12, 13, 14]. When nodes do not follow any pattern for a significant period
of time, mobility pattern prediction schemes do not help to improve the performance of the strategies
based on them. This is seen in the case of the solution[6, 7] proposed for the research problem
addressed in this thesis when the nodal movement is not strictly a group oriented movement. Though
movement prediction promises to improve efficiency, reliability and adaptability of wireless networks,
it reduces the adaptability of the solutions to frequent changes in network conditions especially when
the network is highly dynamic. This motivates us to use a non-clustering approach for solving this
research problem.

Most performance studies and others reported in literature, have used simplified movement models
that do not accurately characterize the user mobility and hence lead to unrealistic conclusions[14].
Trace based mobility models best characterize realistic network scenarios and are more accurate in
protocol validation [15]. Since ad-hoc networks are yet to be widely deployed, an exact definition of
realistic models of various scenarios is not yet available. Solutions that address the problem in a more
generalized manner and do not rely heavily on mobility patterns in an ad-hoc network can be refined
when trace based mobility models become available in the future in order to provide for pragmatic
solutions.

Another major assumption made by most application level ad-hoc network researchers[6] is the
accurate knowledge of all reachable nodes from a node in the network at any instant of time. When
the network is significantly mobile, given the constraint of limited bandwidth and transmission range
of the nodes, such an assumption is not a reasonable one.

When a clustering approach is used to solve the problems in ad-hoc networks, the quality of ser-
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vice offered to the nodes in the network is not uniform. Nodes whose movements have strong corre-
lation with cluster movements receive the best quality of service compared to occasionally digressing
nodes. This further warrants the use of a non-clustering approach that gives uniform quality of service
to all nodes in the ad-hoc network, and is highly responsive to changes in the network topology.
Hence, we will attempt to provide a non-clustering based solution to the problem of providing

continuous access to adaptive services for nodes in the wireless mobile ad-hoc networks.

1.7 Contribution

We make the following contributions in this study:

1. We introduce a non-clustering strategy for QoS provisioning of adaptive services in ad-hoc
networks.

2. We improve the basic non-clustering strategy by using optimization heuristics that minimize
the unnecessary change in the set of service instances and also minimize the frequency of change in
the service provider accessed by a node.

3. We evaluate and compare the performance of the proposed algorithm against a \elocity based
clustering algorithm proposed by Wang and Li[6, 7] and show that the newly proposed algorithm
provides better service coverage when group mobility does not hold good in the nodal mobility pattern.
This solution is different from the solution proposed by Wang and Li in that it does not attempt to

detect patterns in the mobility of nodes but rather uses a modified version of flooding.

1.8 Thesis Organization

The thesis is organized as follows. In Chapter 2, we survey the research done so far in the field of
ad-hoc networks and discuss the related work in QoS provisioning in ad-hoc networks. We then de-
scribe the system model on which this thesis is based and state the problem this work addresses. We
then outline our approach to solve the problem. In Chapter 3, we discuss in detail the non-clustering
adaptive service QoS provisioning algorithm and the rationale behind the various strategies incorpo-
rated in the algorithm. We then theoretically derive the complexity of the algorithm. In Chapter 4, we

define the different performance evaluation metrics and outline the simulation environment in which
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the algorithm is evaluated. We then analyze the simulation results. Finally, we summarize our work

in Chapter 5 and provide directions for future work.



Chapter 2

Background and The Problem

In this chapter, we explore the different approaches to solving the problems in mobile ad-hoc networks
and explore how the application layer problems are approached by prior work in the field of ad-hoc
networks. Then, we discuss the related research work and compare it with our work. Then, we briefly

outline the research problem and the proposed strategy.

2.1 Background

Research in ad-hoc networks at the network and physical layer is comparatively more developed than
other aspects or areas of the ad-hoc networks. Some of the optimization strategies suggested for

routing can be adapted for solving other problems in ad-hoc networks.

2.1.1 Techniquesto counteract the effects of Node M obility in Ad-hoc Networks
The main problems posed by node mobility in ad-hoc networks are:

e Change in connectivity of the network

e Fluctuation in link capacity

e Network fragmentation and

e Difficulty in locating the position of a node in the ad-hoc network by another node.

10
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Mobility Prediction

Mobility Prediction techniques is a class of techniques that addresses the problem of finding stable
routes in a network with dynamic topology. Mobility Prediction techniques define path stability met-
rics based on the connectivity and longevity of the links between nodes in the mobile ad-hoc network.
Routing protocols for ad-hoc networks have been proposed based on these metrics. Two such pro-
posed routing schemes are: Associativity Based Routing by C.K.Toh [16]and Signal Stability Based
Adaptive Routing by Dube [17]. McDonald and Znabi [18] suggest the usage of probability for path
availability estimation based on link state information from previous instants of time. Similarly, Jiang
[8] suggests the use of path availability prediction wherein the estimation is made and corrected over
a period of time starting from the instant a link is formed between the two nodes. As a result, this
technique is observed to be more accurate than McDonald and Znabi [18] in the case of short-term
path availability estimation.

These techniques are proposed based on the assumption that the networks are not highly mobile.

When the nodes are highly mobile, the accuracy of such predictions is questionable.

Flooding vs Clustering

There have been two kinds of approaches to solving the problems in ad-hoc networks. One is the
usage of flooding and another is node clustering. The flooding technique has been proposed for ex-
changing information and locating a destination point under the assumption that the nodal movement
is unpredictable in ad-hoc networks. Clustering is based on the belief that there is some kind of pattern
or correlation in the movement of the nodes in ad-hoc networks.

The need for flooding is emphasized by scenarios when the life of any link in the path between
a source and destination is extremely short due to high node mobility. Flooding helps to discover or
reach a destination in the shortest period of time but at the cost of huge bandwidth.

Since bandwidth is scarce in ad-hoc networks, clustering methodologies evolved[19, 20]. Clus-
tering helps in a more focused transmission of information and in efficiently reaching a destination
instead of wasting resources or bandwidth by trying all possible paths simultaneously as in flooding.
Combinations of flooding and clustering techniques have been widely used in building hierarchy in

ad-hoc networks by localizing flooding within clusters while using demand-based destination location



CHAPTER 2. BACKGROUND AND THE PROBLEM 12

among clusters[21].

Clustering has evolved from grouping of nodes in the form of static predefined groups to dynami-
cally discovered groups based on the correlation in mobility[9, 10, 22, 23]. Nodes can be clustered at
run time based on their velocity correlation. Wang and Li[6, 7] have used this technique for solving
the research problem as in this thesis. Partition prediction completes the clustering mechanism by
detecting the movement of nodes away from the cluster.

For quick response and maximum reachability, especially in small ad-hoc networks, flooding is
still the technique for information dissemination[24, 25] since the performance of Wang and Li[6, 7]
does not measure well when the nodes exhibit significant mobility and random movement.

Ho et al.[25] propose flooding for multicasting in ad-hoc networks, especially for scenarios with
high mobility. Viswanath et al.[26] suggest the usage of variations in flooding techniques based on net-
work conditions, as flooding proves to be highly expensive in dense networks. Williams and Camp[27]
provide a comprehensive analysis of different flooding techniques proposed so far in ad-hoc networks.
The self-pruning technique described by Kim[28] is a combination of flooding and pruning based on
the common neighborhood set proposed for multicasting in ad-hoc networks.

No algorithm proposes pruning or optimization of flooding based on the mobility of the nodes.
A flooding technique that is information sensitive, i.e., sensitive to the staleness of information due
to mobility has not yet been proposed. We propose the usage of service broadcasting in combination

with information sensitivity to solve our research problem.

2.1.2 Information Dissemination in Ad-hoc networks

Strategies for high availability of information in ad-hoc networks amidst network partitioning is pro-
posed in [6, 7, 29]. These research works vary in the type of data servers used and the type of data
whose availability is in question.

In the paper about information dissemination in partitionable mobile ad-hoc networks[29], Karu-
manchi et al assume the usage of fixed data servers distributed all over the network whose stored
information is variable. Information is queried from or updated to a subset of reachable servers. The
assumption here is that the nodes move in small clusters and hence will always have access to atleast

one data server within the cluster.
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Wang and Li[6, 7] use a class of data servers that can be dynamically replicated and terminated.
The stored information is read-only. The clusters are dynamically identified or dynamically formed
in these algorithms. Wang and Li propose to optimize the cost of availing information by exploiting
the correlation in the movement of nodes, which is highly applicable to an environment where nodes
move mostly in groups and the mobility is not high. Having an application layer aware of the mobility
helps to provide better service to users[30].

Different types of information dissemination have been discussed in Kulik [31]. They are ideal
dissemination(along shortest path routes), flooding, gossiping and SPIN family protocols. The term
gossiping refers to forwarding information to a random subset of neighbors of the forwarding node.
SPIN family protocols are information sensitive hence perform better than other dissemination proto-

cols.

