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Abstract

A mobile ad hoc network is an autonomous system of nodes that is connected by
wireless links. Nodes are connected in the absence of fixed infrastructure or central
management. They can freely move, join or leave the network. Arbitrary and random
motion of mobile ad hoc network nodes while communicating results in frequent
topology changes and multiple disconnections of links. This dynamic environment
challenges the delivery of data, especially in real time applications, and imposes the
need for prediction models to track these changes, and subsequent determination of
the future topology of the network. The prediction of network mobility into the future
will reduce the frequency of location and route updates and improve the efficiency of
the network.

In this thesis, we have reviewed existing prediction methods for the mobility of nodes
and proposed three new schemes to predict the future topologies of the mobile
network. The proposed schemes are simple, efficient, and applicable to many existing
algorithms. We evaluate the presented schemes on simulated and real data obtained
from the Databases and Mobile Computing Laboratory at the University of Illinois at
Chicago. The results show that the schemes successfully predict the future topology of
the dynamic networks with high accuracy. They also minimise the frequency of route
and location updates and any associated delays.

The implementation of the proposed schemes on the upper layers makes them
applicable to various routing algorithms including topology based routing algorithms
and geographical routing algorithms, giving them the advantage of platform

independence.
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Chl Introduction

Chapter 1

1 Introduction

1.1 Background

Mobile ad hoc networks have recently emerged as an important research area which
has stimulated substantial research activities in the past ten years. Many scholars have
been attracted to investigate this domain for further research and learning [1]. This
development has been encouraged by the dramatic advance in wireless
communication technologies, the low manufacturing cost of wireless devices [2], and
the ease of equipping any node with wireless cards.

A mobile ad hoc network is an autonomous system of nodes that is connected by
wireless links in an arbitrary shape [3]. Two nodes are considered to be connected if
they are within the transmitting range of each other and do not require any
infrastructure or central management. A mobile ad hoc network can operate in stand-
alone fashion or it can be connected to the Internet [4] [5], and it can be easily set up
anywhere.

Mobile ad hoc networks have unique characteristics that distinguish them from other
types of networks. They are self-organizing, self-configuring, multi-hop wireless
networks capable of adaptive reconfiguration after any topology change[6] [7]. two
nodes can communicate via other nodes if there is no direct link between them [8],
This property makes them reliable, self healing and fault tolerant. Link failures due to
node mobility or node failure can be replaced automatically. It is also energy efficient,

because transmission using multi-hop is more energy efficient than single link [9].

Nodes are connected in the absence of fixed infrastructure; they can move, join or
leave the network freely, and therefore the topology of a mobile ad hoc network is
dynamic. Every node in the network acts as a router [8]. Packets can be routed
through different routes depending on the current status of the topology of the
network. The routing decision is performed by the node, which forwards the packet to

the appropriate node independently from any management of the network.
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The properties of mobile ad hoc networks make them a better solution for future
networks having countless applications, such as vehicular networks, military and
battlefield communications [10], disaster relief applications where the infrastructure
might be destroyed, virtual classrooms and ad hoc communications during meetings
or lectures, entertainment, sensor networks and many other applications.

On the downside, the security of the mobile node is acritical issue because the
network is an open medium; any malicious node can join the network [1]. A minimum
mutual trust must be available between nodes, especially for the purpose of routing,
which makes the network prone to attack [11]. However, security and trust issues are
not addressed in this thesis.

Although the mobility of the nodes is an advantage that provides flexibility and makes
many applications possible, it affects the stability of the links and causes multiple link
failures and unpredictable frequent changes in the topology, thus requiring a huge
communication overhead to establish and maintain routes and reduce packet loss [12].
The unpredicted frequent changes of the topology of the network become a common
problem in mobile ad hoc networks and make routing a challenging task [13]. My
investigations and research into mobile ad hoc networks protocols found that the
development of methods to overcome this problem is essential. This problem causes
delay in data delivery because routes to the destination must be searched after any
change; alternatively, if the routes become available, a large percentage of the
available bandwidth will have been consumed through frequent route updates. This
problem has not been addressed intensively in the literature and solutions have not
been yet achieved.

In this thesis, I have presented a general and comprehensive framework to solve the
problem of topology changes. The solutions address different prediction schemes, the
prediction of the entire network mobility, and the prediction of the node’s own
mobility. This makes the framework presented in this thesis applicable to different
networks with different scheduling methods.

To further illustrate the validity of the proposed topology prediction schemes, they
were used in conjunction with real location data [14]. Moreover, a comparison with a
well-known protocol was carried out which achieved better data delivery and less

delay with the presence of the frequent change in the topology of the network[15].
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1.2 Problem statement

Consider that a mobile ad hoc network consists of # nodes distributed randomly in a
geographical area such as the one shown in Figure 1.1. These nodes are free to move
in an arbitrary path. The topology of the network at time i, which is denoted by TPi

can be determined by two factors: the location of each node at time i and the

propagation model which depends on the environment of the network.
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Assume that at time i the topology is known to node x and node x wants to send a
packet to node y. Node x will send the packet to node y according to the current
topology. As the time progresses, the topology at time i+c would change due to
mobility of nodes to become 7P, as it appears in Figure 1.2. At this time if node x
has another packet to send to node y, or to any other destination. There will be three

cases to consider:

1. Reactive case:
If the network follows a reactive approach in scheduling and maintaining the
routes, node x will search for a valid route to node y and then send the packet
to the destination through that route. Node x performs the search because in
reactive cases, the nodes do not receive a frequent routes update.

2. Proactive case:
If the network follows a proactive approach in scheduling and maintaining the
routes, node x will have obtained an available route to y, because every node
receives frequent updates from the entire network.

3. Static case:

Node x will send the packet using the same route because the topology is

fixed.

The third case can not be considered because the network is mobile and the topology
is dynamic, even if some nodes are not moving. The first case will experience a
transmission delay because if the route to the destination is not available or not fresh
enough, node x will issue a route request/ route reply process to obtain a route. This
process is associated with delay, and the delay becomes greater in a high mobility
environment. The second case requires a frequent update to be sent by each node.
These frequent updates consume a significant percentage of the available bandwidth;
moreover, the frequent updates may result in a congested network which may cause
packet drops or more delay.

In order to mitigate this problem, each node in the network has to predict the changes
in the network topology for some future time. By knowing the future topology, the
node can know the future routes without searching for new routes through the route
request/route reply phase. Moreover, the frequent route update will be reduced

because information about future topology is available through prediction.
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The topology prediction that we consider in this work is of two types. The first type is
the prediction of the topology change of the entire network. Each node predicts the
changes for all other nodes through current and/or past knowledge of the network
status. The second type is the prediction of the node own future status. Each node
predicts its own future changes based on information about current and previous
status, and on the knowledge of the future trajectory of the node. The predicted status

will be broadcast to the network in order to predict the future topology.

1.3 Importance of the research
Many applications in mobile ad hoc networks require real time data flow with timing

constraints for the delivering of the data [16]. In such applications, any changes in the
topology of the network due to the mobility of the nodes should not reflect on the
quality of service or the routing of data. Hence, no delay should be associated with
reactive route updates, nor should congestion in the available bandwidth be associated
with proactive updates [7]. The reconstruction of the routes or the discovery of the
topology after any change will be at a cost of congestion and/or delivery delay. If the
future topology of the network can be predicted, the reconstruction of routes prior to
the topology change will ensure a smooth flow of data with a minimal control
overhead and without delay [16]. The prediction of the changes in the future topology
of the network can achieve a better congestion control, better resource reservation and

quality of service [17].

1.4 Thesis structure and contributions
The thesis consists of four major parts. The first part, Chapter 2, is an overview of

mobile ad hoc networks, protocols, and a review of existing topology discovery and
mobility prediction schemes. The second part, consisting of Chapter 3 and Chapter 4,
presents the mobility model used in this work, the linear prediction method using the
current status of the node motion, as well as the implementation and performance
analysis. The third part, Chapter 5, presents a prediction method of mobility using
polynomial regression, implementation details and performance analysis. The fourth
part, Chapter 6, presents mobility prediction methods using pattern matching and
correlation analysis, implementation and performance analysis.

The thesis also contains a comparison between all the above prediction methods
which is presented in Chapter 7. Finally, Chapter 8 concludes the thesis and presents

the future research direction.
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Chapter 2 defines mobile ad hoc networks and articulates their characteristics,
applications and challenges. It classifies mobile ad hoc networks protocols and
reviews many protocols based on this classification. It reviews geographical protocols
and shows how locations data is used in routing. An extensive survey of existing

mobility prediction and their applications is given.

Chapter 3 defines network topology and shows how it can be represented and
presenting a novel mobility model that represents the movement of the nodes. It
addresses the problem of the dynamic changes of the topology and explains its effects
on the network. It also shows how to benefit from the current mobility status of the
node to predict the future status. The chapter argues that the prediction of the future
topology of the network reduces the delay associated with obtaining routes to the
destination and reserves a significant percentage of the bandwidth. It also argues the
feasibility of employing GPS data in prediction. The contributions of the chapter are:
e Presenting a new mobility model based on the regularity of nodes movements
and the fact of a non random behaviour of mobile networks.
e Introducing a simple prediction scheme which uses current location, speed
and direction of nodes to predict future mobility.
e Validating the proposed scheme by showing how the use of a topology
prediction scheme will reduce delay and reserve the bandwidth.
e Showing the viability of the proposed scheme in predicting future mobility

with a rational error.

Chapter 4 modifies the algorithm in Chapter 3 to overcome its shortcomings. The
algorithm in Chapter 3 assumes that the node whose mobility we are estimating
maintains speed and direction until the end of the prediction period. It does not
consider the sudden change in mobility status, and this drawback has been taken into
consideration in this chapter. In this modification, the node continuously observes its
own mobility status and responds to the sudden change by broadcasting an immediate
update. The modification improves the performance of the scheme, but at the cost of

extra updating in case of sudden change. The contributions of this chapter are:
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e Introducing a simple and modified prediction scheme to improve the
performance of the linear prediction model in Chapter 3. The model considers
the sudden changes in the status of the mobility.

e Showing the viability of the proposed scheme in predicting future mobility
with a rational error.

e Obtaining a longer prediction cycle concurrently with achieving a rational

error in predicted topology.

Chapter 5 introduces a novel prediction scheme to predict the mobility of the node.
Unlike the previous chapters, where the node predicts the mobility of all other nodes
in the network, the model in this chapter predicts the own future mobility of the node.
As the nodes are assumed to have a GPS receiver, they are able to find a set of future
locations. The solution in this chapter lies in mapping the future locations of the
mobile node with time. This mapping is achieved by polynomial regression. The
scheme constructs a polynomial with degree m that maps the x and y coordinate of the
points, and then finds the time stamp corresponding with each point. The predicted
mobility is then exchanged between nodes to construct the future topologies of the
network. The main contributions of this chapter are:

e Introducing the use of polynomial regression to predict the future topology of
mobile ad hoc networks. This algorithm deals with sudden changes in
mobility.

e Showing that the algorithm can achieve good prediction for future mobility

with long prediction cycles.

Chapter 6 introduces a mobility prediction scheme that predicts the future mobility of
nodes using pattern matching. The predicted mobility is exchanged between nodes to
determine future topologies of the network as a discrete function of time. Each node
monitors and stores its own locations as a time series for a sufficient length of time.
When a node wants to predict its future mobility, the most recent part of the series is
compared with the rest of the series to find a similar pattern. This pattern matching
technique is used to find similarity between the recent part and the rest of the time
series. When matching is found, the future locations will be similar to the time series

where the matching was found. The main contributions of this chapter are:
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e Introducing a prediction algorithm that uses the previous mobility status of the
node to predict the future. This algorithm predicts its own future mobility of
the node.

e Showing the viability of the proposed algorithm in predicting the future
mobility with a rational error using real location data.

e Obtaining a longer prediction cycle concurrently with achieving a rational

error in the predicted topologies.

1.5 Methodology

Arbitrary and random motion of mobile ad hoc network nodes while communicating
results in frequent topology changes and multiple disconnections of links. This
dynamic environment challenges the delivery of data, especially in real time
applications, and imposes the need for prediction models to track these changes, and
subsequent determination of the future topology of the network. The prediction of
network mobility into the future will reduce the frequency of location and route
updates and improve the efficiency of the network.
The methodology followed in this research can be summarised by:

e Obtaining trajectory data for mobile nodes.

e Use some of the trajectory points as an update of the algorithms.

e Predicting the future trajectories of the nodes using different prediction

algorithms.

e Comparing the predicted trajectories to the actual trajectories.
Different metrics have been used in analysing the results including the update period
length (T), the threshold direction, the threshold speed, the degree of the polynomial
that represent the trajectory, the number of points in polynomial regression, and other

metrics.

The data used in this work was obtained from two sources: firstly, computer generated
data using mobility model. Secondly, GPS data that been collected from Databases
and Mobile Computing Laboratory at the University of Illinois at Chicago during their
daily commute.

In the mobility model, each node chooses a destination point at random in the area of
interest; therefore, the destination of the mobile node is known. The node chooses a

random direction @ €[0,27]and checks the X and Y coordinates for a point of

8
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constant distance » from its current position in that direction. @ is obtained using a
Gaussian distribution with an average value g =0 and the standard deviation o = R

If the point is closer to the destination than the current position, the node will maintain
travel in that direction at a given speed until it reaches the point. When the node
reaches the point, it chooses a new valid direction and new speed. This process is
continued until the node becomes close enough to the destination. Both collected and
generated data contains node’s X and Y coordinates, speed and direction of

movement.

All tests have been implemented using MatLab on a given area and a certain number
of nodes distributed randomly within this area.

In the first set of experiments, the simulation will test the ability of the algorithm to
predict the future trajectory of the nodes for different values of the prediction cycle T.
Moreover, it will test the effect of the threshold angel and threshold speed when a
modification for the motion prediction algorithm is applied. The data in these set of
experiments have been generated using the mobility model which was mentioned

above.

The second set of experiments tested the ability of another proposed algorithm to
predict the future trajectory of the nodes using polynomial regression. In this part, the
purpose of the algorithm is to find a mapping between the coordinates on that path
and the time, which means finding the x and y coordinates as a function of time,
which in turn enables the prediction of future locations of the mobile nodes as a
function of time. All variables including the length of the future prediction period, the
number of points and the degree of the polynomial that represents the trajectory have
been analysed. The data in these set of experiments will be obtained by the mobility

model.

The third set of experiments uses the collected data to test the ability of the newly
proposed algorithm to predict the future trajectory using pattern matching technique.
Each node monitors and stores its past location to obtain a time series of locations for
a given period of time. We refer to this series as the Location Time Series (LTS).

When a node wants to predict its future locations, it searches the LTS for a pattern

9
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similar to the current situation. We refer to this pattern as the Recent section of Time
Series (RTS) or ‘the query’. It starts at the current point in time and goes back for O
points. O is called the ‘query order’. Several series can be stored and searched for best
matching; searching more series will give a higher probability of pattern matching.
All variables in these set of experiments including: RTS, the number of LTS and the
length of required future trajectory have been varied to test their effect of the

algorithm.

Finally, comparisons between all proposed algorithms have been carried out using
different combinations of all variables to test their feasibility.

For all the three set of simulations, the future topologies of the network were
determined based on the predicted trajectories and the propagation model used by the

network.

1.6 Publications developed from this thesis
Several publications were produced based on the research described in this thesis;

these publications which were peer reviewed include a book chapter, two journal

papers, and four conference papers. Details of these publications are listed below:

Journal papers
e M. Al-Hattab and J. I. Agbinya, "Trajectory estimation for wireless mobile
networks using polynomial regression," International Journal of Electronics

and Telecommunications, vol. 56, pp. 451-456, 2010.

e M. Al-hattab, J. Agbinya and M. Takruri “Mobility prediction using pattern
matching”, Accepted at International Journal of Electrical and Computer

Engineering.

Book chapter
e M. Al-Hattab and J. I. Agbinya, "Planning of wireless mesh networks," in
Planning and Optimisation of 3G and 4G Wireless Networks. vol. 8, J. L
Agbinya, Ed.: River, Aalborg, 2010, pp. 201-222.

Conference papers
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e M. Al-Hattab and J. I. Agbinya, "Self trajectory estimation for wireless mobile
networks," presented at the 4th International Conference on Broadband
Communications, Information Technology and Biomedical Applications,
Wroclaw, Poland, 2009.

e M. Al-Hattab and J. I. Agbinya, "Use of street maps to aid node localization in
mobile wireless networks," in Proceedings of International Symposium on

Parallel and Distributed Processing with Applications 2008, pp. 471-476.

e M. Al-Hattab and J. I. Agbinya, "Topology prediction and convergence for
networks on mobile vehicles," in Proceedings of International Conference on

Computer and Communication Engineering, 2008, pp. 266-269.
e M. Al-hattab and J. Agbinya, “Localization for dynamic networks nodes

carried by mobile vehicles” FEngineering showcase 2008, Faculty of

Engineering, UTS. University of Technology, Sydney, 2008, pp. 42-43.
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Chapter 2

2 Literature review

2.1 Introduction
A mobile ad hoc network is a wireless multi hop network that consists of many nodes,

connected through radio communication. Nodes move in a random or determined
manner which results in a variable topology network. Ad hoc networks are
infrastructure-less networks [18]; that is, they do not have fixed routers and all nodes
are capable of moving and being connected in an arbitrary manner whereby they can
act as routers and regular nodes at the same time [19]. Data and traffic generated by
mobile ad hoc nodes cannot be forwarded using wired network protocols because of
frequent topology changes. The development of protocols that satisfy the
requirements for mobile ad hoc networks have therefore become inevitable [20].
Many applications are implemented in ad hoc networks such as military applications,
disaster areas, on road transport communications, wireless mesh networks and many
others. The most common desired characteristics for all applications in ad hoc
networks are to reduce network traffic caused by control traffic and packet overheads
and to minimise any delay associated with route search.

