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Abstract

Many position based routing protocols use Unit Disk Graph (UDG) as an underlying net-
work topology for routing. Due to large number of edges in UDG, these protocols suffer
from channel contention overhead, frequent packet collisions, and heavy resource con-
sumption. To overcome these problems, many researchers proposed various local topology
control algorithms to retain only linear number of links in the underlying network graph
based on geometric neighborhood. These graphs are called geometric spanners. In this
thesis, we study these spanners under various network requirements like less number of

transmissions, frequent node failure, mobility, and fault tolerance.

Geometric spanners, like planarized local Delaunay triangulation (PLDel), relative
neighborhood graph (RNG), and gabriel graph (GG) which are based on neighborhood
properties contain shorter edges. Because of these shorter edges the number of trans-
missions between source and destination increases which in turn increases the end-to-end
packet delay and jitter. We present three planar constrained based geometric graphs called
constrained local Delaunay triangulation (CDT), constrained relative neighborhood graph
(CRNG), and constrained Gabriel graph (CGQG), to reduce the number of hops by introduc-

ing longer constraint edges.

In adhoc networks, nodes can go down due to various reasons, such as insufficient
battery power, environmental effects like eruption of volcano, cyclones, and floods, and
accidents like landslides and debris. Moreover, to conserve the energy, nodes can switch
off their transmitter or go to the sleep mode. There will be heavy packet loss if these nodes
exist in any routing path. Similarly, a new node can join the network or an existing node
wakes up from sleep mode. We have proposed three dynamic spanners called dynamic
local Delaunay triangulation (DLDel), dynamic relative neighborhood graph (DRNG), and
dynamic Gabriel graph (DGG), which change their network topology dynamically to pre-
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serve the spanner properties and reduce heavy packet loss.

Various resource limitations and environmental constraints make frequent link and
node failures in adhoc networks, which make the network unreliable. For example, the
edge disconnections occur due to buildings, walls, mountains, and obstacles between the
wireless nodes. Similarly, the node failures occur due to the exhausted battery power,
accidents, landslides, debris, eruption of volcano, and cyclones. So, network topology
should be fault tolerant to take care of these failures. In this thesis, we have proposed the
algorithms for fault tolerant versions of PLDel, RNG and GG called fault tolerant local
Delaunay triangulation (FTLDel), fault tolerant relative neighborhood graph (FTRNG),
and fault tolerant Gabriel graph (FTGG), respectively, by choosing most stable nodes.

The existing spanners assume that the nodes in the network are static. The frequent
topology change due to node mobility disturbs various geometric properties of the span-
ner such as neighborhood relations, spanning ratio, and planarity. Moreover, some of the
edges may become invalid links and may lead to disconnected network. In this thesis, we
propose the algorithms for mobile local Delaunay triangulation (MLDel), mobile relative
neighborhood graph (MRNG), and mobile Gabriel graph (MGG), to maintain their counter
part spanners PLDel, RNG, and GG, respectively, under mobility.

These proposed spanners are simulated using the network simulator (ns2.28) and

their performance are better than their counter parts, which consolidate our claims.
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Chapter 1

Introduction

A wireless network allows two or more computers to communicate with each other with-
out a network cable. Recent technological advancements in wireless communication and
portable devices lead to proliferation of wireless networks. These networks are broadly
classified into two kinds: infrastructured and adhoc networks. In infrastructured wireless
networks, the mobile terminals communicate through an access point or base station. These
access points are communicated to the internet by a high speed wired network, as shown in
the Figure 1.1. Most popular infrastructured wireless networks include wireless local area

network (WLAN) and cellular networks.

Backbone

[T

N
=y=R={=

Infrastructure based Adhoc

*

Figure 1.1: Infrastructured and infrastructureless wireless networks.

The other kind of wireless networks represent a complex distributed system that com-
prises wireless mobile nodes which can freely and dynamically self-organize into arbitrary
and temporary network called adhoc network. An adhoc network is a collection of wire-
less nodes communicating via radio without any pre-existing infrastructure. A significant

attention has been given to adhoc networks, as they provide ubiquitous connectivity with-

TH-857_03610102 1



out any infrastructure. The idle characteristics made adhoc networks suitable for many
application areas such as battlefield surveillance, disaster recovery, emergency services,
education, environmental, agriculture, and biological applications. However, constraints
like limited battery, shared medium, mobility, and infrastructureless nature pose various

research challenges at different levels of the network architecture, see the Figure 1.2.