2.1.3 Mobility Models

In order to thoroughly simulate a new protocol for ad-hoc networks, it is imperative to use a mobility
model that accurately represents the mobility pattern of the nodes that will eventually utilize the given
protocol. Only in this type of scenario is it possible to determine whether or not the proposed protocol
will be useful when implemented. Since there are no trace-based mobility models available, any
proposed solution for an ad-hoc network problem has to be evaluated against the available synthetic
mobility models to get an estimated measure of its performance under different scenarios caused by
mobility.

There are two classes of Mobility Models:

* Random Mobility models and

* Group Mobility models.

Random Mobility models emulate independent movement of nodes in the network, and Group

Mobility models emulate movement of nodes in groups.

(1) Random Walk Mobility Model

Random Walk[32] is an emulation of erratic movement. In this model, a node moves with a chosen

velocity and travels for a constant period of time or distance. The speed and direction are chosen from
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a predefined range of [minspeed, maxspeed] and [0, 2x] respectively. If a mobile node reaches the
simulation boundary in the course of movement, it bounces off the simulation boundary at an angle
determined by the incoming direction.

This model exhibits a memory-less mobility pattern because it retains no knowledge concerning
past locations and speed. As a result, it generates unrealistic movements such as sudden stops and
sharp turns. If the constant time or distance used for traveling in one direction is small, the network

exhibits static behavior.

(2) Random Waypoint Mobility Model

In Random Waypoint Mobility Model[33], a mobile node moves to a new location by changing its
velocity and pauses for a random period of time between the changes in velocity. When the pause
time elapses, the mobile node chooses a random destination and speed in the range of [minspeed,
maxspeed] and travels to that destination. The pause time is chosen from a predefined range of [min-
pausetime, maxpausetime]. If a mobile node reaches the simulation boundary in the course of move-
ment, it bounces off the simulation boundary at an angle determined by the incoming direction.

In this model, there’s a complex relationship between node speed and pause time. A scenario with
fast nodes and long pause-times produces a more stable network than a scenario with slower mobile
nodes and shorter pause times. This model generates more or less constant percentage of neighbors

for all the nodes in the network.

(3) Modified Random Direction Mobility Model

In Modified Random Direction Mobility Model[34], a mobile node chooses a destination in the chosen
direction, travels to that point and pauses for a brief period of time. Direction and speed are varied as
in the Random Waypoint model. The mobile nodes are no longer forced to travel till the simulation
boundary and hence produce more realistic movements.

This model was designed to overcome the clustering of nodes near the center of the simulation
area produced by Random Waypoint Mobility Model. The average hop count for data packets in this

model will be much higher than that produced in most other models.
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(4) Gauss-Markov Mobility Model

In Gauss-Markov Mobility Model[11, 35], the randomness of nodal movement is varied using a tuning
parameter. Pure random movement is obtained for a tuning parameter equal to 0 and linear movement
for a tuning parameter equal to 1. By definition, the movement of a node undergoes a change in its
velocity based on its movement in the previous fixed interval of time n.

Change in speed sp and direction dp, at the nth instance, is based on the following equations.

sn= asn_1+(1-a)5 + /(1 — (a * a)s,

dn= adn_1+(1-a)d + /(1 — (a * a)d,

where « is the tuning parameter, sn_1 and dn_; are the speed and direction at (n-1)th instant, 5
is the mean speed and d is the mean direction computed over all the previous time instants, s, and d,
are random variables from a Gaussian distribution.

During the time instant k in the time period interval n, the node’s movement in two dimensional
space (Xy, i) at instant k is given by

X=Xk _;+Sk—1c080x_1

YKk=Yk_1*Sk—15ind;_1

where (X _;, Yk_,) is the position of the node in two dimensional space at time instant k-1.

Since this model moves based on the speed in the previous instant, it produces more realistic
movements by eliminating the sudden stops and sharp turns encountered in Random Walk Mobility

Model.

(5) Reference Point Group Mobility Model(RPGM)

Reference Point Group Mobility Model[6, 36] represents random motion of a group of nodes and
random motion of nodes within the group. Group movements are based on the movement of a group
reference point. Based on the group reference point, other individual nodes define their location with
small displacements from the group reference point. As a result, the motion of the group reference
point defines the direction of motion of the nodes in the group.

With appropriately chosen parameters, this model can emulate all possible group mobile applica-

tion scenarios. The only drawback in this model is the lack of dynamic group membership. Nodes
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follow the same predefined group. The RPGM model is explained in detail by Lin and Gerla [22], and

a mathematical expression is derived by Baochun Li[6].

(6) Reference Velocity Group Mobility Model

In Reference Velocity Group Mobility Model[37], the members of the group follow a group velocity
with slight deviation. The deviation is a random velocity vector of smaller magnitude than the group
velocity. The members of the group emulated in this model exhibit more correlated movement in the
velocity space rather than movement in clusters in displacement space.

The advantage of this model is that the group velocity and individual deviation vector can arbi-
trarily follow any model to simulate various mobility patterns that may exist for different groups and
nodes within those groups.

The drawback in this model is the lack of dynamic group membership. The model used in Wang[7]
provides for dynamic group change by allowing a percentage of the nodes to follow the random walk
model. As a result, these nodes that exhibit random motion undergo change in group membership at
runtime.

A good analysis of the existing mobility models is given in Camp and Davies[15].

2.2 Related Work

There are two algorithms proposed for the research problem we explore. These algorithms address
the issue from the point that the ad-hoc network nodes move in groups and rarely exhibit random or

independent movement. We will briefly explain the two algorithms in this section.

(1) Distance Based Clustering Algorithm

An adaptive distributed algorithm for maximizing service efficiency is proposed by Li[6] to provide
QoS in ad-hoc networks. This algorithm is distributed in order to reduce the effects of a highly
dynamic topology while incurring minimal message exchange overhead. The algorithm is strictly
based on group movement where nodes do not change group membership at run time. This algorithm

enables an ad-hoc network node to identify its group members at run time.
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Each node constructs a list of long-term neighbors by sampling distance with nodes within its
transmission range over a period of time and eliminates a node from its list if it is not found in its
vicinity for a threshold period of time. Each node then exchanges membership information with the
identified neighbors. As a result, all the nodes have knowledge of the nodes in its group.

The number of service instances in a group is kept at a minimum value of 1 by least-id leader
election. Whenever a node moves out of the transmission range of its group members, it tries to
replicate service accessible through a non-group neighboring node if any. The loss of service is
considered transient as the node is assumed to join its group after a period of time. If a temporarily
isolated node hosting a service instance joins its group again, the least-id service instance is chosen to
be the service provider and other service instances are terminated.

Service Efficiency is defined as a ratio of number of nodes reachable by a service instance to the
number of service instances hosted in the network. Since the number of service instances in a group
is kept at minimum, the service efficiency is high. The algorithm incurs 8 to 12 service instances
for a network of 100 ad-hoc mobile nodes with a transmission range of 60m in a simulation area of
800m*800 m[6].

There are two drawbacks in this algorithm:

1. When a node strays away from its group, it is at a loss of service until it has some neighboring
node that has access to a service provider. When a small group instead of a node strays from
the group with a service instance, the whole group suffers from service interruption until they

encounter a node through which they can access a service instance.

2. If anode changes its group, it replicates a service instance through one of those group members
until both the group and itself identifies its membership in the group. It hosts the service instance

for time equivalent to the group membership determination threshold.

(2) Velocity Based Clustering Algorithm

To overcome the service interruption due to unpredicted node isolation, Wang and Li[7] used velocity
correlation to identify stable groups and predict network partitioning. The service instance collects

velocity information from the clients as piggyback information along with each client’s service re-
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quest. This algorithm uses a Kalman filter to detect node clusters in velocity space. Thus, when a
client moves away from the service instance, the service is able to detect isolation of the client node.

When the service instance senses the client node’s departure, the service instance sends a repli-
cation request to the client. The client accepts or declines the server request based on the availability
and reliability of alternate service instances if any. A client chooses its service provider based on a
reliability counter of how long the service is in the group of the client.

If multiple services exist in a group, the services monitor each other’s presence and choose the
highest-id server with reliability counter exceeding the turnoff threshold as the service provider of the
group. Based on the combination of these strategies, the algorithm guarantees service accessibility by
spawning a new service when network partitioning is predicted.

The drawback of this algorithm is that it cannot guarantee service coverage in a highly dynamic
environment since reliability counter thresholds used for service replication, service termination and
choice of service provider places a limitation on the adaptability of the algorithm. When all the nodes
in the ad-hoc network do not exhibit correlated movement, the service coverage drops to between
80% and 90%, whereas the service cost varies from 0.75 to 2.0 ( in terms of the number of mobility
groups)[7].