To develop a protocol that satisfies the frequent topology change and improves the

efficacy of the network, it is necessary to understand the current protocols.

2.2 Classification of Ad Hoc Networks Protocols
Routing protocols can be classified according to different criteria. These

classifications include scheduling, communication model, state information, structure

and type of cast [21].
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2.2.1 Scheduling

Scheduling means to determine how topology information is acquired and maintained
by mobile nodes. It can be obtained by a periodic-based process known as proactive,
or it can be obtained on demand-based known also as reactive [2]. Scheduling is the
most desirable and spread classification criterion.

Reactive protocols (on demand)

Reactive protocols do not maintain up-to-date routing information. Information about
the route is requested and obtained when required [22] [23]. This can be achieved by
route discovery/route maintenance messaging. The nodes initiate a route request and
get a route reply; once the route is established, it is maintained until the route is no
longer needed or it fails to satisfy a connection between the source and the
destination. Reactive protocols have some limitations which include the fact that route
discovery is required, because the route is maintained while in use. Route
request/route reply leads to delay in transmitting the first packet. Despite route
maintenance being performed only for routes in use, it may still generate traffic due to
frequent topology changes. Moreover, some packets may be lost if the route to the
destination changes[24]. Classic examples of these protocols include DSR[25] and
AODV][26].

Proactive protocols

Proactive protocols keep up-to-date routing information about the entire network in
every node[22] [23]. Nodes periodically propagate route updates to the entire
network. Nodes also propagate updates as a response to any topology change in the
network. The main drawback of proactive protocols is that the maintenance of unused
paths may occupy a significant part of the available bandwidth, especially if the
network is on the move with frequent topology changes[27]. Examples of proactive

protocols are DSDV|[28], OLSR[29] and TBRPF[30].

2.2.2 Communication model
Wireless network protocols can be classified according to the communication model

into two types: single channel and multiple channels. Single channel protocols are
Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) oriented; they
rely on specific link layer behaviours [31]. Multi channel protocols are low-level

routing protocols that combine channel assignment and routing functionality; such
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protocols are used in time division multiple access (TDMA) or code division multiple

access (CDMA)-based networks[19].

2.2.3 State information

Protocols can be classified in terms of state information into topology-based and
destination-based. In topology-based protocols such as DSVR [28], DSR[25], AODV
[26] and ZPR [32], each node maintains large scale topology information about the
entire network [31]. Nodes know a complete and least-cost path to the destinations,
and each node has a routing table that contains paths for all possible destinations in
the network. Destination-based protocols do not maintain a large scale topology
information[31], nodes have topology information about neighbours. During routing
decision a node determine which of its neighbours is the closest to the destination (i.e.

the next hop). Examples of destination-based protocols are: GPSR [33] and LAR [34]

2.2.4 Structure
Protocols can be classified in terms of structure into two types: uniform and non-

uniform protocols [2]. This classification determines the method of treating nodes
during routing and which of the nodes have a routing scheme. In uniform protocols,
all nodes play the same role and have the same functionality in routing; they can
respond and send routing control messages. DSR and AODV are classified as uniform
routing protocols.

By contrast, non-uniform protocols distinguish between nodes because there is a
hierarchy structure in the protocols. Some nodes carry out distinct management and
routing roles. Zone Routing Protocol ZPR and Clustered Gateway Switch Routing

(CGSR) [35] are classified as non-uniform routing protocols.

2.2.5 Type of cast

Protocols can be classified by the type of cast. This includes unicast and multicast [2].
In unicast, a source node sends packet(s) to one destination; this is the most common
means of communication in any network. In multicast, the destination is more than
one node. Multicast protocols create a mesh or tree from the source to several
destinations. Multicast routing protocols, such as Distance Vector Multicast Routing
Protocol (DVMRP) and Multicast Open Shortest Path First (MOSPF) have been

widely used in wired networks [2].
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2.3 Related work

2.3.1 Overview of selected mobile ad hoc networks protocols
This section reviews the most relevant protocols used in mobile ad hoc networks and

shows their advantages and shortcoming. In the literature, many of the proposed
protocols are analogical in terms of discovering the topology of the network and the
scheduling of the updates of the topology. Therefore, selected protocols that use
different topology discovery techniques will be reviewed.

The dynamic source routing protocol (DSR) is an on-demand, topology aware,
uniform routing protocol that uses source routing instead of relying on a routing table
in each intermediate node [25]. DSR has two phases: route discovery and route
maintenance. The DSR route discovery process is a typical query response cycle: if
the source’s routing cache does not contain a path to the destination, the source
creates a Route Request (RR) packet and broadcasts it into the network. The Route
Request packet has several fields: source ID, destination ID, sequence number
generated by the source node and a record of all nodes the packet has traversed. When
a node receives a RR packet, it checks the RR fields and takes one of the following
actions:

1. Discards the packet if it has seen this packet before.

2. Replies with a route reply if the node itself is the destination or a route to the

destination is available in its cache.

3. Adds its own identity to the route record in the RR packet and rebroadcasts it.
This process continues until the RR packet reaches the destination or reaches a node
with a route to the destination.

When the destination node receives the RR packet, it replies to the source node
though the reverse path traversed by the Route Request.

Dynamic source routing protocol (DSR) is an on-demand protocol that restricts the
bandwidth consumed by control packets in ad hoc wireless networks. It eliminates the
periodic messages required in the table-driven approach. Moreover, it is beacon-less
and hence does not require periodic Hello packet (beacon) transmissions, which are
used by a node to inform its neighbours of its presence.

Stale route information in the node may result in an incorrect path to the destination,
because there is no expiration time for the route. The route error message may not

return to the source node due to the mobility of nodes, because the path to the source
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node could change and become different from the stored path in the route error
packet. As in most reactive algorithms, DSR suffers from excessive delay when
establishing the route in a high mobility environment [36]. This delay is extensive
because DSR uses source routing.

The Optimized Link State Routing Protocol (OLSR) [29] [37] is a proactive, non-
uniform, topology aware link state routing protocol. Every node periodically
broadcasts the "Hello" message with information to specific nodes in the network to
exchange information about the neighbourhood. Each node selects a set of its
neighbour nodes as "multi point relays" (MPR). In OLSR, only nodes selected as such
MPR are responsible for forwarding control traffic. MPR provides an efficient
mechanism for flooding control traffic by reducing the number of transmissions
required. The information in the Hello message includes node IP, sequence number, a
list of neighbours with links information and the node’s MPR.

When a node receives the periodic Hello message it checks the sequence number of
the message and update its own routing table and rebroadcasts the Hello messages to
its MPR nodes. Each node broadcasts a partial topology into the network, resulting in
the entire network topology being known by all nodes. All destinations within the
networks are known and maintained before use; there is no route discovery delay
associated with finding a new route.

OLSR does not have any mechanism for link existence and detection; it simply
assumes that the link is exists if it has received a recent Hello message. In a high
mobility environment when the packet loss is high, the use of MPRs to forward the
control packet could lead to a problem. The traditional proactive method in OLSR
does not suit a high mobile environment because routes converge poorly due to
mobility [10]. Similar to all pure proactive protocols, OLSR node’s power and
network resources are wasted on possible unused routes.

The spread of GPS-enabled devices and the reduced cost of implementing GPS
receivers into mobile nodes encourage researchers to use location information in
routing decisions. The delivery of data to a destination identified by its location is
called geographical routing or geocasting. Dommety and Jain suggested the use of
location information for routing decisions [38]. The location of nodes can be obtained
by Global Positioning System GPS [39] or any type of positioning service [40] [41].
In most geographical routing protocols, nodes do not need to maintain routing tables

to route packets. Instead, they need to know the location of the destination and the
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location of their neighbour that is closest to the destination node [24]. The location of
the destination node can be obtained by different methods depending on the protocols;
some protocols maintain a table of locations for all other nodes in the network through
exchanging periodic control messages such as DREAM [42], whereas other protocols
use a rendezvous-based method whereby a rendezvous server provides the network
with the required location of nodes. SLURP [43] divides the network into sub-areas in
which the location of nodes can be obtained by a special node in each area.
A Distance Routing Effect Algorithm for Mobility (DREAM) is a geographical
routing protocol where each node in the network maintains a table of locations for all
other nodes in the network. Each node periodically floods the control packet that
contains the node’s location, ID and life time (distance). A node can control the
frequency of the control packet based on its own mobility; nodes with higher mobility
propagate updates more frequently than nodes with less mobility. Moreover, this can
adjust the distance ‘life time” of the packet, which guarantees more position accuracy
updates for neighbour nodes and fewer for far away nodes. This is due to the distance
effect, as described by Basagni et al.[42]

The greater the distance separating two nodes, the slower they appear to be

moving with respect to each other.
When a node receives a control packet, it checks the distance in the packet and
calculates the distance between itself and the sender of the packet. If the distance in
the packet is higher than the one that has been calculated, the node rebroadcasts the
packet, otherwise it discards it.
Control packets are broadcast more frequently with short distance and less frequently
with longer distance, resulting in frequent location updates for neighbours and less
frequent updates for distant nodes [44].
When sender node S needs to send a message to destination D, it checks the location
and the direction of D and chooses one or more nodes of its directed neighbours who
are in the same direction as D. The neighbours do the same thing until the message
reaches D.
DREAM is bandwidth and energy efficient because the control packet has minimal
size; also, bandwidth is saved by distance effect and the use of a less frequent control
packet with higher distance. It is loop free as the packet travels away from the source.

Packets can follow independent routes and have adaptive mobility.
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On the other hand, this version of DREAM always assumes that at least one of the
sender’s neighbours is in the direction of the destination, which might not be always
the case. Moreover, as the size and area of the network increase, these are more likely
to have fewer updates for far nodes which increase the uncertainty of the nodes’
location, even when the distance effect is considered. The proactive nature of
DREAM makes it unsuitable for large scale networks.

Greedy Perimeter Stateless Routing (GPSR) [33] is a geographical protocol that uses
a periodic beacon to update its location by propagating it to one-hop neighbours. For
efficiency, GPSR piggybacks the local sending node’s position in all data packets and
resets the time of the periodic beacon. Thus, a node sends a beacon if it has not sent
any data for a certain time. If a node has not received a beacon from a neighbour for a
certain time, it removes that neighbour from its table.

Nodes in GPSR perform greedy forwarding based on the immediate neighbours. If the
greedy forwarding fails, the algorithm recovers by routing around the perimeter of the
region where the greedy forwarding failed.

When a node needs to send a message to a destination node, it obtains the coordinate
of the destination from the location service and checks which of its neighbours is the
closest to the destination. The intermediate nodes do the same thing until the message
reaches the destination.

If the greedy forwarding fails, which means that the sender is the closest node to the
destination within the neighbourhood, the algorithm uses the right hand rules to send
the packet around the region where the greedy forwarding failed. Krap and Kung
explained this rule in detail [33].

GPSR assumes that a node can obtain the location of the destination from a location
service. The assumption of the availability of the service with no cost in terms of
delay is the main drawback of GPSR. Moreover, the void region concept assumes all
nodes are distributed in two dimensional spaces which is not always true. The right
hand rule in perimeter mode does not always give an optimal path to the destination.
Scalable Location Update-based Routing Protocol (SLURP) [43] is a routing protocol
that uses geographic location management strategy to keep the overhead of the packet
small. This protocol has its own location management. The location management
maintains the locations of all nodes in the network and the algorithm divides the
network into regions. Each node is assigned a home region which maintains the

location information of the node. The algorithm has a mapping function that maps the
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node’s ID to its home region. When a node moves into new region, it informs all the
nodes present in its home region about the new region.

When a source node S wants to send a message to a destination node D, S sends a
location discovery packet to D’s home region, obtained by the mapping function. This
packet contains the destination’s ID; in addition, it contains the source’s ID, current
location and a sequence number. Upon receiving the location discovery packet, the
neighbours update their tables about the location of the source, and the neighbour
which is the closest to the destination home region will forward the packet. This
process continues until the packet reaches the home region. The first node in the home
region will respond with a location reply containing the destination’s current location.
During data delivery, a data packet contains source ID, the source location,
destination ID and destination location. If a data failure occurs, an error message will
be sent to the source and the source will send the location discovery packet again.

The mapping function between the node and the home region add complexity to the
protocol; moreover, the delivery of data fails if the home region has no node at the
time of communication.

Location aided routing (LAR) in a mobile ad hoc network [34] is a geographical
routing algorithm proposed to reduce the number of routing messages by limiting the
area of the search for a new route to a region in which the destination is expected to
exist, the Expected Zone, and the region separate from the source and destination, the
Request Zone. These regions can be estimated based on information obtained when
the source and destination were last communicated [45].

LAR proposes two routing schemes: LAR Scheme 1 and LAR Scheme 2. In LAR
Scheme 1 the request zone is a rectangle and the expected zone is a circle centre at the
destination coordinates corresponding to time ty, with radius R=v(t;-ty) where v is the
maximum speed and t; is the request time. Figure 2.1 illustrates the concept of the
request zone and expected zone.

When the source node sends a route request message, the message will contain the
coordinates of the request zone. Any node within this zone will forward the message
to its neighbours, and any node outside the zone will discard it. When the request
reaches the destination node, it will reply with a route reply that includes the

coordinates of the destination, the time stamp and the destination speed.
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Figure 2.1: An illustration for the concept of request zone and expected zone in LAR Scheme
1[34]

In LAR Scheme 2 the route request includes extra two pieces of information added to
LAR Ischeme: the location of the destination and the distance to the destination.
When any intermediate node receives the request, it computes the distance to the
destination and compares it with the distance in the route request. If the distance
between the intermediate node and the destination is less than the distance in the
packet plus a certain value, then the intermediate node will forward the packet;
otherwise, it will discard the packet. This means the request will travel toward the
destination only.

This improvement may cause a problem in a case where no neighbours of the
intermediate node are closer to the destination. In this case, the request will be
discarded and the algorithm will fail LAR is considered to be a route search rather
than a routing protocol because there is no clear policy when a route search fails due
to stale information. Because the location information is obtained from ordinary
communication between nodes and the last time the nodes were in communication,

this information could be stale if the two nodes do not communicate very often [46].
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2.3.2 Topology discovery and mobility prediction

Topology discovery is a task of providing the node with the required routing
information which includes the status of the network topology or the locations of
nodes. The continuous discovery of network topology consumes a large portion of
network resources while the on demand discovery causes extended delay. The
conventional reactive and proactive topology discovery schemes are therefore not
suitable for highly dynamic mobile networks [47].

The authors in [48] [49] [50] use mobile agents to discover the topology of the
network. Agents circulate the network and obtain the local topology of each node, and
when they meet they exchange this information. Topology discovery using mobile
agent does not provide instantaneous topology for the network. It is intensive in time
and messages to discover the topology of the whole network [51], which does not
work efficiently in high mobility environments.

Link state routing protocols discover the topology of the networks through route
requests and route replay messages. These messages are propagated in the networks
by different methods. Proactive topology discovery in proactive protocols such as
DSDV[28] OLSR [29] and TBRPF [30] send periodic messages to update the state of
the network topology. This conventional proactive discovery method does not suit
networks with high mobility because unnecessary high traffic in the network may be
generated for possibly unused routes.

DSR [25] and AODV [26] discover the network topology using on demand route
request/route reply messages. As in all on-demand routing protocols, an extended
delay is expected to obtain the topology update which will affect the delivery of data,
especially in real time applications. Moreover, the frequent mobility of nodes may
invalidate the obtained routes causing high traffic in the network.

Geographical routing protocols discover the topology of the network by disseminating
the location of nodes in the network. The location information can be used to
construct global topology such as in DREAM or a local topology such as GPSR.
Regardless of the method of topology discovery, nodes use this topology to deliver
data from the source to the destination. If the topology of the network changes due to
the nodes’ mobility, or any other reason, then one or more routes becomes invalid. To
address this change, the topology should be re-discovered. The discovery of the new
topology will delay the delivery of data, or it might be invalid again due to the high
mobility of the nodes.
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If the changes can be predicted, it may be possible to establish a stable route, or
known future changes in the topology. This can be achieved by predicting the future
links quality between nodes or by predicting the future mobility of the nodes.

The prediction of the mobility of nodes has been extensively addressed in the
literature. In cellular networks, many mobility prediction schemes have been proposed
[52] [53] [54] to improve the handover between cells. An accurate mobility prediction
can offer smaller call-dropping probability and reduce the handover latency [55]. The
authors in [54] proposed that the mobile node should store its movement history as a
means of predicting future movement. A mobile node stores a record containing the
current location, and the next visited location when the mobile node is at this location.
The most visited location will be chosen as the next predicted location. The visited
locations are also used to form a segment of movement between locations. A search
for similarity between the current segment and past segments is then used to predict
future locations. The prediction relies on the history of the individual node which may
not lead to any prediction in new locations.

The proposed method does not predict the location of the node; rather, it predicts the
future cell which the node is going to visit, but this prediction does not provide
enough information to enable data delivery in mobile ad hoc networks.

The mobility motion prediction algorithm [52] uses a Markov model to predict the
mobility of a node in cellular networks. Movements are stored as a sequence of states
in an itinerary—pattern base. The future movement of the node can be predicted by
comparing the present itinerary with the stored itinerary-pattern base using correlation
analysis.

The regular path recognition algorithm [53] employs the behaviour of humans to
predict the mobility of nodes. It records the cells and the period of time the node stays
in each cell as paths for this node. The current path is compared with previously
stored paths to predict the movement of the node.