Middle and Application Layer
Group Communication, Service Location,
Shared Memory

Network and Transpost Layer
Routing, Addressing, Location management,

Connection management, Multicasting, TCP,
IP routing, Interconnection

Physical and MAC Layer
802.11x Bluetooth Hiper LAN

Medium Access Control, Antennas, Power Control

Figure 1.2: Research challenges at different layers.

The physical layer describes several challenges relating to radio wave modulation
and signaling characteristics for data transmission, where as the medium access control
(MAC) describes different flexible and fair access methods to the communication medium.
The aim of networking protocols is to use the one-hop transmission services provided
by the enabling technologies to construct end-to-end (reliable) delivery services, from
a sender to one (or more) receiver(s). Apart from military, the mobile adhoc networks
(MANETS) have attracted considerable attention and interests from commercial business
industry [HHCWO05, XC06, QHM06], as well as the standard community. These appli-
cations introduce several research areas in MANET, such as service discovery, group com-
munication, and shared memory. The cross layer issues, such as QoS, energy conservation,
and security, span through all the layers of the network.

Unlike wired networks, the frequent disconnections due to node mobility and tran-
sient characteristics of wireless channel pose new research challenges to adhoc routing. In

addition, due to the infrastructureless nature of adhoc network, each node has to act as both
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a host and a router. This makes the routing in adhoc networks different from conventional

infrastructure based wireless networks.

1.1 Routing

The protocols for routing in adhoc networks have been an active area of research since the
early 1990s. Early research in this area focused on adapting the internet routing proto-
cols for adhoc networks. But, it was not successful, as the characteristics of MANET are
different from the internet.

In adhoc network, two nodes communicate directly, if they are in the communica-
tion range of each other. If they are far away then the nodes communicate with inter-
mediate relay nodes and it is called multi-hop routing. Royds et al [RE04] describes
the characteristics of single hop and multi-hop adhoc networks. The multi-hop rout-
ing in wireless adhoc network is one of the challenging tasks due to its distributed na-
ture. Numerous routing protocols have been proposed for multi-hop routing in adhoc
networks [PR99, IM96, PC97, PB94, MGLA96, KK00, BMSUO1, DRWT97, HPS02,
GLAS99, Toh97, CE95, KV98, KN97, KVCP97, SSB99, AWD04, BMJ*98]. A com-
prehensive survey on the routing protocols for mobile adhoc networks can be found in
[RT99, TLW02, AWDO04, BMJ 98, CM99]. These protocols can be classified into various

categories.

1.1.1 Classification

Protocols can be classified into many different ways based on their properties. Many clas-
sifications of routing protocols exist in the literature. Some of these classifications include
pro-active and reactive, flat and hierarchical based, and ID-based and location based rout-
ing protocols.

Proactive or table-driven routing protocols maintain the information of network topol-
ogy in the form of tables. In other words, each node maintains routing information of every
other node in the network. The examples include destination sequenced distance vector
(DSDV) [PB94], wireless routing protocol (WRP) [MGLA96], and source tree adaptive

routing (STAR) [GLAS99]. The reactive or on-demand routing protocols obtain the rout-
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ing information only on demand. That is, whenever a source wants to send data, it first
finds a route to the destination and sends the data on that path. For example, adhoc on-
demand distance vector (AODV) [PR99], dynamic source routing (DSR) [JM96], tempo-
rally ordered routing algorithm (TORA) [PC97], and associativity based routing (ABR)
protocol [Toh97] are some of the popular protocols.

The flat routing protocols regard the whole network as uniform in which functions and
responsibilities of each node is same. That is, each node has the uniform responsibility for
constructing routes. On the other hand, hierarchical routing protocols organize the network
as a tree of clusters, where the roles and functions of nodes are different at various levels
of the hierarchy. Routes are constructed according to the node’s position in the virtual
hierarchy. Some of the popular routing protocols in this category include zone routing
protocol (ZRP) [HPS02], hierarchical state routing (HSR) [PGHC99], and core extraction
based distributed adhoc routing (CEDAR) [SSB99].

Another way of classifying these routing protocols is shown in the Figure 1.3, in

which all the routing protocols are classified into three categories unicast, multicast, and

broadcast.

Figure 1.3: Adhoc routing protocol classification.