One main assumption in the above work that is reasonable but not always an occurrence is that
the nodes move in small teams and the communication is within the team in order to coordinate
movements. As a result, the algorithm always looks for correlation in the mobility pattern of nodes,
and when the nodal movement is random, it assumes the entire network to be part of one group. As
a result, the number of service instances in the network goes below the required number which is

equivalent to the number of connected components in the Graph formed by the nodes in the network.

Non-Clustering Approach

The goal of this thesis is to provide uninterrupted and continuous access to services in ad-hoc networks
amidst network partitioning. Though the objective of this study is the same as the above work(s), we
differ in our approach in that we do not attempt to gather any clustering information and use controlled
message-passing techniques in combination with some simple prediction rules for QoS provisioning.

We do not assume that nodes move in groups.
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We provide for information about service instances at all nodes in the network so that when a
node wants to access the service, it can make an immediate decision and access a service without
performing service discovery.

Gathering of clustering information will prove to be more useful if the network is stable to some
extent. Making use of clustering information makes the algorithm to be less responsive to quick
changes in the group membership.

We will not attempt to provide fixed guarantees on the QoS offered as the connectivity of the
network, bandwidth and link availability are variable in ad-hoc networks. This inherent stochastic
communications quality in a wireless ad-hoc network makes it difficult to offer fixed guarantees on the
services offered to a device. In networks of this kind, fixed guarantees would result in requirements on
how nodes move as well as requirements for node density, which would inherently inhibit the notion
of ad-hoc operation[44].

In short, we will illustrate that the service coverage can be guaranteed without using any clustering

approach in ad-hoc networks.

2.3 Problem Definition

2.3.1 Assumptions

The system consists of a set of n independent mobile nodes communicating by message-passing over
a wireless network. The network is modeled as highly dynamic with the least possibility of stable

grouping of nodes for a significant period of time. Assumptions on the mobile nodes and network are:

All nodes have equal capabilities and are capable of hosting services if required.

All communication links are bi-directional, i.e., all nodes have same transmission range.

The services are adaptive, i.e., replicate-able, and can be created and terminated dynamically.

Network propagation time between any two neighboring nodes is insignificant.

Nodes communicate without interference and collision.

Downloading time for the service hosting information is negligible.
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All nodes in the network use the same algorithm and strictly follow the protocol for QoS provi-

sioning.

A link level protocol, that ensures that a node is aware of the nodes within its transmission

range, is assumed.

Downloaded information is time sensitive.

Services cannot be statically provisioned and deployed as a fixed infrastructure.

No assumption is made about node identification semantics.

2.3.2 Problem Statement

All n nodes in the ad-hoc network should have access to at least one service instance while keeping
the number of service instances(service cost) fewer than the total number of nodes in the network.

The lower bound of the service cost is defined to be equal to the number of connected components
in the Graph G formed by the nodes in the ad-hoc network where the edges of the Graph corresponds
to the existence of communication link between adjacent pairs of nodes. In a connected component
of a Graph of nodes, there exists a path between every pair of nodes. As a result, if we place a service
instance in each of the connected component, service coverage can be provided for all the nodes in
the ad-hoc network. Due to mobility, composition and the number of connected components change
continually. As aresult, the average service cost will be higher than the lower bound inorder to provide
for continuous service coverage in ad-hoc networks.

In order to provide a complete solution, the algorithm should address the following aspects of the

problem:

o Distributed and localized decision making. Ad-hoc networks emphasize the need for peer-
to-peer architecture due to administrative independence of the nodes. Relying on a centralized
service to provide for QoS provisioning is rendered impractical due to the following reasons:
(1) unreliability of path availability and (2) accessibility of centralized service is a node-specific

problem hence can be best solved by the node itself.
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e Minimization of Service Cost, i.e., minimizing the number of service providers at any instant

in the network.

o Sufficiently long access to a service provider inorder to reduce the overhead of switching

service providers.

e Reduction in the need for migrating service providers from one hosting node to another in

order to lower the cost of downloading and bringing up the service instance.

e Minimal message exchange overhead in order to reduce the adverse effects of high mobility

and limited bandwidth in wireless networks.

The number of service instances required for providing the necessary coverage depends on the density
of the network, degree of mobility of the nodes and connectivity of each individual group in the

network.

2.4 Proposed Approach

The non-clustering based algorithm depends on the service provider information available to the nodes
in the ad-hoc network. Based on the service provider information, the algorithm, run on each node,
decides to access or host a service provider. For quick notification of service provider information,
we use outward information flow mechanism which notifies all the service provider on the order of
the depth of the spanning tree routed at the service provider. The service provider which has least
hop reachability and accessible through maximum number of neighboring nodes is accessed. This is
an approximation of the k-shortest path[45, 46, 47, 48] and disjoint path finding algorithm[49, 50]
problems. The k-shortest path algorithms are of the order of nlogn+m where n is the number of nodes
and m the number of edges in the Graph formed by the nodes in the network. In the k-shortest path
algorithms, a path checking rule is applied to check conformation to constraints. We do not perform
this phase as the information is valid only for a short duration due to mobility of the network. Some
optimization heuristics are applied to this strategy to eliminate common communication problems
like looping. We then propose a simple QoS provisioning algorithm that, based on the information

available to the node at that instant, does the following:



CHAPTER 2. BACKGROUND AND THE PROBLEM 22

(1) chooses the most suitable service provider,

(2) if isolation is predicted, downloads the service hosting information,

(3) when no node is accessible, hosts a service instance in the node itself, and

(4) brings down the service instance when it is no longer required.

Heuristics applied to achieve the above is given in detail in Section 3.1.1.1. Since the nodes are
mobile, collecting information about all reachable nodes might be time consuming and hence not very
useful. Time delay in gathering information about reachability of nodes implies stale information.

Though the message passing mechanism can be considered as a special case of flooding, it differs
from the basic flooding technique in that the decision to forward the information is made at each
node before further propagation. The decision is mobility sensitive. The performance of this message
passing technique is expected to be better than the flooding technique as it uses information sensitive
pruning techniques. We exploit the redundancy in information exchanged for identifying a highly

accessible and stable service provider.

2.5 Conclusion

Literature survey in the field of wireless ad-hoc networks revealed that the non-clustering approach is
unexplored for the problem of providing uninterrupted and continuous service coverage in adaptive
services-aware ad-hoc networks. Surveys of mobility models suggest the usage of combination of
mobility models to simulate realistic mobile environment scenarios. We then enumerated the require-
ments on the performance of the algorithm for it to be a realistic solution. We propose a simplified
QoS provisioning algorithm based on a simple message passing technique as a possible solution for
the above-defined problem.

In the next chapter, we will discuss in detail the proposed algorithm along with the optimization

heuristics.



Chapter 3

Algorithm for Adaptive Service

Provisioning

In this chapter, we briefly outline our strategy and algorithm for adaptive service provisioning. Then,
we discuss in detail the different aspects of the proposed strategy and the rationale behind the different
schemes used to optimize the performance of the strategy.

There are three aspects to the proposed strategy. First is the information exchanged by the nodes
in the network; second is the processing associated with the propagated information, and third is the
QoS provisioning algorithm run locally at each node. No extrapolation of information gathered over
a period of time is made for the simple reason that the information grows stale due to the mobility
of the nodes. The basic idea of the algorithm is that nodes exchange information about the service
providers accessible through them periodically and do not need to know about the reachability of

non-service-hosting nodes.

3.1 The Algorithm

The proposed algorithm is an augmentation to the general information propagation technique or the
wave algorithm used in distributed systems. In this technique, information received from one node is
transmitted to all other neighboring nodes except the node from which it received the information. As

a result, the information propagates outward like a wave from the source. There are three phases to
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the algorithm that are run at periodic intervals. Here we briefly outline the phases.

(1) Information Exchange/Propagation:

Node propagates service provider related information gathered in the previous instant to its current
neighbors. The information received from ex-neighboring nodes is pruned before transmission. The
service provider and the minimum number of hops necessary to reach the provider through the node
are propagated.

(2) Information gathering:

The node processes information, received from its current neighbors, to identify the accessibility
and connectivity of service providers. This helps the QoS provisioning phase to identify the service
providers that can be accessed for a longer period of time without interruption.

(3) QoS provisioning:

This is more of a decision making phase. The decision to access a service provider and to create
a service provider, when necessary, is the essence of this phase.

If the current service provider of the node is not accessible, the node starts accessing the service
instance that is predicted to be the most accessible service provider. Information necessary to host a
service is downloaded if isolation is predicted. A service instance is hosted with downloaded informa-
tion when there is no longer any accessible service instance. The check for redundancy of the hosted
service is made if the node is a service provider.

Initially when the node does not have access to a service provider, it cannot avoid the situation of

being without service.