The algorithms in [52] and [53] rely only on the history of movement of individual
nodes which may not lead to a correct prediction if the node visits a cell for the first
time. A small random variation in the mobility of the node could lead to the failure of
these methods.

The dead reckoning technique [46] uses location information to predict the mobility
of the node in mobile ad hoc networks. A mobile node samples its own location

periodically and constructs a model of its movement. Two successive location
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samples are taken at known times to calculate the speed in both X and Y directions,
then the calculated speed is used to estimate the next location. The distance travelled
is calculated and compared to a threshold value. This threshold determines the
allowable error in the system. The complexity of the model depends on the predictive
ability of the mobile node. The node disseminates its current location as well as this
model into the network. Every other node in the network uses this information to track
the location of this node. The model does not consider any sudden change in the
mobility of the node, which may end with a high rate of prediction error.

The ‘Sectorized ad hoc mobility prediction scheme’ [56] [16] uses network clustering
[44] [57] to predict the mobility of the nodes. The network is divided into clusters and
each node belongs to one cluster. To achieve a higher prediction the cluster is divided
into three regions with the probability of cluster change is defined by three cases:

No cluster change region, Low cluster change region and High cluster change region.
In ‘No cluster change region’, nodes do not satisfy the requirements of membership of
any other neighbouring cluster, therefore, the change is not possible.

In ‘Low cluster change region’, nodes are reachable by the No cluster change nodes
and the probability of change is low. In ‘High cluster change region’, the nodes are
reachable only by Low cluster region nodes and the probability of change is high. The
cluster-sector numbering scheme is used to predict the next cluster change based on
the position of the node and its direction of movement in the High cluster change
region[16].

These schemes predict the next cell that the mobile node might visit, not the exact
location for the mobile node that is required for geographical routing, which is the
most suitable routing technique in high mobility environment. Predicting the next cell
is also not enough to build the future topology of the network in link state routing
protocols. Moreover, the inaccurate predictions in these schemes could affect the
quality of service (QoS), because a certain percentage of the bandwidth will be
reserved in the incorrectly predicted cell that the mobile node will not visit [58].

The authors in [13] proposed an algorithm to predict the expiration time of the link
between two adjacent nodes, and the routes are then reconfigured before the
expiration time of the link is reached in order to prevent disconnection. The algorithm
calculates the expiration time for the link using the speed, direction and coordinates
for both nodes. This algorithm obtains the information about the location and the

speed by piggybacking them during live connections. If the nodes do not
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communicate very often, the information is not accurate and may lead to inaccurate
prediction. Similar to the dead reckoning technique in [46] this prediction algorithm
does not consider any sudden change in the mobility of the node.

Location Prediction Based Routing (LPBR) [59] has been proposed to reduce the
number of route discovery in the network. It uses a flooding-based route request to
find a route to the destination. The route request packet gathers the location
information for each node traversed and this information is stored in the destination.
The route reply contains a path to the destination which leads to the source node. If
the destination node does not receive a data packet, it constructs a global topology of
the network using the recent location information gathered and sends a route to the
source to use in delivering data.

LPBR does not broadcast any location update; however, locations are obtained during
the route search which may result in stale information, especially in high mobility
networks. The algorithm also does not respond to any sudden change in the mobility
of the node.

An autoregressive model using Kalman filter was used by several authors to estimate
the mobility of wireless networks [44] [60] [61]. The Yule-Walker equations [62] and
Kalman filter [63] are used to estimate the mobility of a wireless network in [60]. A
given mobile state at time n can be used to estimate the mobile state at time n+1.
States n, n-1, n-2,... are used to calculate the state variables. These estimation
schemes are limited to position tracking in cellular networks because the use of the
received signal strength indicators (RSSI) or the time of arrival (TOA) for mobility
estimation must be analysed based on the fixed source of the signal, such as the base
station. This estimation scheme therefore works poorly in mobile ad hoc networks.

In [64] the authors proposed a prediction model called the hierarchal location-
prediction model (HLP) to predict the future trajectory of the mobile node in ATM
networks cells. HLP reserves resources in advance for the mobile node in the
expected cell based on the prediction; part of the resource in the cell could be reserved
for a node which may not visit this cell.

Cross correlation and pattern matching are used to predict the future state of the link
in wireless networks [65]. The node monitors and stores a series of signal to noise
ratio (SNR) measurements for its neighbours. These measurements are cross-

correlated with certain query values to predict the future value of the link’s SNR.
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2.4 Topology control

Topology control is a technique used in ad hoc and wireless sensor networks to reduce
energy consumption and to control the transmitting range of each node in the network
[66]. Reducing energy consumption in any node will prolong its life time, therefore
prolonging the life time of the network. Moreover, controlling the transmitting range
enables more simultaneous communications between nodes.

The main goal of topology control is to change the transmitting range of nodes
dynamically while maintaining some of the network properties (e.g., connectivity).
Moreover, it reduces the energy consumed by the node’s transceiver which is the
primary factor of energy consumption in the wireless unit. Ideally, the transmitting
range the nodes should be set to the minimum value such that the graph that
represents the communication links between units is still connected [67].

Topology control approach can be classified into homogenous and non-homogeneous.
In the homogenous approach, all nodes have the same transmitting range. This value
is the minimum value of the transmitting range that satisfies the connectivity
condition of the network and is called the critical transmitting range. In the non-
homogeneous approach, different values of transmitting range are used by different
nodes. A more complex approach is used to determine the transmitting range; for
example, nodes can exchange information about their location to determine the
transmitting range.

Topology control concerns finding a minimum value of the transmitting range called
the Critical Transmitting Range (CTR) such that the graph which represents the
network topology is connected. By reducing the transmitting range, more nodes can
transmit simultaneously with less interference which improves the capacity of the
networks [67] [66].

The surrounding environment of the networks is another good reason for existence of
topology control. In the case of most WMN networks, nodes are designed to work in
harsh environments where the access of the node and the replacement of battery are
economically inconvenient. Nodes also work in poor communication environments
with time varying topology due to node failure or node mobility. Moreover, the

number of nodes can grow to thousands in some networks.
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2.4.1 Energy conservation through topology control
In ad hoc networks and wireless sensor networks, the computation and

communication capabilities of the network are bounded by battery power nodes [68].
The greatest amount of energy is consumed through communication between nodes,
so the energy consumption becomes a critical issue, especially in wireless sensor
networks. The computational capability of nodes in wireless sensor networks is
limited; therefore the collected data should be transmitted to a remote computational
unit for processing. Communication between nodes which consumes most of the
power of the node is very frequent. Considering the fact that the WSN node is a
simple micro sensor with a small size battery, the battery should be utilized efficiently
to maximize its life time. In most cases, accessing nodes to replace batteries or to
replace failed nodes is economically inconvenient.

Topology control reduces the transmitting power which reduces the coverage of the
transmitted signal. This reduction can affect the connectivity condition for the
network, so there is a minimum value of transmitting power needed to satisfy the
connectivity of the network.

Figure 2.2 shows three nodes a, b and ¢ that have the same receiver sensitivity p,. To
transmit a packet from node a to node c in a direct link, the transmitted power will be
pu. However, to transmit the same packet through two stages by sending it to node b
then to node c, the transmitted power of nodes a and b are p,», p;; respectively. Since
all nodes have the same receiver sensitivity, and the received power p, is inversely

proportional to the distance between the transmitter and the receiver [69]:

p
=c. L 2.1
T (2.1)

where c is a constant and # is path loss exponent, n > 2

Because d,<d +d,
Then:
(dy) >(d) +(d,)’ (22)
Therefore:
Py > (Po+ Do) (2.3)
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Topology control reduces the transmitting range of node a which changes the
topology of the network and eliminates the link between node a and node c. The
packet is therefore transmitted through a multi-hop path to conserve the power in the

network.

Figure 2.2: a single link vs. multi-links transmission: transmission in one stage through link d;
consumes more power than transmission in two separated stages through link d; then d,

2.4.2 Bandwidth conservation through topology control

Links between nodes in wireless networks are determined by number of factors, such
as the distances between nodes, the transmission power assigned to transceivers,
signal interference, and the direction of antenna [70]. A link between two nodes exists
if the received signal strength is above the level of the receiver sensitivity.

Radio interference reduces the available bandwidth of the network, especially for
dense networks, which is the case for ad hoc networks. Topology control can increase
the availability of bandwidth by varying the transmitting range of the node. When the
transmitting range is reduce to minimum value while the network still connected, the
interference between nodes will be reduced so that more simultaneous

communications become possible.

b ¢

h

Figure 2.3a: longer transmitting range Figure 2.3b: shorter transmitting range

Figures 2.3a and 2.3b show the same part of a dense network with two different

values of transmitting power (transmitting range). In Figure 2.3a, the pairs d-e and h-g
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can not communicate simultaneously because of radio interference. Topology control
is used to reduce the transmitting range while the network is still connected; therefore,

simultaneous communications between pair d-e and pair h-g are possible.

2.4.3 Mobility prediction and Topology control
Mobility prediction can achieve better topology control. By predicting the future

mobility of nodes, the level of transmitted power can be determined based on the
distances between nodes. A node predicts its own future location by knowing the
current location and speed. Neighbouring nodes can exchange their future predicted
locations to build a predicted topology using a suitable propagation model that suits
the environment of the network. The minimum transmitting range is then calculated

based on the predicted topology [71].

2.5 Location service
All protocols and algorithms that use location information in routing need to know the

location of some or all of the nodes in the network. A node may obtains its own
location information through Global Positioning System (GPS) capability, which at
the time of writing this thesis is the only fully functional Global Navigation Satellite
System (GNSS) [72]. The system utilizes a constellation of at least 24 Medium Earth
Orbit satellites that transmit precise microwave signals, enabling a GPS receiver to
determine its location, speed, direction, and time using a mathematical process called
Trilateration [73] [74]. A node can also obtain its own location through different
localisation methods such as the localization methods presented in [75] [40] [41].

The source node needs to know the location of the destination: this information could
be stored in the node or somewhere in the network in a service called ‘location
service’. Each node must inform other nodes, or the location service in the network,
about its location, to make geographical routing possible.

The dissemination of location information in the network can be done by two different
methods, the flooding-based method or the rendezvous-based method [76]. In the
flooding-based method, the node propagates the location information periodically to
the network such as DREAM [42], GRSS [77] and SLURP [43] which disseminates
the update when the node moves outside a pre-defined region [78]. In the rendezvous

method, such as in [79] [80] [81], all nodes in the network agree upon a mapping that
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maps each node in the network to one or more nodes. The mapped-to nodes are the

location server in which the location update is stored and retrieved.

2.6 Conclusion
This chapter has reviewed recent topology discovery and prediction techniques used

in many mobile ad hoc protocols. It shows how the discovery of the topology in a
high mobility environment causes delays in route construction and floods the network
with route updates and route request packets. The review shows that the existing
mobility prediction schemes are either not suitable for high mobility environment or
have drawbacks that reduce their efficiency in such environments.

In the following chapter, three new topology prediction schemes will be proposed for

mobile ad hoc networks to improve these drawbacks.
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Chapter 3

3  Prediction of network topology using motion
of nodes

A mobile ad hoc network is an autonomous system of nodes that move in an arbitrary
manner and communicate via wireless links with the absence of any infrastructure.
Each node acts as a router for forwarding and receiving packets to and from other
nodes. Two nodes communicate directly if they are within the transmitting ranges of
one another, or through multi-hop if there is no direct link between them.

The first direct impact of the mobility of nodes on the network is the frequent changes
of the topology; it creates a dynamic network topology [82] that makes routing and
the delivery of data in mobile ad hoc networks a non trivial task, especially in real
time applications which require a strict timing constraints.

To ensure the delivery of data and to keep the network functional, routing tables must
be maintained and reconstructed after any change in the status of the network. This
maintenance can be done in a frequent manner or on demand. Accurate and up-to-date
information about the changes in the topology of the network must be available to
achieve this aim.

Route updates and reconstructions should be done with a minimum of delay, a
minimum of traffic overhead and a minimum bandwidth consumption [10]. If nodes
can predict the changes in the topology, data can be delivered more efficiently with
minimum overheads and minimum bandwidth consumption. Recent work has shown
that topology prediction achieves better performance in terms of maximizing data
delivery and minimizing transmission delay [15].

The focus in this chapter is to give an overview of the prediction of the future
topology of the network, to familiarise the reader with the effects of change of the
topology on the network, to highlight the importance of finding a solution for this, and
to show how nodes can use this prediction method to predict the future topology of
the network.

Topology prediction can be applied to topology-based and non-topology-based
networks. In a topology-based network, the algorithm predicts the future topology of
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the network to provide the nodes with a future vision that enables the nodes to update
their routing tables concurrently with the dynamic changes to the topology caused by
the mobility of the nodes. In non-topology-based algorithms such as geographical
routing algorithms, nodes predict the location of the destination rather than consulting

the location service for the delivery of every packet.

3.1 Advantages of topology prediction

In any mobile ad hoc network the mobility of the nodes imposes regular status
updates which can be implemented on demand or periodically. The updates could be
route updates in topology-based routing algorithms or they could be location updates
in geographical routing algorithms.

In the case of periodic update, routes will always be available, however, network
traffic will be high and a large percentage of the available bandwidth will be
consumed.

In contrast to periodic updates, on demand updates may not consume same amount of
bandwidth but it is causing delay in data delivery because routes must be obtained
prior to transmission through the route request/route reply phase.

Topology prediction will improve the performance of the network by reducing the
volume of traffic and reducing the data delivery delay associated with the route

request/route reply phase.

3.1.1 Reducing control traffic using topology prediction
In traditional proactive updates, a node sends a periodic update every T; second to

keep all nodes informed about its up-to-date status. As the mobility of the nodes
increases, the topology of the network changes more frequently which require to send
the update more frequently to ensure an accurate update. Therefore the value of T1
should be decreased to fulfil the accurate update requirements, which implies more
traffic into the network. If a prediction algorithm which predict the change in the
mobility for a future time say T, second is considered, the update is then required
every T, seconds, where T,>T,.(i.e. T,=nT)). In this case, nodes predict the topology
n times during this period before they receive a real update again at the end of T,.
These predicted topologies will be used to update the status of the routing tables
between two consecutive real updates. Therefore, no update is propagated into the

network during this period because updates are predicted by the node itself.
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3.1.2 Reducing transmission delay using topology prediction
In traditional reactive updates, where on demand updates are used to reduce control

traffic in the network, routes to the destination may not be available or not fresh
enough. Nodes will issue a route request packet and will wait for the route reply to
obtain a route to the destination. Similarly, in a geographical routing algorithm, the
location of the destination may not be available, which requires sending a request to
the location service to obtain the location of the destination node. In both
geographical and topology-based routing, route request/ location requests and replies
are associated with time delay which will affect the delivery of data.

When topology prediction is considered, updates will always be available; therefore

no delay is associated with route or location updates.

3.2 Mobility model

In general, nodes in mobile ad hoc networks are free to move in an arbitrary manner.
However, most applications in mobile ad hoc networks impose a non-random
behaviour on the mobility of the nodes because these nodes are carried by humans or
controlled by humans. Many examples, such as vehicular networks, soldiers on the
battlefield and disaster relief aid personnel are all moving in non-random manner, and
therefore complete randomness is not assumed, at least in the short term.

Based on a review of many studies [46] [83] [15] [84], a mobile node maintains its
mobility status for a certain period of time and exhibit some degree of regularity in its
mobility patterns [13] [83]. This regularity allows the use of a metrics such as speed
and position to construct a mobility model. Many mobility models have been
proposed in the literature [85] based on these metrics. The Random Waypoint model
has been introduced by the authors of [25] to simulate their proposed DSR algorithm.
In this model, each node chooses a random point as a destination and moves toward it
at a randomly chosen speed. When arriving at the destination, the node holds for some
time before choosing another destination. The simplicity of the model causes it’s
spreading, however the lack of providing a movement pattern close to reality and the
existence of border effects are the main drawback of this model. Details of the border
effect are available in [86]. Random direction model [87] was developed to avoid the
border effect. In this model, the node chooses a direction from [0-2 7 | and moves in

that direction for a certain distance then chooses a new direction, and so on. This
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model does not simulate a real movement because of the random behaviour of its
mobility.

In most practical cases, nodes travel with a destination in mind [46], this fact denies
the randomness and confirms the regularity of the behaviour of nodes movement.
Previous work have shown that cars exhibit high regularity in their mobility [15] by
analysing statistical traffic count data obtained from the Roads and Traffic Authority
(RTA) report [88] for vehicles movement Sydney region. The analysis concluded that
the probability that a vehicle will continue travelling in a straight line as it reaches a
street junction is higher than the probability of the vehicle turning right or left. This
probability increases as the vehicle travels on main streets. The Analysis results
confirmed the proposed regularity of behaviour.

Based on this regularity of behaviour and the fact that a node always has a destination
in mind, I have developed a mobility model that follows the regularity of behaviour
and movement toward a known destination.

In this model, each node chooses a destination point at random in the area of interest;
therefore, the destination of the mobile node is known. The node chooses a random

direction & €[0,27]and check the X and Y coordinate for a point of constant distance

r from its current position in that direction. @ is obtained using a Gaussian

distribution with an average value ¢ =0 and the standard deviation o = % . If the
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Figure 3.1: the choice of the direction in the mobility model

point is closer to the destination than the current position, the node will maintain

travel in that direction at a given speed until it reaches the point. When the node
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reaches the point, it chooses a new valid direction and new speed. This process is
continued until the node becomes close enough to the destination. The model is
expressed in Figure 3.1.