In unicast routing, a source node sends a packet to a certain destination node. The
multicast routing protocols send the packets to a specific set of destination nodes from a
given source. The multicast communications have emerged as one of the most researched
areas as it is important in many applications, such as video conference. Some of the mul-
ticast routing protocols include adhoc multicast routing protocol (AMRoute) [XTMLO02],

on-demand multicast routing protocol (ODMRP) [LSGO02], a multicast protocol for ad-
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hoc wireless networks (AMRIS) [WT99], and hierarchical QoS multicast routing proto-
col (HQMRP) [LCOS5]. In the broadcast routing, a source node sends a packet to all the
nodes in the network. For many wireless applications such as group conference and digital
audio/video broadcast, it is necessary to send the data to all devices that form the net-
work. Some of the broadcast protocols for MANET include scalable broadcast algorithm
(SBA) [PLOO], adhoc broadcast protocol (AHBP) [PLO2], and lightweight and efficient
network-wide broadcast (LENWB) [SMOO].

The unicast routing protocols are further divided into three categories: ID-based flat,
ID-based hierarchical, and position based. The ID-based flat routing protocols route the
packets according to node’s ID or address. This requires nodes to disseminate their ID
or address through their neighbors. Some of the ID-based flat routing protocols include
AODYV [PR99], DSDV [PB9%4], DSR [JM96], and boundary state routing (BSR) [GYSO05].

Unlike flat routing protocols that regard the entire network as uniform, ID-based hier-
archical routing protocols divide the network nodes into different groups, or clusters. The
routing decisions are made based on a subset of nodes called cluster heads. These cluster
heads form a backbone of the network, through which the other nodes communicate. Some
examples include cluster-based routing protocol (CBRP) [AN06], dynamic address routing
(DART) [EFKO07], zone routing protocol (ZRP) [HPS02], core extraction distributed adhoc
routing (CEDAR) [SSB99], and global state routing (GSR) [CG98].

Position based routing protocols take the advantage of position information of nodes
to direct the packet flow. There are two issues that need to be addressed for enabling the
use of location information in routing. The first one is the availability of a location service,
which involves keeping track of up-to-date locations of nodes and responding to the loca-
tion queries. The second one is making use of the location information of destination in
routing protocols. Some of the position based routing protocols include greedy perimeter
stateless routing (GPSR) [KKO00], FACE [BMSUO1], greedy other adaptive FACE routing
(GOAFR) [KWZZ03], and location-aided routing (LAR) [KV98].

1.1.2 Position based routing

Adhoc networks can be classified into two categories, static and mobile. In static adhoc

networks, position of nodes does not change once they become a part of the network. The
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examples for static networks are rooftop networks [BVGLA99]. On the other hand, in mo-
bile adhoc networks, nodes can move arbitrarily. Examples for this category are a network
of hand-held devices and vehicular network. The routing in such networks is a challeng-
ing task because of their frequent topology changes without prior notice. There are two
approaches to handle the routing in such networks: ID based routing and position based
routing. ID based routing protocols use neighbor information to perform packet forward-
ing. The route discovery process in reactive methods and explicit route maintenance in
proactive methods can be very expensive in terms of communication costs, which in turn
reduces the response time of the networks. The other problems include scalability, limited

resources, and computational overhead.

One way of overcoming these problems is by using the position information of the
nodes. That is, each node in the network has to know its physical position. Each node
is equipped with a global positioning system (GPS) [KH06, CHHO1] to know its position
or estimates the same by using signal strength and time delay with respect to its neigh-

bors [Poo94, Caf99, QKSO06].

Position based routing methods forward the data packets based on the position of
destination and its neighbors. These are also called localized routing methods, since each
node uses only its neighbors information for data forwarding. In localized routing, the
communication and computation overhead is reduced compared to ID based routing pro-
tocols because of the absence of routing table maintenance. Moreover, localized routing
methods are scalable. Some of the popular position based routing protocols include lo-
cation aided routing (LAR) [KV98], greedy perimeter stateless routing (GPSR) [KKO00],
FACE routing [BMSUO1], adaptive FACE routing (AFR) [KWZ02], geographic distance
routing (GEDIR) [SLO1], geographic adaptive FACE routing (GOAFR™) [KWZZ03], ge-
ographical routing using partial information (GRPI) [JPSO1], two-level link state rout-
ing (TLSR) [JNL99], and route discovery optimization (RDO) [BSC02]. In these meth-
ods, sender need to know the position of destination, which can be done by location ser-
vice. Some of the main location services are distance routing effect algorithm for mo-
bility (DREAM) [BCSW98], Quorum-based location service [SLJO8], grid location ser-
vice (GLS) [LID*00], predictive location service (PLS) [LCNO5], and hierarchical lo-

cation service (HLS) [KFWMO04]. A complete survey on position based routing is given
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in [Sto02, MWHOL1, ID03].