3.1.1 Information Exchange and the associated processing

Nodes in the network exchange service provider information available to them. At any node, the
information gathered at that instant forms the basis for information exchange and QoS provisioning
in the next instant of time. To start with, all the nodes hosting service instances in the network inform
their neighbors that they are service providers. These neighbors in turn inform their other immediate
neighbors that such and such service provider is accessible through them and is one hop away. This
information gets propagated in a wave-like fashion to all the nodes in the network as shown in Figure

3.1. In Figure 3.1, the black dotted lines indicate the existence of a link between the connected
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Figure 3.1: Information Propagation in a wave -like fashion originating from the service provider

nodes. This is similar to the information broadcasting technique of distributed systems. Information
is processed before forwarding to other neighbors in order to refine the above technique and optimize
the information flow.

We use three data structures to facilitate efficient information propagation and simple QoS pro-
visioning. They are Previous Instant List or Previous Instant Information List(PIIL), Current Instant
List or Current Instant Information List(CIIL) and Accessibility List(AL). We use the term Reception
Interval(RI) to refer to the time period required by a node to send the service provider information to
all its neighbors or the time taken to receive information about at least one service provider, whichever
is larger.

We use the two lists, Accessibility List and Current Instant List, for storing information as it is
received from neighbors. The Accessibility List is used to keep track of the number of neighbors
through which each service provider is accessible. Current Instant List is the list that is currently
being updated with the information received. Previous Instant List is the list of information received
during the previous reception interval. At the end of one Reception Interval, Current Instant List is
copied into Previous Instant List and the Accessibility List is again built along with Current Instant
List. Information propagation and QoS provisioning is based on the information that was gathered in

the previous instant and the knowledge of current neighbors.
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Our experimental implementation had these two lists implemented as a list storing the tuple <
Service Provider, the neighbor through which it’s accessible, minimum number of hops required to
access the Service Provider through this neighbor> sorted in the increasing order of hop count. The
Accessibility List stores the list of Service Providers sorted on the number of immediate neighbors
through which it is accessible. When a message arrives from a neighbor, the Current Instant List and
the Accessibility List are updated. The information stored in the previous instant list is propagated to
the neighboring nodes every time the current instant list is copied into the previous instant list. Only
minimum-hop entries corresponding to each service provider in the previous instant list are sent to the

neighbors.

3.1.1.1 Optimization Heuristics

Controlled flooding technique is used for information propagation, as the topology of the network is
uncertain at any instant. Due to mobility, information exchanged gets obsolete soon. To avoid stale
information from being propagated, the node discards the service provider information gathered in
the previous instant from ex-neighboring nodes. Thus, we eliminate the counting-to-infinity problem
in the case of such stale information.

The higher the mobility, the shorter is the life of the information. Looping of information is
prevented by (1) not sending the information obtained from a neighbor back to the neighbor (direct
looping), (2) not sending information about a service provider to the service provider itself (indirect
looping). Sending only the service provider information with the minimum number of hops helps to
keep the message succinct and prevents looping.

Using Figure 3.2, we will illustrate how information propagation based on hop count minimizes
the propagation of redundant information and avoids looping.

The resultant flow of information about a service provider, generated at any instant, is illustrated
in Figure 3.2. The dotted lines indicate the existence of a link between the concerned nodes.

In Figure 3.2(a), the service provider (node 0) propagates to its immediate neighbors that it’s a
service provider as <Service Provider=0, hops=0>, where hops indicate the number of hops it takes to
reach the Service Provider through node 0. Nodes 1,2,3 and 4 receive the information propagated at

time instant t=0. Since this piece of information received from node 0 has the fewest number of hops,
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(a) At timeinstant t=0

(c) at timeinstant t=2 (d) at time instant t=3

Figure 3.2: Propagation of Service Provider Information over a period of time
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these nodes propagate it to their immediate nodes in the next instant. Since direct looping is avoided
and the service provider information is not sent to the service provider, the message propagates out-
ward from the original source of the message, i.e., the service provider.

Attime instant t=1(refer Figure 3.2(b)), node 10 receives the modified message <Service Provider=0,
neighbor=4, hops=1> from node 4. Node 5 and Node 9 receive the modified message <Service
Provider=0, neighbor=3, hops=1> from Node 3. Node 5 and Node 6 receive <Service Provider=0,
neighbor=1, hops=1> from Nodel. Node 7 and Node 8 receive <Service Provider=0, neighbor=2,
hops=1> from Node 2. It can be observed that Node 5 will be able to access the Service Provider
through two nodes with the same number of hops. When each node propagates information about any
service provider, it always sends only one message to its neighbors with the minimum number of hops
required to access the service provider through it. So the messages from Node 1 and Node 3 will be
consolidated by node 5.

In the next instant, Node 3 will receive information about the service provider from Node 5 due to
the message received from Node 1( refer figure 3.2 (b)). Though this propagation appears like looping,
it gives an idea of the alternate paths available to the node to access the same service provider. All
propagations that occur at time instant t=2(refer Figure 3.2(c)), in dash-dotted lines do not trigger
generation of new modified messages by the receiving nodes for the simple reason that their hop
count is more than the minimum number of hops, in which the service provider can be accessed from
the receiving node. They add to the knowledge of the accessibility list. Accessibility list stores the
number of neighboring nodes through which a service provider is accessible to the node. The solid
lines indicate the message propagation, which results in further propagation in the following instants
of time. So the information about the service provider effectively reaches all the nodes in a time
equivalent to the depth of the spanning tree rooted at the service provider.

During the time interval between the propagation of a message by Node 0 and the decision to
propagate modified version of the message by its neighbor 4, if the Node 0 goes out of the transmis-
sion range of Node 4, the message is not propagated. Here pruning for staleness helps to avoid the
counting-to-infinity problem. Consider a scenario as illustrated in Figure 3.2(d), the loss of link be-
tween Node 0 and Node 4 is not known to node 10, and node 10 goes on to propagate the information

to Node 11. To minimize the effect of this problem, we resort to accessing a service provider that
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can be accessed through the maximum number of immediate neighbors. This problem cannot be fully

resolved, as the change in the connectivity beyond one hop is not known at the same instant of time.

3.1.2 QoS Provisioning

Given the above framework, QoS provisioning is more of a decision making process than an algorith-
mic procedure.

The key to accomplishing the objectives of the algorithm lies in:

e Choice of Service Provider: The service provider that can be accessed through maximum
number of immediate neighbors in that instant of reception interval is chosen to be the service
provider. This is because more alternate paths are available to access the service provider. So
there is a high chance to access this service provider for a longer period of time. The choice
of service provider also minimizes the effect of inaccurate or stale information, if any, about

service providers.

e Rule for Service Termination: When all the neighboring nodes have access to other service
providers and the service provider has not been isolated in the previous instant, then the service
instance is brought down. The checking for node isolation in the previous instance is to ensure
that the node is not transient in the neighborhood of new nodes. This is to prevent the cost of

bringing down the service instance just to bring it up again in the next instant.

e Isolation Prediction: When only one service provider is accessible and its accessibility falls
below an availability threshold, it is inferred that the node is getting isolated. This inference may
not be accurate when the service provider and the node have correlated movement. Inaccurate

prediction results only in downloading the information.

e Rule for hosting Service Instance: This is trivially accomplished when the node cannot access
a service provider and has already downloaded service information. When isolation is antici-
pated, nodes download information and host only when required thus keeping the number of

service instances low in the network.

To accomplish the above, the only information required to exchange is the list of service providers
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accessible through "which" neighbor and the minimum number of hops required to reach the service

provider.

3.2 Formal Description of the Algorithm

3.2.1 Notation

Let NV denote the total number of nodes in the network.

Let RI denote Reception Interval.

Let Neighbors(a) denote the list of neighbors of node a.

Let Previous_Instant_List(a) and Current_Instant_List(a) denote the list of Service Instances together
with minimum number of hops and the neighbor of Node a through which it is accessible. It has
multiple entries in terms of hops or service provider. i.e., service instances can be reached through
multiple neighbors.

Let Current_Instant_List(a) denote the list being built in the current instant of Reception Interval.
Let Previous_Instant_List(a) denote the Current_Instant_List(a) of the previous instant of RI less the
information received from ex-neighboring nodes.

Let AccessibilityList(a) denote the list of service providers and the number of neighboring nodes
through which they are accessible.

Let PropagationList[a,b] denote the list of service instances accessible through node a together with
minimum number of hops required to reach the service instance. It does not include the information
sent by node b to node a in the previous instant, if any. It does not contain any information sent by
¢ ¢ Neighbors(a) in the current instant of time.

Let Redundant_Service_Instance_Rule refer to the rule used for service termination.

Let Current_Service_Provider of a node refer to the service provider that is currently accessed by the
node.

Let Isolation_Prediction_Rule refer to the rule used for Isolation Prediction.