To find a point (x,y) with distance » from the current position (x;,y;) the new point
would be on a locus of a circle centred at (x;,y;) [89] according to the following

equation:

(x_xl)z_'_(y_yl)z:rz (3.1

A random direction € €[0,27] is chosen and applied to the following two equations

to find the point (x,y) such that the distance between (x,y) and the destination is less
than the distance between (x1,y;) and the destination.

x=x, +rcos@

y=y +rsind
When the direction is chosen, the node moves at a given speed obtained using a
Gaussian distribution with an average value 50km/h and the standard deviation

20km/h until it reaches the point (x,y) where a new direction and speed are assigned.

Figure 3.2 shows a flowchart of the proposed mobility model
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Source = rand
Dest = rand
d=|source-dest|
Temp=source

0=rand 0 €[0,2m]
tempx=tempx+rcos 0
tempx=tempx+rcos 0
d,=|dest-temp|

Node travel at speed v and
direction 0 until reach
temp.

END

Figure 3.2: A flowchart for the proposed mobility model

3.3 Mobility status of mobile nodes
In this work, it is assumed that every single node is aware of its current location,

speed and direction of movement using GPS technology. Nodes may also be aware of
their location through different localization techniques. Many localization techniques

have been proposed. Some of these techniques use GPS technology to localize some
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nodes (seeds) and use the seeds as references points; for example, the Monte Carlo
localization algorithm [90]. Other techniques use localization methods without relying
on GPS; for example, the localization techniques in [75] [40] do not rely on GPS
technology.

The use of GPS technology for location estimation is justified by several factors.
Firstly, GPS devices can provide extra information to produce a better prediction; for
example, besides mobility status information, GPS-enabled devices along with
information about the terrain can improve the node’s prediction ability [91].
Secondly, GPS can help the node to save power because when the node knows the
location of the next hop, it will transmit using directional antenna which consumes
less power than transmitting in all directions [92]. Thirdly, the widespread availability
of GPS devices, the ease of their installation with any node and their low cost make
GPS data a good choice for this algorithm. Finally, since Wi-Fi localization routers
know their GPS location, a node can, with the help of Wi-Fi technology, obtain its
location indoors and/or in dense building areas where the GPS signal is weak [93].
The problem of unavailability of GPS in densely built urban areas is becoming non-

existent.

3.4 Topology expression

The topology of the network TP, at time f# can be express in nxn matrix. [
represents a link between node i and node j. This entry has a value of 1 if the link
exists and 0 if the link does not exist. The main diagonal of the topology matrix is 1

and the matrix is symmetric about the main diagonal because link /;is equal to link/;; .

lll 112 1n
L1 e ]
TP, = 2.1 2 ' 2.11 (3.2)
lnl an nn
1 ,if link exist
Where [, = . )
Y10, if link does not exist
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Because TP is a symmetrical matrix, all topology information can be obtained from
the upper diagonal, therefore we can rewrite the topology in equation (2.5) as a vector

TPy to express the topology of the network at t;

TR =[ly by B, by Ly o by o Dy, ] (3.3)

During a period of time T, the topology of the network will change due to mobility.
For the period T the topology can be expressed at discrete time topologies from ¢ to

T+t by the matrix TP(t) as:

TP(t)=[TR, TR, TR - TP (3.4)

m

TP(t) is mxn(n —1) /2 matrix that express the topology of the network for ty,t,,...t

For the purpose of comparison between two consecutive topologies, say Ty and Ty,
an XOR operation is applied to these two vectors. The comparison is carried out on all
corresponding links at both topologies, for example, link /,; from Ty and link /,; from
Ti+1. If the resulting value of the comparison between the two links is 1, it indicates

that the link has changed. However, the 0 indicates no change to that link.

3.5 Topology prediction scheme using motion of nodes
The method presented in this chapter is rather simple. It assumes that the nodes are

aware of their current mobility status including location, speed, and direction of
movement. It also assumes that nodes exchange mobility information periodically to
enable each node to build a global topology of the network. In principle, therefore,
each node can predict the future mobility of all other nodes for a short period of time
into the future. However, to fulfil the main objective of the prediction scheme, which
is to achieve better performance with less delay and less traffic, the exchange of
mobility information between the nodes must be less frequent than traditional
proactive updates.

Consider n mobile nodes distributed randomly in a geographical area as in Figure 3.3.
Each node moves in a given direction and at a certain speed, as illustrated by the

arrow on each node.
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Every single node is aware of its current location, speed and direction of movement
through GPS technology.

The main objective of topology prediction is to provide the network with accurate
status updates, reduce the delay associated with route updates and minimize the
frequency of the status update broadcast by each node. To achieve all these aims, each
node broadcasts a status update every T seconds. The value of T which must be long
enough to achieve the proposed aims depends on the allowable prediction error and
the speed of nodes. Details of the value of T will be discussed later in error analysis
section. During T, each node will receive an update from all nodes in random order.
During the period of time between receiving two consecutive updates from the same
node, a number of predicted updates will be forecasted by the receiving nodes. These
predicted values will be used to update the routing table of the receiving node during

this period of time.

400 T " T T T

350 .ﬂ I 7

3
o ;7
I/I

200

Y-coordinate

180 / .ﬂ
100 / s \. o~ .
s0f ' .

D 1 1 1 1 1 1 1
0 50 100 150 200 250 ano 350 400
#-coordinate

Figure 3.3: A set of mobile nodes with different mobility status distributed in geographical
region

All nodes disseminate their current location, speed and direction every T seconds.
Recipient nodes update their location data tables once they receive an update. These
updates include actual location, actual speed and actual direction of movement of the

node that sends the update. The format of the update packet is shown in Table 3.1
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Table 3.1: General format of update packet broadcast every T seconds

Time of ‘ S
Node ID Location Speed Direction
update

Every node uses the received update from a particular node to estimate a set of future
consecutive locations for that node. The number of estimated locations during the

prediction cycle is m=T/t, where t is the time between two estimates.

.
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Figure 3.4: Node’s movement along a path

Consider node X in Figure 3.4 as a mobile node travelling in a two-dimensional plane.
Node X disseminates its current mobility status into the network through a status
update packet. The packet contains: speed, direction and location of node X. Nodes in
the network receive this update packet. Consider node Y as one of the nodes which
receives the packet from node X. Node Y will predict m future locations for node X

according to the following mobility model:

X,,, =X, +vtcos(0) (3.5)

Vi =Y, +vtsin(0) (3.6)

Where =1, —t 1is the time for node X to travel from location (x;yi) to location

(Xi+1,yi+1) at speed v m/s. @ is the direction of movement measured with positive X-

axis at point (Xj,y;).
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Node Y will have received updates from all other nodes. It estimates the locations for
all other nodes in the networks using the same model; thus, node Y has a set of future
locations for every node. Similarly every single node will predict the same future
locations for all nodes in the network.

Although a single estimate will result in m future points for every node in the network
and gives the future locations for T seconds ahead, nevertheless, the node must
estimate the mobility of the network every t seconds, not every T seconds. The reason
for this is to enable the node to keep its own location data table up-to-date in case of
receiving any update from the network during T, because updates from different
nodes will be received at different times and not all nodes broadcast their updates at
the same time.

At any instant of time, every node will obtain m predicted locations separated by t
seconds from one another. These locations are used to build m connectivity matrices
and m topologies for the network in the future. Details of estimated connectivity

matrices and topologies are presented in the next sections.

3.6 Definitions of Tables

Before proceeding to the details of predicting future connectivity at every time and the
future topologies of the network, several tables must be defined to simplify the
concepts in the algorithm. These tables are the location data table, distance matrix,

connectivity matrix, updates buffer and routing.

3.6.1 Location data table (LDT)

The location data table is a table that contains actual and predicted mobility
information about nodes in the network. Every entry in the LDT contains a node’s 1D,
the time of receiving the latest update, X and Y coordinates, the speed and direction of
movement, and the predicted future locations for that node.

The algorithm uses the actual data to predict a series of future locations for the node.
The predicted points are stored in the table with a time index for each point. The
predicted points for all nodes are used to construct the future connectivity matrix for
the network at each time index.

Pi(X,Y.t), Po(X,Y,t),..., Pn(X,Y,t) are the estimated future locations for a certain
node for time ty, tp,...,tm

Each node updates its LDT table every t seconds. By ‘updating’, we mean rerunning

the algorithm to ensure that any received update in the buffer is considered.
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Table 3.2: The format of LDT

Received
Node ID Time update Pi(X,Y,t) | Po(X,Y,t) Pu(X,Y,t)
(X,Y,S,0)
1
2
n

The time of receiving the latest update in the LDT table is used to determine
whether or not the node is still connected to the network. If the time of a particular
node has not changed for a given time, this node will be deleted from the LDT. The
format of LDT is shown in Table 3.2.

3.6.2 Distance Matrix
The distance matrix is a matrix that contains the distances between all nodes in the

networks at a given time. The entries of this matrix are obtained using equation (3.7)

dy=\(x -x) +(,-y,) (3.7)

where, d;; is the distance between nodes i and j. The format of the distance matrix is

expressed by:

dll d12 dln
D — dZI d22 d2n (38)
dnl an o dnn

The values of the X and Y coordinates used in equation 3.7 are obtained from the

predicted location stored in the LDT using equations 3.5 and 3.6.

41




Ch3 Prediction of network topology using motion of nodes

3.6.3 Connectivity matrix
The connectivity matrix is nxn matrix constructed and updated using the LDT every

t seconds and the propagation model used by the algorithm. The entries of the
connectivity matrix might be one or zero. An entry of one indicates a direct link
between the two nodes corresponding to that link. An entry of zero means no direct

link between the two nodes.

Cll CIZ Cln
¢, c e
c=| = (3.9)
Cnl CnZ cnn
1 ,if link exist
Where ¢, = L )
0 , if link does not exist

3.6.4 Updates buffer
The updates buffer is a FIFO stack that stores the received updates. Each node in the

network broadcasts an update packet every T seconds. Nodes broadcast these updates
at different times. The update packets might be received while a current cycle of the
prediction is running. The algorithm will check the buffer after the prediction cycle is
complete; if the buffer is not empty, the algorithm will update the LDT and reproduce
the future estimates. The importance of the buffer will be shown clearly in the next

section.

3.6.5 Routing table

The routing table contains routes to all possible destinations. In our work, we use the

shortest path algorithm to construct the route table.

3.7 Constructing and updating the connectivity matrix
After the completion of mobility prediction phase which produces a set of future

points for each node, the algorithm calculates the distance matrix for each value of
time. The distance matrix contains the distance between any two nodes in the network

at any given time.
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Free space propagation model [69] can be used to construct the connectivity matrix
for the network. The model estimates the received signal power at distance d from the

transmitter using the following formula:

_ PGGX

P(d)= G (3.10)

where P, is the received power at a distance d from the transmitter, P, is the
transmitted power, G; is the transmitter gain, G, is the receiver gain, L is the system
loss factor and 4 is the wavelength. In practice, free space propagation model is not
suitable for an environment with many obstacles. This model works better in free
space where a line-of-sight is available between the transmitter and the receiver.

In this study, a log-distance path loss model is used to estimate the received signal
power, because it is more practical in an environment with obstacles with no line-of-
sight path between the transmitter and the receiver for the signal propagation. The
path loss for an ordinary transmitter-receiver pair is proportional to n™ power of the

distance between them [69], as expressed by the following formula :

PL(dB) = PL(d,)+10nlog [diJ (3.11)

0
where 7 is the pass loss exponent. It indicates the rate of path loss increase with the
distance. dj is a reference close in distance to the transmitter and d is the distance
between the transmitter and the receiver.
The value of n depends on the propagation environment. Table 3.3 lists typical values
of path loss exponent for different environments.

The received power at distance d can be expressed by equation (3.8):

P.(d)[dBm] = P[dBm]— PL(d)[dB] (3.12)
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Table 3.3: Typical path loss exponents for different environments, quoted [69]

Environment Path loss exponent, n
Free space 2
Urban area 2.7-3.5
Shadowed area 3-5
In building line-of-sight 1.6-1.8
Obstructed in buildings 4-6
Obstructed in factories 2-3

The received signal is inversely proportional to the distance between the transmitter
and the receiver. If all nodes in the network transmit at the same power level and have
the same receiver sensitivity, and if the value of the path loss exponent is known, then
the links depend only on the distance between nodes. If the distance separating two
adjacent nodes is less than a given value, the link exists; therefore, the connectivity

matrix can be constructed from the distance matrix between nodes as follows:

dl 1 dl 2 In
D — d21 d22 2n
dnl an dnn

The distance between two nodes can be found using equation 3.9:

dij:\/(‘xi_‘xj)2+(yi_yj)2 (313)

where d;; is the distance between nodes i and j

The distance matrix can be used to generate the connectivity matrix which represents
the topology of the network at a given time #. The connectivity matrix is expressed

by:

Ci GO Cin
C C C
2 Oy 20
C, = : (3.14)
cn] Cn2 cnn
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1 ,if link exist
Where ¢, = . )
Y10, if link does not exist

3.8 Updating the routing table

Updating the routing table takes place after the construction of the connectivity
matrices. For each constructed matrix indexed with time #; to 7, we will have a
routing table. Dijkstra’s algorithm is used to find the shortest path from the node that
performs this topology prediction algorithm to all other nodes in the network. Packets

can be delivered using current and future topologies.

3.9 Dijkstra’s algorithm

Dijkstra’s algorithm is a link state routing algorithm named after its inventor E. W.
Dijkstra in 1959. The algorithm computes the shortest path from the node that runs the
algorithm to every other node in the network.
In our topology prediction algorithm, the topology of the entire network is known by
each node, therefore Dijkstra’s routing algorithm is preferred over distance-vector
routing [94] [95].
The algorithm computes the least cost path from the source node A to all other nodes.
Dijkstra algorithm is an iterative algorithm that starts with nodes connected directly to
the source node and assigns them the value of the link cost. All other nodes will have
a cost ofco. The table starts with the source node A and a cost to all other nodes. At
the next iteration, another node is added to the table and the cost is recalculated
(updated). This iteration is continued until all nodes are added to the table.
The Dijkstra algorithm can be expressed by the following notation [95]:
e c(i,) is the link cost from node i to node j. If no direct link between i and j
then c(i,j)= o
e D(v) is the cost of the path from the source node to node v.
e P(v) is a previous node of v along the current path with least cost from source
node to v
e Nis a set of nodes whose least cost path is known.
Pseudo code of Dijkstra algorithm:
// initialization
N=[A]

For all nodes v
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If v is adjacent to A

then D(v) is ¢(A,v)

else D(v)= o«
Loop
Find node w not in N such that D(w) is min.
Add wto N
Update D(v) for all v adjacent to w and not in N
D(v)=min(D(v), D(w)+c(w,v))

Continue until all nodes are added to N

3.10 How does the prediction algorithm work?
Each node broadcasts a registration packet to join the network. This packet contains

the node’s identification, current location, speed, time of sending the packet and
direction of movement. The format of the registration packet is similar to entries in
the LDT, but without any prediction points. Figure 3.5 shows a flowchart of the
algorithm that represents a single node predicting m future locations for all » nodes in
the network.

The recipient node checks the ID of the received packet and adds its contents to the
location data table by creating a new entry if the node is not listed in the LDT, or by
updating the LDT if the node already exists. The LDT of the node that has recently
joined the network will build up gradually by receiving data updates from other
nodes.

Each node sends a periodic update packet similar to the registration packet every T
seconds. This period is chosen to be large enough to reduce the number of periodic
updates or periodic beacon in traditional algorithms. The choice of T depends on the
allowable error in the system.

When a node broadcasts the registration packet or the update packet, it starts a timer.
This timer is regularly compared with the prediction cycle T. The node broadcasts its
update after the timer reaches T and resets the timer.

The node/algorithm performs a loop of calculations to estimate a set of future
locations for every node in its LDT. The estimated future points are separated by time
t and the number of points is m=T/t. Prior to each prediction, the algorithm checks the

time field for each entry to ensure the validity of the entry. If the time difference
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between the current time and the time field for a certain entry is greater than a given
value, this indicates that no update has been received from the node that corresponds
to this LDT entry for a long time. Therefore, the node is considered not to be

connected to the network and is removed from the LDT table.

( Start )

A 4
Timer = 0
Registration

Y
Yes

Timer>T

Broadcast update

Timer =0 |
I

\4

v v

For i=1->n Wait for
Check time for validity t seconds
Forj=12>m

X;i=X+Sy*t +
Yi=YiitSy*t

v

Update location data
In LDT

Update connectivity
Matrix

Copy buffer to
LDT

Figure 3.5: A flowchart for topology prediction algorithm using the motion of node.

The predicted future points for each node in the table are stored in the LDT. The X
and Y coordinate and a time index for each X-Y pair are updated, resulting in m pairs

of predicted X-Y coordinates as in Table 3.4. The actual data of the received update
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Table 3.4: The format of LDT

Received
NodeID | Time update Pi(X,Y.0) | Pa(X,Y,0) Pn(X.Y,1)
(X.,Y,S,0)
1
2
n

packet is unchanged during T which includes the original location, original speed and
direction.

As mentioned above, each node broadcasts an update every T seconds containing its
current location, speed, and direction. This update is stored in the updates buffer of
the receiving node. The algorithm checks the update buffer after the prediction; if the
buffer is empty it updates the connectivity matrix based on the estimated data
obtained. If the buffer is not empty, the content of the buffer is copied to LDT and the
prediction is rerun before updating the connectivity matrix. This step ensures more
accurate estimates because the data in the buffer is actual and recently received.

After the first cycle of prediction, the algorithm waits for t seconds before executing
the next cycle. After this time, the algorithm will produce a new set of points for the
nodes that have broadcast their updates. The other nodes which have not sent updates
will have the same future points shifted ¢ seconds to the left in addition to an

additional point for the last estimated location (i.e., Py(X,Y,t)).