CHAPTER 3. ALGORITHM FOR ADAPTIVE SERVICE PROVISIONING

3.2.2 Description

Information Propagation

At Node a:
During the Reception Interval RI,
for each be Neighbors(a)
Build PropagationList[a,b]
Send PropagationList[a,b] to node b

end for

Information Processing
At Node a:
During the Reception Interva RI,
Receive PropagationList[b,a] where be Neighbors(a)
foreach entry <hops, Servicel nstance> in PropagationList[b,a]
Increment AccessibilityList entry for Servicelnstance
Insert an entry <hops, Servicelnstance, b> in Current_Instant_List[a]
end for
At the start of the Reception Interval RI,
Copy Current_Instant_List(a) to Previous_Instant_list(a)
Perform QoS Provisioning

Clear Accessibility List(a)

QoS provisioning

At Node a:

if Isolation_Prediction Rule==true
Download Service Hosting Information

end if

if Current_Service Provider of Node a is not accessible,
Access the Service | nstance with maximum count in AccessibilityList[a]
if AccessibilityList[a] is empty

Host Service Instance with downloaded information if any

end if

31



CHAPTER 3. ALGORITHM FOR ADAPTIVE SERVICE PROVISIONING 32

endif
if Node a is running a Servicel nstance,
if Redundant_Service Instance Rule==true
Shutdown the Servicel nstance running in Node a
end if

end if

3.3 Algorithm Complexity

3.3.1 Information Propagation

Since the bandwidth of a wireless channel is limited, an analysis of the bit complexity and time

complexity of the propagation of a single piece of information through the network is warranted.

3.3.1.1 Communication Complexity

Message Complexity is defined by the number of messages used for propagation of information about
a single service instance across the network. One message corresponds to an entry in the Propagation-

List sent from Node a to Node b (Refer 3.2.1).

Lemma. 1. The message complexity of information about a single service instance in the ad-hoc
network is of the order of number of edges in the set of nodes reachable from the service instance.
Proof: To simplify our analysis, let us assume the network to be static during the period of propagation
of a single information. Then the network can be considered as an undirected graph G .

Let the number of nodes in the graph be N.

Let e denote the number of links/edges connecting the nodes in G. Each edge connects two nodes
which are within the transmission range of each other.

Message complexity = number of edges in the Graph G due to outward flow from the service instance
+ number of edges in Graph G due to message exchange about alternate paths - degree of the node
hosting service instance (no direct looping)

= O(sum of the degree of nodes in the graph) - degree of the node hosting service instance= O(e)

where e is the number of edges in G.
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Now let us address the bit complexity of a message.

Lemma.2. The bit complexity of the message (single information) is O(log n)).

Proof: The information that is propagated is the identifier of the service provider, identifier of the
sending node (along an edge) and the minimum number of hops it takes to reach the service provider
through the sending node.

If x is the number of bits required for identification of nodes in the network and n is the number of
nodes in the network, then the number of bits it takes to construct a message is 2x+log n.

If x<log n, then the bit complexity is O(x) else O(n). For example, if the node identification mech-
anism is as simple as numbering nodes from 1 to n (number of nodes in the network), then the bit

complexity is (2log n + log n) i.e., O(log n)).

Lemma.3. The maximum size of the composite message sent from one node to another is O(nlogn).
Proof: Each node sends a message information to another node about each service provider.

If p is the number of service providers, then the node sends at most p*3logn messages.

Worst case scenario for p will be (n-1) where all nodes in the network are service providers.

Then the bit complexity of composite message is (n-1)*3log n, i.e., O(nlogn)).

The worst-case scenario will occur only when information flow about the service provider reaches all
the nodes over a period of time due to mobility and loss of connectivity in path due to mobility is
undetected and all the nodes host service instance at one time or the other due to high mobility before
this composite message propagation occurs at a particular node. This scenario is rare but a possible

occurrence.

3.3.1.2 Time Complexity

Time Complexity is defined by the number of time instants it takes to propagate a message to all the
nodes in G.

Lemma. 4. The Time Complexity of information propagation is O(n).

Proof: Since the algorithm functions like a wave, the time complexity is given by the length of the

longest chain of nodes in the spanning tree rooted at the source n0, ie., worst case possibility of the
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length of the spanning tree (all nodes constituting the chain) which is nothing but O(n).

3.3.2 Information Gathering
3.3.2.1 Computational Complexity

The calculation of Computational Complexity is shown with respect to one node in the group. Here

we split information processing into two : (1) Information Reception and (2) Information Propagation.

(1) Processing associated with receiving propagation list from Neighbors

Let Ng be the set of nodes in a group G and Sg be the set of Service Instances in the group G. Let’s
assume the worst case possibility where all nodes b € Neighbors(a) of Node a in G sends information
to Node a about all s€Sg. Then,
Receive PropagationList is executed |Neighbors(a)| times.
Insertion into Current_Instant_L.ist[a] for each reception is [Sg| insertions.
Assuming the usage of a combination of hash-table of service instances and binary sorted list <hop,
neighbor> for that service provider,
Cost for one insertion =cost for finding the sorted list of a service provider + cost of insertion in a
binary sorted list
= O(1)+0O(log|Neighbors(a)|).
Number of insertions into Current_Instant_List(a) per reception interval RI, nj =|Neighbors(a)[*|Sg|
insertions.
Amortized Cost for nj insertions
= | 1toNeighbors( 22100 k + ISgI*(0(1))
=>_ log(|Neighbors(a)[)+O(Sg|)
=Y log(|Neighbors(a)|) N eighbors(a)] +0(|Sg|) using Sterling’s formula
=0O(|Neighbors(a)|.log|Neighbors(a)[)+O(|Sg ).

(2) Information Propagation

Information Propagation results in Build Propagation List executed |[Neighbors(a)| times.
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The Propagation List is constructed |Neighbors(a)| times. The components of the Propagation List are
the first or the second entry of the sorted list of each service provider.
The second entry in each list is accessed only once for every set of Neighbors(a).
So the Amortized cost for BuildPropagationList for [Neighbors(a)|
= (INeighbors(a)-1/*O(1)+0O(2)*|Sg|
=O(|Neighbors(a)|)+O(Sg|)-
So the Computational Complexity associated with Information Exchange with respect to one node
when all its neighbors transmit information about all service instances in the group
=O(|Neighbors(a)|.log|Neighbors(a)[)+O(|Sg[)+O(1)*(INeighbors(a)-1[+O(2)*|Sg|
=0O(|Neighbors(a)|.log|Neighbors(a)[)+O(|Sg|).
Assume all nodes in the group are neighbors of each other(highly connected graph), then Computa-
tional complexity = O(INg|*log|Ng[)+O(|Sg|)-
But when the nodes are highly connected, [Sg| tends to 1. Then, Computational complexity tends to

O(INg[*log|Ng])-

3.3.3 QoS Provisioning
3.3.3.1 Time Complexity

Since the QoS Provisioning phase is a series of decisions, the time complexity of this phase is O(1)

since all decisions are on the order of 1.

3.4 Conclusion

In this chapter, we discussed the algorithm in detail along with its optimization heuristics. We then
proved theoretically that the message complexity of the algorithm is O(N 92) and the worst case com-
putational complexity is O(NlogN) where N is the number of nodes in the network and all nodes are
in the immediate neighborhood of each other.

In the next chapter, we define the metrics and measure the performance of the distributed algorithm

in terms of these metrics through simulation.



Chapter 4

Experimental Validation through

Simulation

In this chapter, we discuss the different performance evaluation parameters and simulation parameters
that are used for the performance evaluation of the algorithm. Then, we discuss the details of the
simulation environment and evaluate the performance of the algorithm through simulation against

different mobility patterns in terms of the performance evaluation metrics.
4.1 Metrics

Here, we define two types of metrics.

e Performance evaluation parameters and

e Simulation parameters.

Performance evaluation parameters are variables measured to estimate the stability and the perfor-
mance of the algorithm. Simulation parameters are variables that are varied to generate different

scenarios for the simulation.

36
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41.1 Performance Evaluation Parameters

We define a few performance evaluation parameters as a measure of the objectives of the algorithm.
We use the definition of Service Coverage and Service Cost as defined by Baochun Li and Karen

Wang([6, 7].

Service Coverage

Service Coverage is defined as the ratio of the total number of nodes covered by the services to the
total number of nodes in the ad hoc network. We extend this definition to encompass two measures:
Service coverage from service instance point of view and service coverage from client node point of
view. From the service instance point of view, we estimate the total number of nodes reachable by all
the service instances in the network. We define service coverage with respect to the client as the total
number of nodes in the network that have identified a valid service provider. By valid service provider,

we mean a node hosting a service instance and reachable from the client in the current instant of time.

Service Cost

Service Cost is defined as the ratio of the number of nodes hosting the service to the total number
of connected components in the Graph G formed by the nodes in the ad-hoc network. A theoretical
definition of the lower bound of Service Cost is provided by Baochun Li[6] as the number of connected

components in the Graph G formed by the nodes existing at that time instant in the network.

Frequency of change in the Service Provider accessed by a Node

Switching from one service provider to another will incur some overhead. Switching to another ser-
vice provider should be done only when the current service provider is no longer accessible. Access-
ing a more stable service instance or a service instance that has correlated movement with the client
reduces the frequency of change in the service provider accessed.

Mathematically, if k is the number of instants of time during which a node has a particular service
instance as its chosen service provider, then the Frequency of change in the Service Provider accessed

is given by the inverse of k.
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4.1.2 Simulation Parameters

The proposed strategy is evaluated against different scenarios characterized by variation in mobil-
ity pattern and density of the network. Varying the values for the simulation parameters generates

different mobility patterns.

Network Size and Simulation Area

Network size denotes the number of nodes in the network. Network size in combination with fixed
simulation area provides a good measure of the density of network. The algorithm’s performance can
be evaluated in the cases where nodes are sparse or dense. A decrease in the number of nodes in a fixed
area implies a decrease in the connectivity of nodes i.e., each node has fewer neighbors. A decrease in
connectivity also implies lesser information exchange hence less input to the algorithm. An increase
in the number of nodes implies high connectivity among nodes; more information is exchanged and
hence more input to the algorithm. Connectivity of the nodes in the network can also be varied by

varying the transmission range of the nodes.

Simulation Time

If the simulation time is long enough, we can check whether the performance of the algorithm degen-

erates over a period of time.

Mobility Models

We have chosen the mobility models for our simulation to encompass the three possible types of
scenarios where:

(1) all nodes in the ad-hoc network exhibit independent movement,

(2) all nodes in the ad-hoc network exhibit correlated movement with one group of nodes or the
other, and

(3) a percentage of the nodes in the ad-hoc network exhibit independent movement while the rest

of the nodes move in groups.
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(1) Modified Random Direction Bounded/Boundless Model

This model emulates the scenario where all nodes exhibit independent movement. We have chosen
Modified Random Direction Mobility Model with variations in order to simulate realistic movements.

This model has two variations used in combination with two types of simulation area. In one varia-
tion, we use fixed pause-times between changes in direction, speed and travel time similar to Modified
Random Direction Mobility Model[34]. The pause-time is fixed in order to simulate scenarios where
all nodes in the network perform the same constant time-consuming operation.

Another variation of this model uses a variable pause-time. The nodes travel with variable travel-
time, speed and direction. Bounded or boundless refers to the type of simulation area used. In the
bounded model, when the node reaches the simulation boundary in the course of its movement, its
direction changes from © to ([T —©). In boundless model[15], the simulation area is modeled in
the form of a torus with the vertical and horizontal edges of the rectangular simulation area joined
together. Pause-times are kept sufficiently small to avoid the network becoming stable or static. We
choose travel time and not a destination, like the Random Waypoint model, to prevent “density waves”

near the center of the simulation area.

(2) Reference Point Group Mobility Model

This model emulates only group movement and random movement of nodes within the group. In the
Reference Point Group Mobility Model, the nodes in the network are organized into mobility groups.
Each group has a logical group center, the reference point, which defines the movement of the entire
group. The individual displacement of the nodes in the group follows a random walk of a smaller

magnitude compared to the displacement of the group reference point.

(3) Hybrid Reference Velocity Group Mobility Model(Hybrid RVGM)

In this model, we emulate the scenario where a percentage of nodes move in groups and the rest of
the nodes exhibit independent movement. The group movement is emulated using the RVGM model
and the independent movement is emulated using the Random Walk Mobility Model.

The basic Reference Velocity Group Mobility Model is an extension of the Reference Point Group

Mobility Model. In this model, each mobile node is represented by its velocity v=(vx, Vy)T where vy
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and vy are the velocity components in the x and y directions, respectively. Each mobility group has a
characteristic mean group velocity from which the velocity of nodes in the group slightly deviates. The
node velocity distribution in each mobility group is modeled by a Gaussian distribution parameterized
by the mean group velocity and a tuning factor that represents the amount of variation that can exist
in the member node’s velocity.

In this model, we simulate four cases: 100%, 75%, 50% and 25% RVGM model.

4.2 Simulation Framework

The Simulation framework used to validate and evaluate the performance of our strategy simulates
the movement of nodes in mobile ad-hoc networks based on the simulation parameters defined above.
All simulation parameters are configurable. Since the problem we try to solve here is an application
layer problem, we do not model the lower layers of the protocol in the simulation. We enhanced the
Simulation framework implementation used by Baochun Li and Karen Wang[7].

In this implementation, the locations of the nodes are computed at the start of each simulation
time unit using the mobility model specified as an input parameter. The nodes within the transmission
range of each node are identified. Then, the simulation runs the service provisioning algorithm for all
the nodes in the ad-hoc network. The simulation parameters are configurable through a configuration
file. The implementation was done in C++.

The Simulation Framework had the implementation of Reference Point Group Mobility Model
and Reference Velocity Group Mobility Model for testing the performance of the algorithm. We
implemented our proposed algorithm and plugged it into the simulation framework. We also imple-
mented the Random Direction Mobility Model along with its variations and used it for evaluating our

algorithm within the framework.
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4.3 Simulation Results and Analysis

4.3.1 Evaluation of Algorithm against different network densities

We varied the network density by varying the number of nodes in a fixed simulation area. We collected
the statistics using the following values for the simulation parameters. We varied the number of nodes
from 75 to 250 nodes with the simulation area measuring 750x750 distance units?. All nodes followed
the Reference Point Group Mobility model, and each node had a transmission range of 60 distance
units. We chose the RPGM model for the study of the algorithm’s behavior in a variable density
network since the RPGM model had more frequent occurence of network partitioning than any other
model. Wang and Li[6, 7] have used a nodal transmission range of 60 time units and a simulation
area measuring 750x750 distance units? in their simulations. We use the same values for making a
fair comparison. The simulations were run for 1000 time units under the assumption that reception

intervals are equal to simulation time units.

Service Coverage

The ideal outcome of running the algorithm at all nodes in the network is that all nodes are reachable
from the service instances running in the network. Fig.4.1 shows coverage of nodes in the network
based on reachability from the service provider. This is to verify that the service instances running in
the network provide adequate coverage. Fig.4.1 shows that the performance of the algorithm stabilizes
after an initial delay. This is because of the propagation delay in the service instance information
reaching all the nodes in the network. The initial delay is more pronounced as the number of nodes in
the network increases. This is because we started with five initial service instances irrespective of the
number of nodes in the network. As time t increases, the performance of the algorithm stabilizes.
The algorithm is based on each node’s perspective of the network, i.e., each node selects one of
the service instances as its service provider based on the information received from its neighbors. The
Graph in Fig.4.2 shows the number of nodes that have identified a service instance, which is also avail-
able at that particular instant. We’ve verified the existence and the reachability of service instances in

our simulation to determine the accuracy of the algorithm. Cross verification was warranted due to



CHAPTER 4. EXPERIMENTAL VALIDATION THROUGH SIMULATION 42

Service Coverage(Service Point of View) vs Time
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Figure 4.1: Graph showing Service Coverage (in terms of reachable nodes) under different network
densities

the fact that there might exist stale information in the network due to propagation delay and network
partitioning. We can see from the graph (Fig.4.2) that the algorithm’s output closely follows the actual

service coverage shown in graph (Fig.4.1).

Service Cost

The fraction of nodes in the network that had to host a service instance decreases as the density of the
network increases especially when the number of nodes varies from 50 to 250(Fig.4.3). This is due
to improved connectivity in the network resulting in a fewer disjoint groups in the network, hence the
need for fewer service instances. The mean service cost of 10% obtained in our experimental runs is

comparable to the results obtained for displacement based clustering algorithm as given in Li[6].

Frequency of Change in Service Provider Accessed by a Node

We measured how often a node changes its service provider. The frequency of change in service
provider is given by the inverse of k where k is the number of time instants after which the node

changes its service provider. So, as k increases, the frequency decreases. If a node changes its service
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Figure 4.2: Graph showing Service Coverage (in terms of nodes that have identified accessible service
instances) vs Time under different network densities

Service Cost vs Time

0.8

04

Service Cost as a fraction of total number of nodes

T T T T T
RPGM Model with 75 nodes
RPGM Model with 150 nodes -------
RPGM Model with 200 nodes --------
RPGM Model with 250 Nodes -

500 600 700 800 900 1000

Time (Reception Interval)

Figure 4.3: Graph showing Service Cost (as a fraction of total number of nodes) vs Time under

different network densities
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Figure 4.4: Graphs showing Frequency of Change in the service provider accessed by a node vs Time
under different network densities
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provider in the very next instant, the frequency is 1. Figure 4.4 shows the frequency of change in the
service provider accessed by a node over a period of time. The values shown are the averages of the
frequency of change in the accessed service provider of all the nodes that have undergone change in
its accessed service provider at that instant of time.