3.11 Error in mobility prediction
Similar to the prediction of any phenomenon, the prediction of the mobility of nodes

may result in prediction error which will be a cumulative error. The algorithm is
linear; it uses the predicted value as the initial value for the next prediction cycle and
assumes constant speed and constant direction for the mobile node during the period
T. The error is defined as the difference between the actual and estimated locations.
Consider node B as a recipient node which receives a status update from node A at
time #yp. The error of the i estimate in X-coordinate at the LDT of node A can be

expressed by:
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ex; = (xi,+1 - xi’) - (xi+l

—-Xx;) :v;t—vx’l.t (3.15)

Where x! is the i predicted X coordinate and x. is an i"™ actual X coordinate, v’ is the
speed of node X at the beginning of the period [to, to+T], v,, is the instantaneous
speed at point (x;,y,) in X direction
The error at the first prediction cycle would be the difference between the predicted
and the actual locations and can be expressed by:

ex; = (x, —x))—(x, —x,) =Vit—v
The error at the second prediction cycle which occur t seconds after the first cycle
would be:

ex, =(x; —x3) —(Xy = x,) = Vit =V ,t
The accumulated error at the end of the second prediction cycle will be the summation

of ex; and ex,.

The accumulated error at the end of the period T will be the summation of all error
along this period, it can be expressed by:

ex, . =ex +ex,+..+ex, (3.16)

ma:

m
exmax = Z (xi'+l _xil) - (xi+1 - xi)
i=1

ex, = Z Vit—v, .t
i=1
v is constant for over the period T, therefore:
X =VimL= DV, (3.17)

v_. 1s the instantaneous speed of the node in X-direction at point(x;,yi).

X,i

Equation 3.17 cab be written as:

— ) Y]
ex, ... =v.mt—v mt

Xy =TV, =V,) (3.18)

Where v_ is the average speed of node X on [to,to+T].
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Similarly, the error of the i"™ estimate in Y-coordinate at the LDT of node A can be

expressed by:

ey, == YD) =i —y)=Vit—v, t (3.19)
Where y/is the estimated Y coordinate and y,is an actual Y coordinate, v/ is the
speed of node X at the beginning of the period [to, to+T], v, is the instantaneous
speed at point (x;,y,) at y direction
The error at the first prediction cycle is:

ey === —y)=vit—v,t
And the error at the second prediction cycle is:

ey, = (3 =y3)— (V3= yy) =Vt —v, t

The accumulated error at the second prediction cycle will be ex;+ex,.

The accumulated error at the end of the period T will be the summation of all errors
along the period [to,to+T]
€y, =€y, tey, +..+tey, (3.20)

€Y max :Z (yi’+l _yi')_(yiﬂ _yi)

i=1

m
_ '
€ max = Z vyt - Vy,i+1t

i=1
m
— 4, _
€ max = vymt zvy,Hlt
i=1

€Y e = Vit =V, mt
e =TV, =V) (3.21)
Where v/, is the speed at to and v, is the average speed on over the period [to,to+T]

Equations 3.18 and 3.21 clearly show that the prediction error depends on the length
of the prediction update period T. The values of V' and v in both direction are non-
controllable variable. T is the only variable to control the value of the error during the
prediction period.

The values of the error (allowable error) along with the average speed of the node are

used as design variables to determine the length of the update period T.
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3.12 Algorithm performance
The algorithm was evaluated to test its ability to predict the topology of mobile ad hoc

networks. The test was implemented using MatLab on an area of 1 km by 1 km; the
number of nodes in the experiment was 50 nodes. The simulation tested the algorithm
for different values of the prediction cycle T for the same set of data. The data was
generated using the mobility model which was presented in section 3.2, in which
regularity of movement for nodes was assumed. The data includes both x and y
coordinates for each point, the speed of the mobile node at that point and the direction
of movements of the mobile node at that point.

To briefly describe the mobility model: a node is assigned a random start point and
destination point. It chooses a certain direction and travels for a given distance in that
direction. The direction should be chosen to take the node closer to the destination.
The node travels at a speed chosen randomly from 15 to 20 m/s and travels at the
chosen speed for a given period of time before changing speed again. The X-Y
coordinates along the trajectory of each node were observed and indexed with time.
The simulation tests the ability of the algorithm to predict the future mobility of each
node and compares the resultant predicted trajectories, including the time index for
each predicted location, with the trajectory obtained by the mobility model.

Different measurements for different values of T were obtained and, a comparison
between data was carried out.

A random node out of the 50 nodes in the simulation was chosen to compare its actual
and predicted data. The comparison includes node trajectory, X-coordinates and Y-
coordinates. The number of topology errors for each value of the update cycle T was
also observed.

It is worth mentioning that for the simulation purpose, a node is assumed to receive
the broadcasted packet from other nodes instantly. This assumption is justified by the
purpose of this simulation which is to prove the ability of the node to predict the
trajectory of other nodes in the network. Therefore, the channel characteristics, packet

lost rate and other issues are beyond the scope of the simulation.

51



Ch3 Prediction of network topology using motion of nodes
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Figure 3.6: Real and estimated trajectory for node 1 with the update period T = 1s
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Figure 3.7: Real and estimated trajectory for node 1 with the update period T = 10s

The simulation results confirm the theoretical error analysis in the previous section.
The value of the update period T has a direct impact on the predicted trajectory and
location.

A comparison between Figures 3.6 and 3.7 clarifies the effect of T on the predicted
trajectory for node 1. When the value of T was 1 second, the predicted trajectory of
node 1 was very similar to the actual trajectory. However, when T was given a higher
value, T=10, the difference between predicted and actual trajectory was clear.

In contrast, higher values for T reduced the frequency of the periodic updates. For
example, the number of updates reduced by 10 times when T increased from 1 second

to 10 seconds, while the effect of this increase of T on the connectivity of the network
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was not high. The simulation shows that the total number of topology prediction
errors for the network during the whole simulation period using T=1s is 584 links,
which forms a total percentage of 0.1930% of all links during the simulation period.
This value increases to 6004 links with a percentage of 1.988% of the total number of
links for T=10s, and 12835 (4.277%) if T=100s.

The total number of errors was obtained by applying an XOR between the real and

predicted topology at each time step.
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Figure 3.8: A comparison between real and estimated Y- coordinate for node 1 using the
value of the update period T=0.1s
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Figure 3.9: A comparison between real and estimated Y- coordinate for node 1 using the
value of the update period T= 1s
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Figure 3.10: a comparison between real and estimated Y- coordinates for node 1 using the
value of the update period T= 10s

Figures 3.8 - 3.10 show comparisons between a real and estimated Y-coordinate.
There is no particular reason to choose the Y-coordinates over X-coordinates; it is
purely for the purpose of comparison. The comparison emphasises that the error
increases as the value of T increases. The accumulated error reaches its maximum
value at the end of the update period (T) before being eliminated after receiving the
update packet. For example, in Figure 3.10, where the value of T is 10s, the actual
value of the Y-coordinate at t =100s is -170, whereas the predicted value for the Y-
coordinate at the same time is -80. At t=101, the node would have received the update
and eliminated the error; therefore, the value of the y-coordinate becomes -160 which
is similar to the actual value at this time.

Similarly, in Figure 3.9, where the value of T is Is, the actual value of the Y-
coordinate at t =100s is -170, whereas the predicted value is -160. At t=101, the node
would have received the update and eliminated the error; therefore, the value of the y-

coordinate becomes -160 which is similar to the actual value at this time.

The simulation results clarify that the prediction model is affected by the sudden
change of the mobility of the node. The actual and predicted y-coordinates of the node
in Figure 3.10 shows that when the node changed its mobility status, the algorithm did
not detect the changes until the end of T, i.e. every 10 seconds in the case of Figure
3.10. At t=15s for example, the actual y-coordinate was-148, then the node changed

its direction of movement sharply causing the Y-coordinate to increase. The algorithm
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did not detect the change and the predicted y-coordinate reached -178 at t=20s which
was the end of the update cycle; the update was received and the error was eliminated.
When the value of T is smaller, the error due to sudden mobility change becomes
smaller, as in Figure 3.9 where the predicted y-coordinate reaches -153 and the y-

coordinate starts to increase because the update is received every one second.

To achieve a longer update cycle with accurate results, a modification to the algorithm
will be discussed in the next chapter. The modified algorithm will deal with the

sudden changes in the mobility of the node immediately.

3.13 Conclusion
We have addressed the problem of the mobility of nodes on the topology of the

mobile ad hoc network and explained its negative effects on data delivery and route
updates.

We introduced a simple and effective prediction model to predict the future topology
changes. We also argued that GPS data is a good choice for this purpose.

The simulation result showed that the model produces reliable future predicted
topologies for mobile networks in which nodes can use them to route data efficiently.
We have noted that although this model predicts the future topology of the network
with simple computations, it induces some error that accumulates until the node
receives the next update from the other nodes. The solution for this problem will be

introduced in the next chapter.
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Chapter 4

4 Modified prediction of network topology
using motion of nodes

In the previous chapter, we defined a topology prediction algorithm for a mobile ad
hoc network using motion model. We have shown how a node can predict the
mobility of all other nodes through the use of the motion model of a particle in two-
dimensional space. The node then constructs the future topologies of the network. We
have shown that each node disseminates its current mobility status to all nodes in the
network every T seconds through a status update packet. The algorithm assumes that
the value of the speed and the direction of movement in the update packet received
from any node remain constant until that node sends the next update packet after T
seconds. The algorithm therefore uses these values to predict a series of future

locations for that node.

4.1 Importance of the modification
Along the path to the destination, the mobile node changes its mobility status. The

change could be an increase or decrease of the speed of the node, or it could be a
change in the direction and/or speed when the node reaches a road junction. In some
cases, the terrain imposes a change in the direction and/or speed. Figures 4.1 and 4.2
show some possible changes in the mobility status for a mobile node.

To clarify the purpose of this chapter, consider node A as a mobile node travelling
along a given route on the map of Figure 4.1. The actual trajectory of the node is
represented by the black dashed line. It is obvious that the node changes its direction
of movement and possibly its speed along the route. Based on the assumption of
constant mobility, each node predicts a set of future locations for node A assuming
that node A is travelling at the same speed and direction during the whole period T.
The resulting predicted trajectory will be the trajectory represented by the grey dotted-
dashed line. Although the mobility status of node A has changed, and the real
trajectory of node A is the trajectory represented by the black line, not all nodes
detected that change, because the only way for all nodes to know the changes is by

receiving the update packet from node A.

56



Ch4 modified prediction of network topology using motion of nodes

Real trajectary .
Estimated trajectory

Figure 4.1: An illustration of how a node could change its mobility status when reaching a
road junction. The black dashed line is the actual trajectory of the node on the street while the
dashed grey line is the predicted trajectory for this node by other nodes.

Real trajectory - — — -
Estimated trajectory

Figure 4.2: A node could change its mobility status when the terrain changes. The black
dashed line is the actual trajectory of the node on the street while the dashed grey line is the
predicted trajectory for this node by other nodes.
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When node A broadcasts the next scheduled update, all nodes will update their LDT
and eliminate the error in the predicted topology. During the time between the change
of the mobility status of node A and the scheduled update, all nodes in the network
would have estimated a set of locations for node A with a possibility of higher than
usual prediction error. Moreover, if node A has a high mobility, then a higher

possibility of error in the prediction of the topology is expected.

To resolve this problem, all nodes must have accurate updates about one another.
These accurate updates can be achieved by increasing the frequency of the status
updates sent by each node. In other words, by reducing the value of the update period
T. the reduction of the value of T in the network will ensure that nodes will receive an
update before the value of the error accumulates to higher value, even with high
mobility.

In the previous chapter, we showed how varying the value of T affects the accuracy of
the prediction model. We have proved that the cumulative error is proportional to the
value of T; therefore, reducing T will reduce the prediction error.

Figure 4.3 shows how different values of T affect the prediction of the mobility of a
node. Consider node A as a mobile node travelling along the street on the map of
Figure 4.3. Let node A broadcast its update at time t; and let points @ and a’ be the
real and estimated locations respectively for node A at time t;. Let node B be a node
in the network which receives the update from node A. Points a and a’ would be the
same at time t;. Node B will predict a set of locations for node A along the grey
dashed/dotted trajectory once it has received the update packet from node A.

Firstly, let us consider a small value of T in the model, T = t,-t;. Point b will be the
real location for node A at time t; while point b’ will be the predicted location for
point A at time t, as predicted by node B. The predicted points (location) between the
corner (point X) and point b’ will be incorrect. At t, the algorithm will eliminate the
error because node B will receive an update from node A, therefore the maximum
accumulated error will be the distance between point b and point b”.

Secondly, consider a higher value of T, say T=ts-t;, where, t3-t; > t,-t; then node A
will travel a greater distance before broadcasting the next update. The real location for
node A at t; will be ¢ while the predicted location for node A at t3 will be point ¢’.
Therefore, the maximum accumulated error in this case will be higher. It would be the

distance between point ¢ and point ¢’. This distance is greater in value than the
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distance between point b and point b’ as it appears in the Figure. In other words, when
the value of T is high, there will be a lack of information about the status of node A
for a longer period, which leads to a higher prediction error in node B and the result is

a higher probability of error in the predicted topologies.

Real trajectory ~ ————{
Estimated trajectory

Figure 4.3: A comparison between actual and predicted trajectory as seen by observing nodes
for different values of T

Reducing the value of T increases the accuracy of the prediction model and reduces
the accumulated error, but it is not a practical solution because, while providing the
network with extra status update, a higher percentage of the bandwidth is wasted
which may cause congestion in the network, leading to higher packet loss and more
delay. Our aim in this chapter is to provide accurate updates to the network
simultaneously with setting T to a high value.

The solution is inspired by the concept of ‘on demand’ update but from different point
of view. The on demand concept is used in the reactive routing protocol where the
algorithm issues an on demand route request when necessary; ‘necessary’ here means
that the data is ready to be transmitted and a valid route is unavailable. Similarly, in
our modified algorithm, the node will send an immediate update when it detects a
sudden change to its own mobility status, making this update necessary at this
moment to prevent incorrect prediction. Therefore, the algorithm will not only send

the usual update every T seconds, but will also send an immediate update when
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required. During the period between two consecutive updates, the mobile node could
change the status of its mobility so that an update at this moment becomes inevitable
to provide the other nodes with accurate information that will lead to accurate
prediction.

As per the previous assumption, the mobile node is aware of its current mobility
status, and it is also able to detect any change in this status. To determine whether the
detected change requires an immediate update or whether the update can be done
normally as scheduled at the end of T, the mobile node periodically compares changes
in the speed and direction to threshold values. If the change is greater than these
values, an immediate update is sent, and the following regular update will be sent T
seconds after this moment. On the other hand, if the changes are less than the
threshold values then the update will be sent normally as scheduled, at the end of the

current update cycle.

4.2 How does the prediction algorithm work?
Similar to the algorithm in Chapter 3, the modified version of the algorithm runs on

each node in the network. Each node broadcasts a registration packet to join the
network. This packet contains the node’s unique identification, current location,
speed, direction of movement and time of broadcasting the packet. The format of the
registration packet is similar to the format of the location data update table, but
without any prediction points. It is represented by Table 4.1

The recipient node checks the ID of the received packet and adds its contents to the
location data table by creating a new entry if the node is not listed in its LDT, or it
updates the LDT if the node already exists. The LDT of the node that recently joined
the network will build up gradually through receiving data updates from other nodes.
Each node sends a periodic update packet similar to the registration packet every T
seconds. This period is chosen to be large enough to reduce the number of periodic
updates or periodic beacon in traditional algorithms. The choice of T depends on the

allowable error in the system
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Table4.1: format of the registration packet

Time of . o
Node ID Location Speed Direction
update

When a node broadcasts the registration packet or the update packet, it starts a timer.
This timer is regularly compared with the prediction cycle T. The node broadcasts the
next update after the timer reaches T and resets the timer. The algorithm has been
modified in this chapter such that the node continuously checks its own status in terms
of speed and direction. If a sudden change in the speed or in the direction of
movement is detected, the node does not wait for the timer to reach T to send the next
update: it broadcasts an immediate update packet containing the current status
information, and then the timer will be set again to zero. The detection of the changes
is achieved by comparing the current status of the mobility at the t; and a previous
value of the mobility status at tiq. ¢ can be any value depending on the required
detection accuracy.

Figure 4.4 shows a flowchart of the modified algorithm, which contains two extra
blocks to represent a periodic comparison between the current and a previous state of
mobility to detect any sudden changes.

The first block periodically checks the change in direction and compares the change
0c=0;-0;.q| with a threshold value 0; where 0; is the current direction of movement and
0i.q 1s the direction at a previous moment. Similarly, vc=|vi-viq| is compared to a

threshold speed v; where v; and viq are the current and a previous speeds respectively.

The algorithm performs a loop of calculations to predict a set of future locations for
every node in its LDT. The estimated future points are separated by time t and the
number of points is m=T/t. Prior to each prediction, the algorithm checks the time
field for each entry to ensure the validity of the entry. If the time difference between
the current time and the time field for a certain entry is greater than a given value, this
indicates that no update has been received from the node that corresponds to this LDT
entry for a long time. Therefore, the node is considered not to be connected to the

network and is removed from the LDT table.
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When a node receives an update it stores that update in the buffer. The algorithm
checks the update buffer after the end of each prediction cycle; if the buffer is empty,

it updates the connectivity matrix based on the predicted points obtained. If the buffer

Timer =0
Registration
)4
Yes
\’I‘inler>T
No
Y
v _ ) 0> 6, Check change in
Broadcast update v (;l‘ direction Bc=|91-9i-q|
Timer =0 e Vo Ve Check change in
speed V¢=|Vi-Viq|
No
Wait for
t seconds
v y Y
For i=12>n
Check time for validity
Forj=12>m
X=X +S*t
Yi=YiitSy*t
v
Update location data
In LDT
¢ Yes

Update connectivity
Matrix
Store update 0;,v;

Copy buffer to
LDT

Figure 4.4: Flowchart of the modified topology prediction algorithm
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is not empty, the content of the buffer is copied to the specified LDT entry or entries
and the algorithm runs the prediction again before updating the connectivity matrix.
This step ensures more accurate information because the data in the buffer is actual
and accurate.