It can be inferred that the algorithm is stable from the fact that as time increases, the frequency
of change tends to 0. This can be seen from the curves falling down to zero for different network

densities.

4.3.1.1 Experimental Summary

In short, the following observation were made based on the simulation results obtained by running the
algorithm against varying network densities.

Service Coverage stabilized to a maximum value equal to the total number of nodes in the ad-
hoc network after an initial delay equivalent to the propagation delay in service provider information
across the network.

Service cost is inversely proportional to the network density. Service cost incurred by the non-
clustering algorithm in the environment emulated by the RPGM model is the same as that incurred by
the displacement based clustering algorithm which is 10% of the total number of nodes.

Frequency of change in the service provider accessed by a node stabilizes after an initial delay
equivalent to the propagation delay in service provider information across the network. This holds
good only for networks with considerable density. When the density of the network is low, the fre-

quency of change is higher due to sparse connectivity of the network.

4.3.2 Evaluation of Algorithm against different Mobility M odels
4.3.2.1 Experimental Configuration for all models

The simulation scenario involved running 150 nodes in a simulation area of 750x750 distance units?
each with a transmission range of 60 distance units. The simulation was run under the assumption
that each time instant is equal to one reception interval.

The Modified Random Direction Mobility Model was run in 8 different configurations. We used 4

basic configurations at two different range of speeds. Speed was normally distributed in the range of
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0 to 20 distance/time units and 4 to 35 distance/time units in order to simulate slow and fast moving
nodes, respectively. The four basic configurations were a combination of fixed pause-time and variable
pause-time with bounded and boundless simulation area models. Fixed pause-time was set at 10 time
units. Variable pause-time was varied in the range of [2,10] time units. All configurations had travel
time varying between 2 and 10 time units, speed varying between 4 and 35 distance unit/time unit and
direction © varying between 0 and 2. Each node varied its travel-time, pause-time and velocity at the
end of each cycle of travel time + pause-time. We chose these values for our simulation to simulate a
significantly mobile ad-hoc network rather than a static network or a highly volatile network.

The Reference Point Group Mobility Model was run with 5 initial service instances and 2 concen-
trations each with 2 and 3 mobility groups. All the service instances were placed strategically at each
concentration of mobile groups so that initially all mobile nodes can access a service instance.

The Hybrid Reference Velocity Group Mobility Model was run with 3 initial service instances in
3 configurations: 25% random, 50% random and 75% random. Degree of randomness is a measure
of number of nodes in the network that follow the random walk model instead of the Hybrid RVGM
model. The random walk was emulated by varying the node’s speed between 0 and 10 distance/time
units and changing direction uniformly between 0 and 27. At the end of a mobility epoch, the nodes
randomly select a new speed and direction. At the end of group mobility epoch, the group velocity
changes. The mobility epoch used in the simulation was 30 time units, and the group mobility epoch
was 90 time units.

Values for service coverage and service cost were obtained from the simulations for the above

defined set of configurations.

4.3.2.2 Simulation Results

Based on the similarity of the results obtained in this simulation, we computed average of the results
obtained for the random mobility models and chose 50% random Hybrid RVGM model for plotting
the graphs(4.5, 4.6and 4.7).
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Service Coverage:

From a service provisioning point of view, we measured service coverage in terms of number of nodes
covered by at least one service instance in the adhoc network. Figure 4.5shows that the mean service
coverage for the Reference Point Group Mobility Model is at maximum and equal to 1. This can be
explained by the fact that the neighborhood of any node in the network does not change drastically
during the course of time. As expected, the mean service coverage in the case of random mobility
models ranges from 0.994 to 0.999, which is higher compared to the mean service coverage of the
Hybrid RVGM model. This is because a higher degree of randomness gives rise to less occurrence of
network partitioning. As a result, a node is mostly reachable by some service instance or the other in
the case of the Modified Random Direction Mobility Model. In the case of the Hybrid RVGM model,

the mean service coverage varies between 0.97 and 1.0.
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Figure 4.5: Graph showing Service Coverage (in terms of reachable nodes from service instances) vs
Time for different mobility models

From the client’s point of view, we measured the service coverage in terms of the number of
nodes in the ad-hoc network that has identified a valid and an accessible service instance as its service

provider. In this case, the mean service coverage for the Hybrid RVGM model, Modified Random

Direction Mobility Model and RPGM model were 0.967, 0.978 and 0.995, respectively. All most all
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the nodes identify a valid service instance in the RPGM model as the algorithm quickly stabilizes due

to stability in the neighborhood of the nodes.

Average Service Coverage vs Time
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Figure 4.6: Graph showing Service Coverage (in terms of number of nodes that have accurately
identified accessible service instances) vs Time for different mobility models

In the case of the Modified random direction mobility model and the Hybrid RVGM model, the
mean service coverage is slightly lesser than the maximum service coverage possible(given by service
coverage from the service point of view) in the network at that instant. This is because the propagation
delay in the service instance information exceeds the rate of mobility of some of the nodes in the
network and the neighborhood of a node in the hybrid RVGM model is more dynamic than that of a
node in the RPGM model(Refer Fig.4.6). Moreover, propagation delay is not taken into consideration

in Wang and Li methods for notification of service information among group members.

Service Cost

Service cost was estimated as the number of service instances running in the network to provide the
above coverage. Figure 4.7 shows the service cost incurred in terms of number of service instances
per disjoint group over time. From Figure 4.7, we can observe that the number of service instances

required by the RPGM model is more than that incurred by any other model. This can be explained
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by the fact that the network is composed of a few large groups. There is frequent intermittent loss
of connectivity between nodes with their immediate neighbors. As a result, the information propaga-
tion does not reach all nodes in the group at all times due to the effect of pruning information from
ex-neighboring nodes. Since the proposed algorithm is based on the assumption that no node has
knowledge of nodes beyond its transmission range except for the information gathered through infor-
mation exchange subject to propagation delay, the number of service instances could not be optimized
in terms of the number of disjoint set of connected components in the Graph G formed by the network

nodes. This is a drawback compared to the performance of the algorithm proposed in [7]. The pro-
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Figure 4.7: Graph showing Service Cost (as a fraction of number of disjoint sets of connected nodes)
vs Time for different mobility models

posed algorithm performs well in the environments simulated by mobility models with some degree of
randomness, as in the case of the Hybrid RVGM model and the Modified Random Direction Mobility
Model where the mean service cost is 2 and 3, respectively. The service cost is compensated by the
fact that a minimum of 95% service coverage is assured in all environments compared to the service
coverage of velocity based clustering algorithm which falls to 70% to 80% in the case of random walk

models[7].
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Frequency of Migration of nodes from one service instance to another

A node in the ad-hoc network changes its service provider in order to have continuous access to the
service. On the average, a node changes its service provider every 15 time units for the random
mobility model, 5 time units for the Hybrid RVGM and once in 97 time units in the case of the
RPGM model (refer Table 4.1). The frequency of change is more often in the case of the Hybrid
RVGM because there is a high level of movement in the neighborhood of each node when the degree
of randomness in the network is 50% and 75% whereas the frequency is comparatively lower when
the network is 100% random (in case of random direction mobility model). Given the fact that the
proposed algorithm incurs higher service cost in the RPGM model, the frequency of change in the

service provider is low as expected.

\ Model | Modified Random Direction Mobility Model | RVGM | RPGM |
| Frequency of Migration | 0.06643828 | 0.213838868 | 0.010390563 |

Table 4.1: Average Frequency of Migration of nodes from one service instance to another per instant
of time

4.3.2.3 Experimental Summary

In short, the following observations were made based on the performance of the algorithm in the
environment simulated by the three classes of mobility models.

Service coverage is high when the nodes in the network exhibit correlated movement with its
neighboring nodes. Since this algorithm does not attempt to cluster the nodes in the network, the
maximum service coverage comes with significant service cost. Since the network is more orderly
than chaotic compared to other models, a node migrates from one service instance to another at an
average rate of once in 97 time units.

The algorithm performs better when the nodes in the network move independently. In the envi-
ronment where mobility is simulated by the Modified Random direction mobility model, the nodal
movement is independent of each other. The number of groups in such a network does not change
significantly, but group membership is highly dynamic. As a result, close to maximum service cover-
age is provided with limited service cost. In this environment, network partitioning and merging is a

rare occurrence. As a result, a node is able to access a service provider for a significant period of time
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(i.e., 15 time units when the node with a transmission range of 60 distance units moves at the rate of
10 distance units/time unit in its chosen direction).