After the execution of a prediction cycle, the algorithm holds for # seconds before
executing the next cycle because each cycle is separated from the previous one by ¢
seconds. In the next cycle, the algorithm will predict a set of points for each node. The
predicted points will be a new set of future locations for the nodes that send an update.
For those nodes which have not sent an update, the predicted points will be similar to
the previous cycle except that an extra point at the mg, location on the LDT entry with
shifting all other elements to the left (i.e En(X,Y,t)) will be obtained.It is worth
mentioning here that when a mobile node, for example, node X, is exposed to a
sudden change, the change does not affect the prediction made by node X; rather, it
affects the prediction made by other nodes about node X, which affects the whole

predicted topology.

4.3 Algorithm performance
Our aim is to evaluate the ability of the proposed algorithm to predict the future

topology of mobile ad hoc networks with minimum error in both X and Y coordinates.
We are also interested in comparing the performance of the modified version of the
algorithm with the non-modified version, which was defined in the previous chapter.
We simulated a network that consists of 50 mobile nodes deployed randomly in an
area of 1000m *1000m. We compared the results of the algorithm with the algorithm
in the previous chapter.

The data used in this simulation was generated using the mobility model in Chapter 3.
It includes both x and y coordinates for each point, the speed of the mobile node at
that point and the direction of movements of the mobile node at that point.

Figures 4.5 and 4.6 compare the predicted trajectory of a randomly chosen node with
its actual trajectory. The comparison between the two Figures shows a noticeable
improvement in the estimated trajectory using the modified algorithm. We can see
how the modified version in Figure 4.6 eliminates the error that occurs due to a
sudden change in the mobility of the node which appears in Figure 4.5, given that the

same value of T still the same in both cases.
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Figure 4.5: A comparison between real and predicted trajectory for a node using non-modified

topology prediction algorithm, T=10s
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Figure 4.6: A comparison between real and predicted trajectory for the same node in Figure

4.5 using modified topology prediction algorithm, T=10s

The plots of the predicted trajectory of the node in Figure 4.6 and Figure 4.7 show

how the modified algorithm reduces the effect of the update period T on the accuracy

of the prediction. A quick look at Figures 4.6 and 4.7 shows the predicted trajectory

for the node in both Figures are almost the same although two different values of T

were used. The value of T in Figure 4.6 was 10s, while it was 100s in Figure 4.7.

The simulation results prove that the modified version of the algorithm can efficiently

reduce the effect of T on the predicted locations through the broadcasting of the

immediate update when necessary.
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Figure 4.7: A comparison between real and estimated trajectory for node 1 using modified
topology prediction algorithm T=100s

To further illustrate the improvement achieved by the modified algorithm consider
Figure 4.8 which show the actual and the predicted trajectories for a mobile node
using the modified and none modified version of the prediction algorithm with the
value of T=50. The red curve in Figure 4.8 represents the actual trajectory of the node
while the blue and the black curves represent the predicted trajectories using the

modified and non-modified version of the algorithm respectively.
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Figure 4.8: a comparison between node motion prediction and modified node motion
prediction with prediction update period length T-50.
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Figure 4.9: a comparison between node motion prediction and modified node motion
prediction with prediction update period length T-20.

Similarly Figure 4.9 shows how the modified prediction algorithm achieves a better
prediction than the non-modified version when the value of T was set to 20.

Since node motion prediction algorithm eliminates the cumulative error only after
receiving the update at the end of T, all predicted points between two consecutive
updates may have a higher cumulative error than the modified algorithm. Node
motion prediction algorithm uses the same values of speed and direction during the
whole period T, theses values are the instant values of speed and direction of the node
when it broadcasting the update. Resulting in a set of predicted points forming a
straight line. When the node receives the next update, then the first predicted point
will be on the actual trajectory curve. So the shape of the predicted trajectory will be
close to saw-tooth, especially when the trajectory of the node is often tortuous. This
shape is less appearing in the modified node motion prediction algorithm because the
mobile node broadcasts an update more often when it travelling in tortuous path.

The analysis of the simulation result for the predicted trajectories in Figures 4.5 and
4.6 show that the modified algorithm decrease the mean absolute error in the
predicted locations to less than 2 m from 46 m in the case of non-modified algorithm

with the value of T set to 100 in both cases.
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To clarify the results, the absolute errors in the predicted X and Y coordinates were
studied. The comparison between actual and predicted Y-coordinate which appears in
Figures 4.10 and 4.11 shows how the prediction error in the modified version is
reduced compared to the non-modified version, setting the value of T to 10s. The
number of points with zero error in the modified prediction algorithm is more than in
the non-modified algorithm; this is due to the immediate update packets in the
modified algorithm. The update of mobility status eliminates the error in the predicted

trajectory, whether it was a regular or immediate update.
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Figure 4.10: The absolute Y-coordinate error in the non-modified algorithm
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Figure 4.11: The absolute Y-coordinate error in the modified algorithm

The efficiency of the modified algorithm becomes very clear when the value of T is
high. For example, in the previous two Figures the value of T was 10s, therefore the
difference between the prediction error in Y coordinate was small. However, a
comparison between Figure 4.12 and Figure 4.13 shows how the error in the non-

modified algorithm is very high compared to the modified algorithm when the value
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of T is 100s. Moreover, the range of the prediction error in Figure 4.13 where the

value of T is 100s is still in the same range of the error as Figure 4.11 where the value

of T is 10s.

In Figure 4.12 the error accumulates to about 80m and the number of points with zero

error is very few. Moreover, the error will continue accumulating for the period of T,

which is 100s, and will not be removed until the update is received at the end of T. By

contrast, Figure 4.13 shows that due to the immediate updates, the error in the

modified algorithm does not reach high values, and did not accumulate to more than

6m using the same value of T.
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Figure 4.12: The error in Y-coordinate using the non-modified algorithm
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Figure 4.13: The error in Y-coordinate using the modified algorithm
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The simulation measures the effect of the modification which was made on the ability

of the algorithm to predict the topology. The results show that the effects of varying T
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are negligible on the predicted topology obtained by the modified algorithm. For
example, the total number of topology prediction errors for the network during the
whole simulation period using T=1s is 1051 links, which is 0.4009% of the total links
during the simulation period. The number of incorrect links and their percentage in
both the modified and non-modified algorithm are almost the same, because at T=1s

the updates are received very often and the sudden change will be updated quickly.

As the value of T increases, the importance of the modification becomes noticeable.
For example, when the value of T was 10s, the number of incorrect estimated links in
the non-modified version of the algorithm was 13440, which is 6.144%. However,
with the modified algorithm, the number of incorrect links is still 1120 links, which is
0.5012% of the total number of links. When T was set to 100s, the number of errors in
the predicted links was 18830 (8.7183%) for the non-modified algorithm, whereas this
number is still 1149 with a percentage of 0.5141% using the modified algorithm.
Finally, the value of the threshold angle was studied too. The results of the simulation
while varying the value of the threshold angle confirm that it’s strong influence on the
accuracy of the algorithm, because it determines the immediate update. The accuracy
of the prediction is inversely proportional to the threshold angle, for example, Figure
4.14 shows two predicted trajectory for the same node using the modified algorithm
with different values of threshold angle. Setting the threshold angle to 6=30° degree
produces the blue curve and when the threshold angle was set to 0,=5° degree the
predicted trajectory was more accurate which is the one represented by the green
curve in the same Figure.

As mentioned earlier the modified algorithm comes with a cost, which is represented
by the extra updates. The number of the extra updates depends on the tortuosity of the
path, the value of T and the required accuracy. For the case of the path in figure 4.8
when the required accuracy was 3° the percentage of the extra update was 91.3% for
T=50s and 80.96% for T=20 s. However, when the required accuracy is decreased the
percentage of the extra update decreases. For the same experiment above when the
required accuracy was 8° the percentage of the extra update was 84.5% for T=50 and

68.37% for T=20.
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Figure 4.14: the effect of the threshold angle on the accuracy of the prediction

4.4 Conclusion
In this chapter, we proposed a modification to the algorithm presented in Chapter 3 to

reduce the error in the predicted topologies caused by the sudden change in the
mobility of nodes. The solution is to allow the node which detects a sudden change in
its mobility to broadcast an immediate update packet. We have demonstrated that the
modification enables the algorithm to eliminate the prediction error caused by sudden
change and to predict the future topologies of the network with a dramatic decrease in
the number of incorrect topologies. The solution also enables the use of a longer

prediction update period T without affecting the accuracy of the prediction model.
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Chapter 5

5 Mobility prediction using polynomial
regression

Many applications in wireless sensor networks and mobile ad hoc networks require
knowledge of the exact location of nodes [96]. In navigation, for example, a node
must know its location to calculate a valid route to the destination using digital maps.
The location of nodes can also be used in routing [38] where routing based on the
location of nodes is called geographic routing. Many algorithms and protocols have
been proposed for geographic routing, such as DREAM [42], SLURP [97], LAR [34],
and GPSR [98].

In geographical routing, a node must determine the location of the destination to be
able to deliver data to that destination. Information about the location of a node can be
stored in the node itself or in a special server in the network called a location service.
A mobile node must inform other nodes and/or the location service about its new
location to make geographical routing possible. If a node can provide the location
service/nodes with information not only about its current location but also about
future locations, this will result in a reduction in the frequency of the periodic location
update. This chapter presents a novel prediction method to predict the future locations
of nodes to produce a set of time and location pairs for the mobile node which can be

used in geographical routing and topology-based routing.

The prediction method presented in this chapter is different from the method
discussed in the previous two chapters, in which a node predicts the mobility of all
other nodes by employing the periodic update information received from them to find

a set of future locations for each one. The mobility prediction therefore depends

71



Ch5 Mobility prediction using polynomial regression

directly on the other nodes. The node then uses the predicted locations to construct a
set of time varying future topologies of the network.

In contrast, the mobile node in this chapter predicts its own mobility, instead of
predicting the status of other nodes, by predicting a set of future locations for itself
and then broadcasting them to the network. In this case, the mobility prediction
depends only on the node itself and not on any other node. All such nodes that receive
this set of predicted locations from another node, and other sets from different nodes,
construct a time varying future topology. In other words, the nodes do not predict the

mobility of each other: they predict the future topologies of the network.

When a mobile node predicts its own mobility, the accuracy of the prediction is
expected to be higher than predicting the mobility of other nodes. This expectation is
reasonable because the variables that the mobile node uses in the prediction are
available with the node at all times, unlike the methods used previously for prediction

where the variables are received once every update cycle T.

The algorithm proposed in this chapter does not require an immediate update in the
case of sudden mobility change, because the mobile node predicts its own mobility
and therefore realises sudden changes immediately. Moreover, the algorithm assumes
that the node knows the trajectory during the period of the prediction, as we will
explain in the next section. This period is similar to the update period in the previous
chapters; therefore, we will call it T. The next section will explain how the
assumption of knowing the trajectory makes the algorithm consider the sudden change

in mobility.

5.1 Prediction of node’s location
Any mobile node equipped with a positioning system can use a navigation software to

calculate a possible path to the destination [39] and determine the coordinates of many
points along that path. The positioning system can be a global satellite navigation
system (GNSS) such as the U.S. NAVSTAR global positioning system (GPS), or it
could be a local positioning system such as the Skyhook Wi-Fi positioning system

[93].
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The purpose of this chapter is to find a mapping between the coordinates on that path
and the time, which means finding the x and y coordinates as a function of time,
which in turn enables the prediction of future locations of the mobile node as a
function of time. Nodes exchange their predicted future locations to use in predicting
the future topology of the network.

Navigation capability enables the node to determine a set of valid points where the
node is going to travel along that path. Figure 5.1 shows an illustration of a mobile
node travelling along a path; the path in this case is a map. The mobile node can
navigate its way along the path and determine the coordinates of many points along
this path using digital mapping.

The coordinates of these points are known to the node; therefore we assume that the
mobile node will pass through these nodes; however the time in which the node will
pass these points is unknown.

Let point A with coordinate (x;,y;) be the location of the node at time t; and let point
B with coordinates (x,,yn) be the point where the mobile node is going to reach at time

tn.
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Figure 5.1: A mobile node travelling along a path
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The first aim is to find the equation for the locus formed by movement of the node
along the path. This equation must satisfy the following assumptions which must be
held during the prediction period T:

The relation between X and Y coordinates must be a function; i.e. each X coordinate
value has a unique Y value. Y=F(X) or X=F(Y). This condition must be held for the
small section of the path between say point A and point B. It is not necessary for this
condition to hold for the whole path.

In the previous chapters, based on the regular behaviour of the node, we assumed that
the speed and direction of movement are fixed during the period between two
consecutive updates. In this chapter, only the speed is assumed to be constant during
the prediction period (T).

The value of the speed is taken as the instantaneous value for the speed at point (x1,y1)
which is the speed at the beginning of the prediction period. This value has two

components as expressed in equation 5.1.

=V.+V, (5.1)

(=]

-

The magnitude of the speed |V,

0

is assumed to be constant on[#,# + 7| however, the

X and Y components of the velocity are variable. Therefore, the direction of the

movement of the node is not constant.

For simplicity, we consider a two-dimension movement in the X-Y plane; a three-
dimension case is possible, but with more calculations.

Let us look in more depth for the section of the path between point A and point B,
which is represented by Figure 5.2. The X and Y coordinates for many points along

the path between points A and B can be obtained and represented in n pairs of X and

Y coordinates (x,, y,),(x,,¥,),...,(x,,»,). Our aim is to construct a function y = f(x)
of degree m that fits all points (x,, y,), (X, ¥,),....(x,, ¥,) .

Using polynomial regression, the general form of the polynomial that connects all

points is expressed by:

y.=a,+ax +a,x; +..+a,x" +¢ (5.2)

m--i
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Where (i=1, 2,..., n) . In matrix notation, equation 5.2 can be written as:

a
1 ox, x7 o x| %

B4 1 1 1 4 &
2 m 1

¥, I x, x5 - X &,

=1, ) e [+ . (5.3)

) :

Y I x x - X' ¢,
- " " " - _alﬂ

Y =Xa+¢&, where ¢ is a zero mean random error.

My
/'i:’%:h:' t=1 L
/./:xza.?’z:' =1 - i
IlllJII ‘Ejz? (xm.:l’?x}
':xpyll' b=
H=1

ht

Figure 5.2: An illustration of many points between point A and point B that the mobile node
knows their coordinates.
By substituting the points (x,, ,),(x,,¥,),....(x,,»,) into equation 5.3 and setting the

value of the random error ¢ to zero, we will obtain a set of linear equations which can

be solved to find the values of the constants a,,q,,a,,...a,
a=X"X)"'X"Y

By substituting the values of the constantsa,,a,,a,,...a, into the general form of

m

equation 5.2, we will obtain the polynomial that is the best curve to fit all points

(x, ), (x5, ,),...,(x,,»,) . This polynomial is expressed in equation 5.4

y =a,+ax' +a,x’ +..+a,x" (5.4)
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Equation 5.4 represents the change of the node’s location along the path between
point A and point B. To find out how this location changes with time, let us consider
the second assumption we have made, which states that the speed is constant during
the period of prediction T.

Figure 5.3 shows a mobile node moving at a constant speed along the path between

point A and point B.

The node is moving along the path at constant speed|V,| and variable direction@,

where 8 is measured with respect to the X-axis. The velocity of a mobile node
describes the change in its speed or direction of movement or both. The best way to
describe the velocity of an object is to find the rate of change of its position with time.
The relation between the X and Y coordinates is formed clearly in equation 5.4. The
derivative of this equation gives us a view of how one variable changes with respect

to the other.

X

—

Figure 5.3: A node moving at a constant speed |V |, and initial direction 0

0
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To find the relation between the X coordinate of a node’s location and time, let us find
the derivative of equation 5.4. The derivative can be expressed as the slope of the

tangent along the curve.

tan@zﬁ (5.5)
dx

The direction of the movement of the node can be expressed in terms of the tangent of

the curve at each point as it appears in equation 5.6.

=@ =tan" (ﬁj (5.6)

dx

N

Recall, V, =V +

X y©

- - -
V,| 1s constant on [tl,tl +T ], therefore, the change is either by V, orV .

X

Since

Since the speed at a certain direction is the change of position in that direction with
respect to time; we can express the X-component of the velocity by:

Toodt

We can also express the X coordinate of the location by:

== vt (5.7)

x= I t V, cos(tan”™ %)dt (5.8)
4 X

Equation5.8 gives a relation between X and ¢ during the period of prediction.

The values of Y can be obtained by substituting the values of X into the original

coordination equation or by following the same steps for Y to get:

to. o d
y= L V, sin(tan ld—z)dt (5.9
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5.2 The Effect of prediction period (T) on the algorithm
To clarify the effect of T on the prediction, let us first find the relation between T and

the points (x,,»,),(x,,¥,),....(x,,»,) which were used in constructing the polynomial
y=F(x).

The derivative of the polynomial gives the value of the angle @ at each point along

the polynomial y.

6 =tan"' &
dx

The value of @ at the point (x;,yi) is:

The component of the speed in x direction can be expressed equation 5.10:

vx:vocosgz% (5.10)

And the speed in x direction is the change of the x position with respect to time,

Ax )
therefore X can be written as:
t

&Y X=X (5.11)
At t—t,
Substituting equation 5.11 in equation 5.10 results in the formula
f=1 T gy (5.12)
vy cos0|,

Equation 5.12 can be used recursively to find the values of time for every point
between (X1,y1) and (Xn,yn), Which are the points that the polynomial regression uses
to find the polynomial y=f(x).