In the case of mobility simulated by the Hybrid Reference Velocity Group Mobility Model with
varying degree of randomness, the algorithm performs at its best incurring a service cost of 1.8867
service instances per group to provide continuous uninterrupted service coverage but at the cost of
frequent migration from one service provider to another. The frequent migration is due to the fact that

the neighborhood of a node is highly dynamic.

4.3.3 Comparison of the Proposed Algorithm with the Velocity Based Clustering Al-

gorithm

The algorithm proposed by Wang and Li[7] is based on clustering the nodes using velocity correlation.
The algorithm was designed based on the Hybrid RVGM model. We compared the performance
of the velocity based clustering algorithm and our proposed non-clustering algorithm in a mobility
environment simulated by the Reference Velocity Group Mobility Model with varying degrees of

randomness.

4.3.3.1 Experimental Configuration

We estimated the performance of both the algorithms in terms of service coverage and service cost in
a network of 130 mobile nodes moving in a boundless simulation area of 750 * 750 distance units?.
All simulations were run for 2000 time units. We ran the simulation in 3 different configurations of
the Hybrid RVGM model with 25%, 50% and 75% random mobility. The random walk was emulated
by varying the node’s speed between 0 and 10 distance/time units and changing direction uniformly
between 0 and 2w. The mobility epoch used in the simulation was 30 time units, and the group
mobility epoch was 90 time units. The simulation results obtained were consolidated to plot the

graphs (refer Fig.4.8 and Fig.4.9).
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4.3.3.2 Simulation Results
Service Coverage:

The service coverage provided by the proposed algorithm is at a maximum value equal to 1 irrespective
of the degree of randomness in the movement of the nodes. The velocity clustering algorithm provides
better service coverage when the nodal movement is highly random compared to complete correlated
movement. This is due to the fact that there’s lesser number of network partitioning in a chaotic
environement. Even then, the maximum service coverage obtained in the 75% random Hybrid RVGM
model is 70%. This is because detection of long term groups returns inaccurate results when the
network is highly dynamic. The mean service coverage provided by the Velocity based clustering
algorithm is 60% compared to 99.95% service coverage provided by our proposed algorithm (Fig.4.8).
This shows that our algorithm addresses the problem better in a mobility environment where there’s
more randomness than group mobility. The result obtained can be explained by the fact that the
clustering algorithm aims at minimizing service instances in a group more than providing continuous

uninterrupted service coverage to all the nodes in the network.

Service Cost

The graph showing change in Service Cost for the two algorithms over a period of time is given in
Figure 4.9. The non-clustering algorithm incurs a mean service cost of 1.52, 1.89 and 2.25 service
instances per disjoint group for 75%, 50% and 25% randomness, in the Hybrid RVGM model re-
spectively. The velocity based clustering algorithm incurs a mean service cost of 0.3, 0.35 and 0.42
service instances per disjoint group for 25%, 50% and 75% randomness in the Hybrid RVGM model
respectively.

The service cost incurred by the velocity based clustering algorithm is less around 0.36 times the
number of disjoint groups in the network whereas our algorithm incurs a higher cost of 1.8867 service
instances per group. In an attempt to minimize the service cost, the clustering algorithm regards
the digression of some nodes, from group movement, as temporary and keeps the number of service
instances equivalent to the number of groups identified using velocity correlation. The number of

groups identified by the velocity based clustering algorithm is less than the number of disjoint set of
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Service Coverage vs Time
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Figure 4.8: Graphs showing Service Coverage provided by the proposed algorithm and the velocity
based clustering algorithm
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Service Cost of the Non Clustering Algorithm vs Time
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Figure 4.9: Graphs showing Service Cost incurred by the proposed algorithm and the velocity based
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connected components in the network at that instant of time. From the results given in Wang and

Li[7], service coverage of 80% to 90% is achieved at a mean service cost of 1.35 service instances.

4.3.3.3 Experimental Summary

The proposed algorithm provides maximum service coverage of 99.95% at the cost of 1.8867 ser-
vice instances per disjoint set of connected nodes. The velocity based clustering algorithm provides

efficient service coverage with 60% service coverage at the cost of 0.36 service instances per group.

4.3.4 Conclusion

In this chapter, we evaluated the performance of the algorithm against varying network densities of the
network and against different mobility models. We found that the proposed algorithm performs better
in a mobile environment where there’s more random movement compared to environments where
there’s only correlated movement. We compared the performance of our proposed algorithm against
the velocity based clustering algorithm proposed by Wang[7]. The non-clustering algorithm provides
maximum continuous service coverage compared to the clustering algorithm[7] but at a higher service
cost. Depending on how critical the provisioning of service is compared to the optimization of the cost,
a network-wide service deployer can choose between the non-clustering algorithm and the clustering
algorithm, respectively. In the next chapter, we will explore ways to improve the algorithm and

conclude by quantifying the results obtained as a result of this research work.



Chapter 5

Conclusion and Future Work

5.1 Conclusion

In the scenario defined in Section 1.5, guaranteed connection to a database server was of a higher
priority compared to minimizing the number of database servers though both are significant objectives
of the expected solution. Hence, we defined the goal of our research work as providing continuous
and guaranteed service coverage while minimizing the number of service instances in the adaptive
services-aware ad-hoc networks. We then proposed a strategy which does not attempt to cluster the
nodes in the ad-hoc network but provides a generalized solution to the problem independent of any
mobility model. We proposed the usage of simple message-passing techniques in conjunction with a
distributed localized algorithm for providing the necessary service coverage in the ad-hoc networks.

We then derived the complexity of the algorithm in terms of communication, messaging and in-
formation processing. Communication complexity was proved to be O(n?) where n is the average
number of nodes in a connected component in Graph G formed by the nodes in the ad-hoc network.
The messaging complexity was proved to be O(nlogN) in the worst case where n is the average num-
ber of nodes in a connected component and N is the total number of nodes in the ad-hoc network. The
computational complexity of the algorithm was proved to be O(klogk) or O(sg) whichever is greater,
where k is the number of neighbors of a node and sg the number of service instances in the group in
which the node resides.

Since the mobility pattern of the elements in the battlefield is uncertain, we evaluated the proposed

56
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solution against different classes of mobility models. We found that the algorithm provides maximum
service coverage but at a service cost on the order of the number of connected components in the graph
formed by the nodes in the network. We found that the algorithm’s performance converged after an
initial delay equivalent to propagation delay in the order of the depth of the spanning tree rooted at the
service instance hosting node. The nodes did not change the service instance accessed for a significant
period of time. This also corresponded to less change in the node set hosting service instances. This
proved that the algorithm performs optimal placement of service instances in the ad-hoc network.
The algorithm did not perform well compared to the velocity based clustering algorithm in terms
of the service cost incurred when the nodes followed the RPGM model with frequent intermittent loss
of connectivity between nodes. This also prevented the usage of link stability information as a part
of the choice of service provider for improving the performance of the algorithm. We presented the
simulation results obtained to evaluate the performance of the algorithm against the mobility models

and compared its performance with the velocity based clustering algorithm[7] in chapter 4.

5.2 Future Work

The information propagation has to be optimized further to improve the sensitivity of the algorithm.
Not all kinds of looping of information have been removed from the information flow. This does
not affect the performance of the algorithm when the nodal movement is more random than group
oriented. Its adverse affect is seen significantly when nodes move slowly and in groups. When the
nodes move slowly, the information tends to stay longer in the network and hence the effect of indirect
looping is more prominently seen. That’s the reason why we’ve significant difference in the service
coverage measured from the service point of view (0.985) and the service coverage measured from
the client’s perspective in the RVGM model(0.967) (refer Section 4.3.2.2).

Consider Figure 5.1. Communication from nodes 6 and 5 to node 1 occurs for passing information
about the path to service instance at node 0 through nodes 5 and 6, respectively. Actually the alternate
path is not another possibility for node 1 to access node 0 as the alternate paths are extensions of the
path from node 0 to node 1. This information is inaccurate in influencing the accessibility decision of

service instance at node 1. If we record the path sequence as the information gets propagated, we can
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Figure 5.1: Redundant Information Propagation from nodes 5 and 6 to node 1

reduce this looping and make the algorithm more responsive.

There are many flooding optimization techniques available in literature. Reduction in looping will
greatly enhance the sensitivity of the algorithm. The communication complexity of the algorithm will
drastically reduce to O(Ng) where Ng is the total number of nodes in a group, and we estimate the
service cost also to reduce significantly as a result of this change.

A hybrid of the clustering algorithm[7] and our non-clustering algorithm will better address the
problem of providing continuous service coverage at a reduced service cost in an environment where
there’s group mobility with a significant degree of randomness. Our algorithm emphasizes providing
continuous service coverage to all nodes in the ad-hoc network, whereas the velocity based clustering

algorithm aims at minimizing the service cost.
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