Knowing the values of x;, ti.;, T and the time step tp = (ti-ti.1), which is a design
variable, gives us the number of points between the current location and the location
corresponding to T.

When the value of T is too small, the number of points to construct the polynomial
will be small and it could be two points only, therefore the resulting polynomial will

be a straight line. This line does not give any future predicted points.
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On the other hand, as T increases, the number of points to construct the polynomial
will increase, which increases the number of future predicted points but with low
accuracy. The choice of T should therefore be considered carefully.

To further explain the effects of T on the accuracy of the prediction, consider the
diagram in Figure 5.4. To find a polynomial of degree m that fits the blue points on
the Figure above, we use polynomial regression. There are three cases to consider.
The first case is to consider all points between point A and point C, which is
equivalent to choosing large T. The result will be polyl, the polynomial shown in red.
It is very clear that the resulting polynomial does not fit all points; therefore the

prediction will not be as accurate as required.

6.5 T T
E - -
55 .
5 - -
o 451 .
T
=
= 4} PointC A
=
L]
= 3ar .
3 - .
251 paly3 H
poly2
2r palyT |
Point & +  point
15 1 1
a 5 10 15

A-coordinates

Figure 5.4: The effect of the adjacency of the points on finding a better polynomial fit

The second case is to choose the points between point A and point B and find a
polynomial which is poly2, the polynomial in blue. This choice is equivalent to a
smaller value of T. The resulting polynomial fits all points between point A and point
B. A new polynomial should be obtained for the points between points B and C. It is
obvious that a smaller value of T gives fewer predicted points, with higher accuracy,

The third case is to consider too small a value of T, which will give a straight line.

This choice is trivial because it does not give any predicted points.
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Table 5.1: Format of update packet

Control i *2 e Y
Node ID fields bz Y, Vi
t 1 t, =t +2T

5.3 Topology Prediction

The algorithm predicts a set of future locations for the mobile node with the
corresponding time for each predicted location every T seconds. The predicted
locations are for a period of 2T ahead. Each node which executes the prediction
process disseminates the predicted location values into the network every T seconds
through an update packet. This packet is addressed to the location service in
geographical routing or to the entire network in topology-based routing. Table 5.1

shows the format of the update packet.

The reason for sending the packet every T for a length of 2T is simple. Let us assume
that the prediction of the future locations of the node cover a period of T and not 2T.
All nodes receive the update packets from one another in random order, therefore a
time will come when the information about some nodes is not long enough to predict
the topologies for T seconds ahead. To explain this in more detail, consider the
update packets received by node A in Figures 5.5 and 5.6.

In Figure 5.5, for simplicity, let the number of predicted locations in each update
packet be 6 locations. Node A has the predicted locations for the other nodes with
different timing, received from these corresponding nodes. At the current time, node
A cannot predict a complete topology of the network because the future locations for
node F are unavailable and the future locations for other nodes are insufficient for the

prediction of 6 future topologies.
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Figure 5.5: The received update packets at node A from other nodes. The period that the
update packets cover is T seconds.
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Figure 5.6: The received update packets at node A from other nodes. The period that the
update packets cover is 2T seconds.

Now consider the length of the future prediction period is 2T and each node predicts

the future of 12 locations, as appears in Figure 5.6. At the current time, the

information is sufficient to predict the topologies of the period T.
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To keep the prediction as accurate as it must be, each node will broadcast a new set of
predicted locations at the end of its own prediction period T, therefore node A will
receive a new set of points from node F, which will produce a more accurate
prediction.

The received points from node F will overwrite the predicted locations (7-12) which

are more recent and give an accurate prediction for node F’s future locations.

5.4 Evaluation of self trajectory prediction performance
The algorithm was evaluated to test its ability to predict the mobility of nodes in

mobile ad hoc networks. A computer simulation was carried out using MATLAB. The
area of the network was set to 2000m*2000m. The first phase of the simulation was to
generate a route from the source to a random destination using our own mobility
model described earlier in Chapter 3. The data includes both x and y coordinates for
each point, the speed and the direction of movements of the mobile node at each of
these points. The model monitors and stores the coordinates and the time for the node
along the path between the source and the destination to use as the actual trajectory.
The second phase of the algorithm was to predict the trajectory of the node using the
polynomial regression prediction technique, and then to compare the predicted and
actual trajectories. This comparison was necessary to test the accuracy of the
algorithm and to measure the error during the prediction cycle. The effect of the
prediction cycle (T) was also studied by predicting the same trajectory for different
values of T. The algorithm predicts a set of future locations along with the expected
time for each estimated location. These points were used in predicting the topology of
the network at different future times.

Figures 5.7 and 5.8 illustrate a comparison between the actual and the predicted
trajectories for a mobile node using two different prediction cycles. The values of T
were 35 seconds and 5 seconds respectively.

From these two Figures, we note that the accuracy of the algorithm is inversely
proportional to the prediction cycle T. The trajectory in Figure 5.7 is clearly non-
identical because the high value of T induces a noticeable error in the predicted
trajectory. However, the actual and the predicted trajectories in Figure 5.8 are almost

identical. Therefore, a small value of T results in accurate prediction and vice versa.
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Choosing a high value of T makes it difficult to find a polynomial that fits all points

between the current location and the future location corresponding to T.
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Figure 5.7: A comparison between real and estimated trajectory with a prediction cycle T=35
seconds.

Mode trajectory

8O0

500

400

300

200

Y-coordinate

100

-100

— Real Trajectary
------- Estimated Trajectary

-200 L
0 500 1000 1500

w-coordinate

Figure 5.8: A comparison between real and estimated trajectory with a prediction cycle T=5
seconds.
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Figure 5.9: Real and predicted coordinates for a mobile node with prediction cycle T=35
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Figure 5.10: Real and predicted coordinates for a mobile node with prediction cycle T=5
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The real and predicted values of x and y coordinates for a mobile node with different
values of T are shown in Figures 5.9 and 5.10. In Figure 5.9 where the value of T was
35 seconds, the actual and predicted values of x and y coordinates are much less close
to each other than the Figure predicted and the actual values in Figure 5.10 where the
value of T was 5 seconds.

Comparing the same coordinates in both actual and predicted cases gives a clearer
picture of the effect of T on the prediction.

One of the advantages of this prediction algorithm is the non-accumulation of error. A
comparison between the actual and predicted x-coordinates for the node does not
show any accumulation of error. Similarly, the same results are obtained when

comparing the actual and the predicted y-coordinates.

mean absolute error in X-coordinate

Errar

300
Time
rmean absolute error in Y-coordinate
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Figure 5.11: Absolute errors in both X and Y coordinates for T= 35 seconds

Figures 5.11 and 5.12 show the absolute errors in both X and Y coordinates for two
different values of T. It is clear that the error in any of these Figures is not
accumulated because the predicted value of the location at a given time does not
directly depend on the previous value. The causes of errors are the assumption of

constant speed during the prediction cycle and the process of finding the polynomial.
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Figure 5.12: Absolute errors in both X and Y coordinates for T= 5 seconds

In the polynomial regression, the choice of the points, the number of these points and
the degree of the polynomial affect finding the perfect polynomial. Moreover, after
constructing the polynomial, the values of T and t, which are the variables to mapping
the predicted locations to the time, affect the errors. The mean absolute errors in both
x and y coordinates, which appear in Figures 5.11 and 5.12, confirm these results.

The mean absolute error in Figure 5.11 where T=35 seconds measures an average
value of 20m for both X and Y. this value is reduced to less than Im in Figure 5.12

when the cycle T=5 seconds.

70r
B0
a0 |
40

30

Errar

20k

_1 D 1 1 1 1 1 1 1 1 1 1
u] 10 20 30 40 a0 =] 70 a0 =] 100

Estimation cycle (T)

Figure 5.13: Average absolute error in X as a function of prediction cycle (T)
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Figure 5.14: Average absolute error in Y as a function of prediction cycle (T)

Figures 5.13 and 15.14 illustrate the relation between the average absolute error and
the prediction cycle (T). The mean absolute error increases by the power of two with

the prediction cycle T

5.5 Conclusion
In this chapter, we introduced the polynomial regression trajectory prediction to use in

estimating the future mobility of a dynamic network. We developed a mathematical
model based on polynomial regression to find the relation between X and Y
coordinates for a mobile node. We derived the relation between both X and Y
coordinates, and the time, for the period of prediction

The method developed in this chapter produces good localization results, and is
capable of predicting the future location as a function of time which will be used in
predicting the future topology of the network. The sudden change in the direction of
movement of the mobile node was solved in this prediction algorithm without
broadcasting any extra update.

We have derived several equations which have been used in the design of the

algorithm and the choice of the prediction parameters.
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Chapter 6

6 Mobility prediction using pattern
matching

In this chapter, we introduce a prediction scheme to predict the future mobility of the
node based on its past behaviour. Similar to the previous chapter, the node in this
scheme predicts its own future mobility and broadcasts it to the network. Once the
nodes receive the mobility prediction, they use it to predict the future topologies of the
network.

As stated in previous chapters, nodes exhibit some degree of regularity in their
movement [13]. They also exhibit similarities in their current and past behaviour; for
example, if a node followed a certain route to reach a given destination it will usually
follow the same route to go to the same destination later, starting from the same point.
People go to work at almost the same time daily. They use the same route. They also
stay at work in a similar manner daily. Therefore, it is possible to draw on the past to
predict the future.

The movement history of a node which is being observed and recorded on a daily and
weekly basis creates a movement pattern for the node [99]. This pattern is used to
predict future movement by looking for similarity between the pattern and a small

recent section that ends at the current time, as appears in Figure 6.1.
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Figure 6.1: An Illustration for the change of data during a certain period.
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Figure 6.1 shows an illustrated example of the concept of pattern matching in a given
time series of data. Section B of the time series is a repetition of the data that occurred
sometime in the past at section A of the time series. The algorithm searches the whole
time series to find a section similar to section B. When a match is found, the node’s
future data will be similar to the section of the time series starting at the point where
the match is found (i.e. at the end of section A on the series) and ends at a point which
is determined by the required prediction length (the end of section C).

Prediction using cross correlation has been extensively used in the literature for
applications such as the prediction of rainfall [100], the stock market predictions [101]
[102] and many other applications.

The prediction of movement based on a node’s history has previously been proposed
for cellular mobile networks. In [54], the movement history of the node was reported
as being an effective means to decrease the call-dropping probability and to shorten
handover latency. A cross correlation prediction method was used to predict future
link quality using a time series of signal-to—noise ratio between the node and its
neighbours [12]. Inspired by this work, which uses pattern matching to predict the
signal-to-noise ratio for the node’s neighbours, we propose a prediction scheme to
predict the future locations of the mobile networks using pattern matching and
correlation analysis.

Each node monitors and stores its past location to obtain a time series of locations for
a given period of time. We refer to this series as the Location Time Series (LTS).
When a node wants to predict its future locations, it searches the LTS for a pattern
similar to the current situation. We refer to this pattern as the Recent section of Time
Series (RTS) or ‘the query’. It starts at the current point in time and goes back for O
points. O is called the ‘query order’. Several series can be stored and searched for best
matching; searching more series will give a higher probability of pattern matching.
Details of the proposed scheme are presented in the following sections.

To perform the search, the node computes the normalized cross correlation between
the current query and the LT7S. The normalized cross correlation is used to limit the

value of the cross correlation between 1 and -1.
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6.1 Cross correlation
Cross correlation is a method to find how two series are correlated. It works by

shifting one signal by d and multiplying it by the other series.
Consider two series x(7) and y(i) where i=1,2...N. The cross correlation cor at delay d;

is defined as:

DO =D * (i ~d)~7)
cor = d
GO 3 (i) =5

(6.1)

where X and y are the means of the corresponding series. If the cross correlation is

computed for all delays d=1,2,...N then it results in a cross correlation series that has a
value in the range [-1 ,1]. Equation 6.2 represents the cross correlation series for all
values of delay d. The resulting cross correlation time series will peak at several
values of delay d indicating high similarity between x(i) and y(i) at the corresponding
values of shift d. The global peak will then represent the best match between the two

time series

D (x()—%)*(y(i—d)-¥)
cor(d) = : (6.2)

\/Z (x(i) - %) \/Z (Wi-d)-7)’

To further explain the concept of correlation; let us consider the two rectangular
pulses shown in Figure 6.2. The rectangle pulses are shown in blue and green,
whereas the correlation series is shown in red. The maximum correlation is achieved
at a delay of 3 when both pulses are similar, the second series is slid past the first. At
each shift, the sum of the product of the newly lined-up terms in the series is
computed. The sum will be large when the shift (delay) is such that a similar structure
lines up. This is essentially the same as the so-called convolution except for the

normalisation terms in the denominator [103]
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Figure 6.2: A simplified concept of the correlation between two rectangular pulses [103]

6.2 Algorithm assumptions
As with all our mobility prediction methods used in previous chapters, Nodes are

assumed to exhibit some regularity of behavior This regularity generates a pattern of
the mobility of the nodes; therefore, the cross correlation is used to search for the
similarity between patterns. In other words, the regularity generates patterns and the
patterns are used to predict future mobility.

We also assume that nodes are aware of their current location by using GPS
technology. The locations are stored to form a time series of locations which are used

by algorithm to predict the topology through pattern matching.

6.3 Algorithm description

Each node stores its own location as a time series of locations called LTS in a circular
buffer. As discussed earlier, the recent part of the location time series, also referred to
as the query, is denoted by R7S. The LTS contains N past measurements for the node
own location spanning from the current time location back to N past locations. These
measurements are periodically obtained by the node and stored in a circular buffer.

LTS can is represented by LTS =D, ,...D,

1

with D; denoting the current location. On

the other hand, RTS, which is a set of recent measurements of L7S spanning from

current time back to O past measurements is represented by R7S =D, ,...D, with O

representing the order of RTS. The choice of O in RTS and the effect of O will be
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discussed in detail in the next section. Figure 6.3 illustrates the difference between

LTS and RTS.
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Figure 6.3: LTS is a time series of data for the node; it includes all data from the current time
and back to N points, while RTS is a recent part of L7S from the current data and back O
points.

When a node wants to predict its future mobility, it calculates the normalized cross
correlation between LTS and RTS for all values of delay d =1,2,...N using equation
6.3:

i(RTS(i)—ﬁS)*(LTS(Hd)—LTS)
cor(d) = 0[=1 = (6.3)
> (RTS(i)—RTS)*> . (LTS(i+d)—LTSY’

i=l1 i=l1

Equation 6.3 is basically the same as equation 6.2 with LTS (i) replacing y(i) and
RTS(i) replacing x(i). However, since RTS is shifted to the left, the delay d is given a
negative sign. The resulting series is the normalized cross correlation for all values of
the delay d. The global peak at the normalized cross correlation that occurs at delay m
is the best match. Therefore, the predicted future locations (PFL) of the node will be

similar to the values of LTS, PFL=D, ...D starting at i-m and ending at i-m+p

i-m+p >
with p denoting the length of the prediction series. Similar to the algorithm in Chapter
5, the PFL for X and Y coordinates is calculated every T seconds and broadcast to the

network to enable the nodes to predict the future topologies of the network.
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6.4 Evaluation of the algorithm
Our aim is to evaluate the proposed algorithm’s ability to predict the future trajectory

of a mobile node based on its past trajectories. We simulate the trajectory of a mobile
node using actual GPS data. The trajectory data used in this simulation was obtained
by GPS reading systems carried by lab members from the DBMC at the University of
[llinois at Chicago during their daily commute [14]. The trajectory was sampled every
second. X and Y coordinates for the sample points along the trajectory were obtained
using the projection of NAD 1983 HARN State Plane Illinois East.

For simulation purposes, one of the mobile node trajectories on a certain day was
taken as a reference representing the path followed by the node under consideration.
The reference is divided into a number of slots, each representing a query (RTS). For
each query, the algorithm using pattern matching is used to predict future location
PFLs (future trajectory of the node). The predicted trajectory is then compared with
the actual trajectory in order to evaluate the performance of the algorithm. The plot of
the actual and predicted trajectories of the node will be similar to Figure 6.4.
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Figure 6.4: Actual vs. predicted node trajectory

The number of data sets used in this evaluation was ten. The algorithm therefore
searched for a matching between the current query and all ten data sets to find the best
matched pattern. The algorithm was run for different lengths of the predicted future
locations (PFL). The length of the PFL series, p, affects the accuracy of the
prediction. The shorter the length p, the more frequently R7S is obtained. As RTS is
actual data, the prediction will become more accurate. As a result of the new query at

the end of PFL the estimation error will be slashed to zero. When the length p is
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chosen as small, the resulting mean absolute error is small. This means the algorithm

will search for matched patterns more frequently than when p is high.
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Figure 6.5: Actual and estimated trajectory for a node with PFL=25
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Figure 6.6: Actual and estimated X-coordinate varying with time for a node with PFL=25
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Figure 6.6A: Magnification of the circled area of figure 6.6

To illustrate the effect of p on the accuracy of the prediction, let us consider two
values of p, namely, 25 and 150. Firstly, let us consider the case when the value of

PFL was set to 25 points. The mean absolute error in the x-coordinate was 3.2m and
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the mean absolute error in the y-coordinate was 1.42m. Setting p to 25 means the

algorithm estimates the future mobility of the node for 25 seconds into the future. This

is a very reasonable value for the error; however, the use of a small value for p

requires more computations to find the future locations compared to a high value of p.

Figures 6.5, 6.6 and 6.7 show the result of the simulation using p=25 and figures

6.5A, 6.6A and 6.7A a magnification of the circled area of figures 6.5, 6.6 and 6.7

respectively.

36
359
3.58
357

3.56

Y-coordinate

3.55

3.54

3.53
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Figure 6.7A: Magnification of the circled area of figure 6.7
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On the other hand, when the value of p is chosen to be 150, the mean absolute error in
x-coordinate is 24.1lm and the mean absolutes error in y-coordinate is 7.96.
Comparing the mean error in x and y coordinates in both cases of p clearly shows how
varying the PFL affects the accuracy and complexity of the algorithm. Figures 6.8, 6.9
and 6.10 show the results for p =150. The results for this value of p give a higher
value of error with less computational complexity. Figures 6.8A, 6.9A and 6.10A
show details plots for the circled areas in figures 6.8, 6.9 and 6.10 respectively.

The maximum number of loops required to find the correlation that best matches the

query can be expressed by:

M= (N/PFL)xNxN

where, N is the length of LTS, N/p is the total number of p sections. The complexity of
the algorithm is inversely proportional to the value of p.
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Figure 6.8: Actual and estimated trajectory for a node with PFL=150
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In our simulation, we vary the value of p and run the simulation using the same
reference data set and the same data sets for the search. We conclude that the value of
prediction error is proportional to the value of p. Figures 6.11 and 6.12 show how the
mean absolute error in estimated x and y related to the length of the future predicted

locations.
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It is important here to highlight the effect of O, the order of the recent time series on
the matching between R7S and LTS. It has been noticed that having a small value for
O increases the probability of finding matching patterns that do not necessarily lead to
the required prediction. It is not necessarily true that having a small matching period
on a certain data set means that the following period will match the actual future path
of PFL. On the other hand, having high value O will make the matching process very

hard to obtain and sometimes impossible leading to no prediction at all.
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Figure 6.10: The effect of the order of R7'S O on finding a correct matching between R7S and
the LTSs
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To further illustrate the effect of the value of O, consider Figure 6.13 which shows the
actual trajectory followed by the node (Figure 6.13 b) and two data sets previously
obtained for that trajectory(Figure 6.13 a). The node is moving along the path as
appears in Figure 6.13 b. This movement is very similar to the past movement stored
at datal as illustrated in Figure 6.13 a. At time 7 the algorithm is to predict new PFL.
If the value of O was small as for O1, it will lead to the recent pattern R7S/. There are
two possible matches for this pattern, in datal and data2 (the part coloured red Figure
6.13a). The algorithm may choose a PFL from data 2, resulting in the future predicted
values for the trajectory (path) of the node in Figure 6.13b being PFL2, which is an
incorrect prediction. Alternatively, if the value of O is O2, this will lead to the recent
pattern RTS2; the matched data will be only from datal (the red and blue section
together) and the PFL will be PFLI.

6.5 Conclusion
We have proposed and tested a prediction scheme using pattern matching to predict

the future mobility and topology of mobile networks. We have assumed that the node
exhibits a periodicity in its behaviour in terms of mobility. Real location data was
used to test the validity of the proposed algorithm, which gave promising results. This
solution can produce a longer prediction period than all other methods but it requires
the use of memory to store the past locations and needs more computations.

The solution presented in this chapter allows the node to predict its own mobility.

The resulting error is very small compared to other solutions and does not accumulate
because the predicted value at time #;;; does not depend directly on the predicted

value at time #;. Rather, it depends only on the length of the predicted future locations.
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Chapter 7

7 Comparison analysis

7.1 Comparison description
In previous chapters, four different prediction schemes were proposed and tested.

These schemes are:

1. prediction of node mobility using the motion of nodes

2. modified prediction of node mobility using the motion of nodes

3. prediction of node mobility using polynomial regression

4. prediction of node mobility using pattern matching
In the evaluation of each scheme, different sets of location data were used in testing
and validating the proposed schemes. For the first three schemes, data was obtained
by the proposed mobility model which was presented in Chapter 3, while in the
evaluation of the fourth prediction scheme, real location data was obtained by
members of the Databases and Mobile Computing Laboratory at the University of
Illinois at Chicago during their daily commute [14].
The evaluation method in each scheme included a comparison between the actual and
predicted trajectory of the mobile node of interest, comparing the predicted and the
actual x and y coordinates and finding the absolute error in each of the predicted
coordinates. The effects of varying several variables in each scheme were also
observed.
In this chapter, the same set of data is used to test all prediction schemes and to
compare them. The use of the same data set will test the ability of each prediction
method of working under the same environment and the same mobility conditions.
The comparison concentrates on the predicted trajectory and will not go into detail

about any of the schemes because each prediction scheme has been covered in the
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previous four chapters, and the purpose of this comparison is to discover how each
prediction scheme behaves under the same environment and mobility conditions.

To compare these different schemes, we have evaluated them using the same set of
location data while varying the parameters that affect each prediction model such as

the prediction period T, the threshold angle, the length of PFL.

7.2 Evaluation
The result of the evaluation confirms that the accuracy of the prediction in all

techniques is inversely proportional to the length of the prediction period, but with
various extents in each scheme. In other words, increasing the length of the prediction
period will decrease the accuracy of the prediction scheme. Figures 7.1, 7.2 and 7.3
show the actual trajectory along with the predicted trajectories for the four prediction
schemes, using three different values of the prediction period T. These Figures show
how increasing the length of the prediction period decreases the accuracy of the
predicted trajectory. For example, when T was set to 10 seconds as in Figure 7.1, the
difference between the actual and the predicted trajectories is not noticeable, however,
it became very clear when T was set to 75 seconds or 150 seconds as illustrated in

Figures 7.2 and 7.3 respectively.
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Figure 7.1: Actual vs. predicted trajectories for a node using different prediction schemes with
the value of the prediction period T equal to 10 seconds.
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Figure 7.2: Actual vs predicted trajectories for a node using different prediction schemes with
the value of the prediction period T equal to 75 seconds.
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Figure 7.3: Actual vs predicted trajectories for a node using different prediction schemes with
the value of the prediction period T equal to 150 seconds.
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Since Figures 7.1, 7.2 and 7.3 show the complete path for the node, which covers a
large area, a section of each path has been chosen and magnified to give a clear view.
Figures 7.4, 7.5 and 7.6 are magnified sections for Figures 7.1, 7.2 and 7.3
respectively which give more details for the predicted trajectories for each prediction

scheme.
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Figure 7.4: a magnified section of Figure 7.1 which gives more detail of the comparison
between the actual and the predicted trajectories using T=10 seconds.
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A quick comparison for the prediction schemes in the above Figures, in addition to
many other simulation results obtained through this research are confirming that the
polynomial regression prediction scheme and pattern matching prediction scheme are
less affected by varying the value of T than the node motion and modified node
motion schemes. Moreover, comparing the prediction scheme to the modified
prediction scheme shows that the modified prediction scheme is less affected by the
increase of the prediction period than the motion prediction scheme; because the
modified prediction scheme has two other parameters that positively affect the
accuracy of the prediction. These parameters are the threshold angle and the threshold
speed, which are the core of the modified prediction scheme. In brief, they are two
values in which the node takes an action if its speed and direction changes beyond
these values during any update period T by sending an immediate update without
waiting for the update period T to finish. Details of the threshold speed and angle are

available in section 4.1.
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Figure 7.7: a comparison between the actual node motion and modified node motion
prediction schemes using T=50 seconds. Two values of threshold angle in the modified node
motion scheme are used.
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Figure 7.8: a comparison between the actual node motion and modified node motion
prediction schemes using T=100 seconds. Two values of threshold angle in the modified node
motion scheme are used.

To highlight the effect of the threshold speed and threshold angle, consider Figures
7.7 and 7.8 which show comparisons between the actual and the predicted trajectories
of a node using node motion scheme and modified node motion scheme, using two
different values of the threshold angle in the modified node motion scheme. In Figure
7.7, the cyan curve represents the predicted trajectory of the node using modified node
motion with a threshold angle 0~=15° and the blue curve represents the predicted
trajectory of the node using the same prediction scheme with a threshold angle 0=5°.
From this Figure, it is clear how a smaller threshold angle achieves better prediction
even with a higher value of T, which is set to 50 seconds in this experiment. The
threshold angle and speed are determining factors in the modified node motion
scheme. They affect the accuracy of the prediction more than the value of T does; for
example, in Figure 7.8, the predicted trajectory in the modified node motion scheme
where the value of T was set to 100 second and the threshold angle was set to 2° is
closer to the actual trajectory than the predicted trajectory in Figure 7.7 where T was

set to 50 seconds and the threshold angle is 15 degrees.
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The polynomial regression prediction scheme is less affected by varying T than node
motion schemes. As with the assumption in section 5.1, the longer value of T means
that the magnitude of the speed is constant in this period, and this assumption affects
the accuracy of the prediction; however, the greater effect of T in this prediction
scheme reflects directly on the polynomial that represents the trajectory of the node.
Choosing a high value for T means there are more points along the path to fit on the
perspective polynomial, as mentioned in section 5.2 which require more regression
computation to find a polynomial that fits most of these points. Thus, T still affects
the accuracy of the predicted trajectory but not as much as it affects the complexity of

the polynomial regression.
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Figure 7.9: a comparison between actual and predicted trajectories for a node using
polynomial regression prediction scheme with the value of the prediction period T=10
seconds.
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Figure 7.10: a comparison between actual and predicted trajectories for a node using
polynomial regression prediction scheme with the value of the prediction period T=75
seconds.

In Figure 7.9 the predicted and actual trajectories are almost identical because the
speed is updated more frequently, and the small number of points makes it easer to
find the perfect polynomial that fits all these points. However in Figure 7.10, where
the value of T is 75 seconds, the speed is assumed to be constant during this period,
and there are many more points along the path which makes it more difficult to find a
polynomial that fits, especially when there are more curvatures along the path.

The predicted trajectory is closer to the actual one when the path has less curvature, as
in region B on Figure 7.10, and is not close to the actual when more curvature exists

on the path, as in region A on the same Figure.

Pattern matching is an accurate prediction scheme especially when large quantities of
past data are available. It is less affected by the length of the prediction period than all
other prediction techniques; however it requires more computational power in the
node to search for matching, and a dedicated memory in which to store the past

location data.
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The length of the predicted future location (PFL) — which is equivalent to the
prediction period T in other prediction scheme — affects the accuracy of the
prediction. When a match between the current query and the data is found, it is not
necessary for the section of the data that follows the matched section to perfectly fit
the real trajectory. Matching means that part of the actual trajectory which is the
current query and a section of the data are similar; however, this does not guarantee
similarity for the following section because the actual measurement is on the matched
section and the following section is just a prediction. Therefore, this is a degree of
uncertainty in the prediction which gets higher as the required length of PFL gets
bigger. Figures 7.11 and 7.12 show how the length of PFL affects the accuracy of the
prediction. The actual and predicted trajectory of the node in Figure 7.11 where the
length of PFL is 15 converge more than the actual and predicted trajectory in Figure
7.12, which represents the trajectory of the same node setting the length of the
prediction PFL to 75.
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Figure 7.11: a comparison between actual and predicted trajectory for a mobile node using
pattern matching scheme with a length of PFL=15.
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Figure 7.12: a comparison between actual and predicted trajectory for a mobile node using
pattern matching scheme with a length of PFL=75.

The availability of more data sets may reduce the effect of varying the value of PFL
on the prediction because it gives a higher probability of finding a similarity
compared to smaller data sets, and increases the search space for better matching. The
comparison between Figure 7.13, where two data sets are used for the search, and
Figure 7.14, where ten sets are used, clearly shows that the predicted trajectory in
Figure 7.14 is closer to the actual trajectory than that in Figure 7.13 when the same
value of PFL length is used in both cases. However, this improvement is at a cost of

extra search and more memory size within the node.
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Figure 7.13: a comparison between actual and predicted trajectory for a mobile node using
pattern matching scheme with a length of PFL=15 and 2 data sets used for the search.
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Figure 7.14: a comparison between actual and predicted trajectory for a mobile node using
pattern matching scheme with a length of PFL=15 and 10 data sets used for the search.
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7.3 Conclusion

In this chapter, a comparison was made between the four prediction schemes
presented in previous chapters. The comparison tests the ability of the different
schemes to predict the future mobility for a node using the same actual data under the
same mobility conditions.

The results show that the accuracy in the node motion prediction scheme is most
affected by the length of the prediction period; however, it requires minimal
computational power within the node and does not requires any memory. This method
can be used in an environment with stable mobility change, such as the mobility of
vehicles on a highway.

The modified node motion which is less affected by the length of the prediction
period is still simple and does not need any memory. The extra update makes this
technique suitable in an environment with more available bandwidth.

Pattern matching and cross correlation are accurate and efficient prediction
techniques, although they require high computational power. Pattern matching also
requires the existence of memory to store past movements.

Since they are less affected by the length of the prediction period and by changing
directions compared to node motion models, these methods are suitable for

environments with higher mobility and frequent directional changes.
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8 Conclusions and future work

8.1 Conclusion
In this thesis, we have addressed the effects of the mobility of nodes on the topology

of the network, and explained its downsides, including the delay of data delivery

associated with route searches and route updates, and the consumption of bandwidth

due to these updates. We have presented four novel prediction schemes for mobile ad

hoc networks to predict future changes in the mobility of the nodes and to determine

their future locations as a time index. The predicted locations were then used to

predict the future topologies of the network. The presented schemes are:

Topology / mobility prediction using equations of motion. This scheme is
simple, efficient and does not required extensive computation

Modified topology / mobility prediction using equations of motion. This
scheme is simple, efficient and dealing with the sudden mobility change of the
node.

Topology / mobility prediction using polynomial regression. This method is
efficient, and takes into consideration sudden changes in the status of the
node’s mobility.

Topology / mobility prediction using pattern matching. This scheme is

accurate, efficient and gives a longer prediction period.

The significant features of the proposed schemes are:

Efficiency: analytical and test results have shown that the proposed schemes
are more efficient than traditional algorithms in terms of data delivery and the
delay associated with route search.

Applicability: the proposed schemes are applicable to various routing

algorithms including topology-based routing algorithms and geographical
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routing algorithms. Moreover, all methods presented in this thesis reside in the
upper layer, which gives them the advantage of platform independence.
e Viability: The test results show that the proposed methods are viable and the

predicted future trajectories are very similar to the actual trajectories of nodes.

We have argued that the frequent changes in the topology impose a need to find a
method to predict changes in order to reduce their impact on the efficiency of the
network. The impact includes the delay associated with route updates and the
dissipation of the available bandwidth through these updates. We have surveyed many
wireless networks and ad hoc networks protocols and find there is a failure to consider
topology prediction methods, especially for mobile networks in which the changes in

topology are frequent and inevitable.

8.2 Achievements
In Chapter 3 we were inspired by the model of motions for a particle in two

dimensional-spaces to develop a prediction scheme that predicts the future mobility of
the mobile nodes. This model is computationally simple in that it uses mobility
information received from the nodes at each update cycle to produces reliable
predicted topologies for the future of mobile networks. Nodes can use this information
to route data efficiently, reduce the delay associated with route updates and minimize
the dissipation of the bandwidth. Although this model is computationally simple, it
does not detect a sudden change in the status of the mobility for a node during the
period between two consecutive updates. Therefore, it produces some prediction error
that is accumulated until the node receives the next update. The solution for this
problem was introduced in Chapter 4 where the algorithm in Chapter 3 was modified
to respond to the sudden changes in the mobility of the node. These changes include a
sudden change in the direction of movement and/or speed. The node which exhibits
any sudden changes in its mobility status broadcasts an immediate update; therefore,
the error will not be accumulated. Compared to the solution in Chapter 3, the
modified algorithm performs better in terms of mobility and topology prediction with
less error and higher performance, and with an extra, immediate update when
required. Nevertheless, the algorithm is still considered to be computationally simple

and more efficient.
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In Chapter 5, we introduced the polynomial regression trajectory prediction scheme to
use in the prediction of the future mobility of a dynamic network. We developed a
mathematical model based on polynomial regression to find the relation between X
and Y coordinates along the trajectory of the mobile node. We derived the relation
between both X and Y coordinates and the respective times for the periods of
prediction.

Unlike the solutions presented in Chapter 3 and Chapter 4 in which nodes predict the
mobility of other nodes, this solution allows the node to predict its own mobility,
which is more accurate and does not require any information from the other nodes.
The resultant predictions in both X and Y are functions of time where the future
topology can be obtained at any time during the prediction period. The algorithm
considers the sudden change in the direction of movement of the mobile node, hence
the concept of immediate update does not exist in this prediction algorithm

We have derived several equations that have been used in the design of the algorithm
and the choice of the prediction parameters.

The resultant prediction error is small and it does not accumulate along the prediction

cycle, as the predicted value at a certain point does not depend on the previous value.

In Chapter 6 we proposed and tested a prediction scheme using pattern matching to
predict the future mobility and topology of mobile networks. We assumed that the
node exhibits a periodicity in its behaviour in term of mobility. Real location data was
used to test the validity of the proposed algorithm which gave promising results. This
solution can produce a longer prediction period than all other methods but it requires
the use of memory to store the past locations and needs more computations.

Similar to polynomial regression prediction, this solution allows the node to predict
its own mobility. The resulting error is very small compared to other solutions and
does not accumulate because the predicted value at time ti;; does not depend directly
on the predicted value at time t;. It depends only on the length of the predicted future

locations
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8.3 Future research
In this thesis, we have presented and individually tested the validity of three
predictions schemes. In the future work, we intend to merge them into one prediction

schemes to enable the node to:

e Compare the resultant predictions for optimization purposes and to choose the

best predictions among them.

e Use the three schemes as backup to each other in case of the failure of one

scheme under any circumstance.
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