1.2 Routing based on Geometric spanners

In position based routing, the most generic model of adhoc network is unit disk graph
(UDG) [KZ03]. The UDG assumes that all the nodes in the network contain the same
transmission range of one unit. It is a network graph which contains an edge uv if and only
if [wo| < 1 unit, where |[v| represents the length of the edge @, see the Figure 1.4. The
number of edges in UDG can be as large as O(n?), where n is the number of nodes. Many
position based routing protocols use UDG as an underlying network topology for routing.
Due to large number of edges in UDG, these protocols suffer from channel contention
overhead, frequent packet collisions, and heavy resource consumption. To overcome these
problems, many researchers proposed various local topology control algorithms to retain
only linear number of edges in the underlying network graph based on geometric neigh-

borhood. These graphs are called geometric spanners.
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Figure 1.4: Unit Disk Graph model.

In addition to the optimization of power consumption, the spanners avoid packet loss
due to local maxima and local loops, which is common in greedy forwarding strategies.
For more details on local maxima and local loops, please refer the Section 2.5.

A class of position based routing protocols [KK00, KWZ02, BMSUO1, KWZZ03,
BM99] use various geometric spanners (subgraphs of UDG) as an underlying network

graph for efficient routing. A geometric spanner is a spanning subgraph H of a given
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graph G such that the path length between a pair of nodes in H is not more the ¢ times
the path length between the same pair of nodes in graph GG, where the parameter ¢ is called
stretch factor. The number of edges in the spanner is in O(n). Some of the spanners
used in wireless networks are minimum spanning tree (MST), nearest neighborhood graph
(NNG), relative neighborhood graph (RNG), Gabriel graph (GG), Delaunay triangulation
(Del), and Yao graph (Yao). A detailed discussion on various geometric spanners and their

routing protocols are given in Chapter 2.

1.3 Motivation

The existing geometric spanners are defined based on various neighborhood properties.
But, there is no consideration of various network requirements in spanner construction. For
example, due to the neighborhood relation property of the spanner, the smaller edges in the
network graph leads to larger hop count which in turn leads to other problems such as larger
delay, low throughput, and high energy consumption. Another important requirement of
adhoc network is scarce energy resource. In wireless sensor networks a failure occurs
when the entire battery power is exhausted. But, these nodes failure cause the violation
of geometric properties, especially the neighborhood relation property. In addition, the
node failure cause heavy packet loss if the nodes are in the routing path. Another problem
with the existing spanners is that the nodes in the network are assumed to be static, where
the MANET can not be limited by the constraint. The topological changes due to node
mobility cause the violation of geometric properties. In other words, if the changes are not
reflected in the network graph due to the node mobility, there will be heavy packet loss.
The above problems have been the motivation to study the geometric spanners un-
der various network requirements. Since the spanners PLDel, RNG, and GG are more
frequently used in wireless networks, we are interested to study the various properties of

PLDel, RNG, and GG under certain network conditions.

1.4 Objective

The main objective of this thesis is the study of geometric spanners under various network

requirements. Precisely, the need of study is on neighborhood relation property of geomet-
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ric spanners and the problems imposed by this property on network performance. In addi-
tion, there is a need to find the solutions for these problems and evaluate the performance
of these solutions. The next objective of the thesis is the study of dynamic maintenance
of the spanners under frequent node failure conditions which is very common in adhoc
and sensor networks. There is a need to find efficient localized algorithms for the dynamic
maintenance of the spanners and evaluate the performance of these algorithms. The other
objective is to study the need of stability based spanners at various network conditions. As
fault tolerance is an important requirement in resource constrained adhoc networks, espe-
cially in wireless sensor networks, there is a need to append fault tolerance to the spanners.
The last objective of the thesis is the study of node mobility on spanners and find the strate-
gies to mobility management. As the node mobility disturbs the geometric properties of
the spanner, there is a need to find the solutions which should consider both the geometric
properties of the spanner and improve the network performance.

In the literature, the spanners have been studied more on their structural properties,
rather than evaluating the performance of the spanners by looking at various network pa-
rameters such as delivery ratio, hop count, delay, jitter, throughput, and power consump-
tion. In other words, it is important to conduct the simulation experiments on the spanners

and evaluate their performance.

1.5 Contributions

This thesis focuses on the geometric spanners PLDel, RNG, and GG. We study these span-
ners under various network requirements like less number of transmissions, frequent node
failure, mobility, and fault tolerance.

Constrained based geometric graphs: Geometric spanners, like PLDel, RNG, and
GG which are based on neighborhood properties contain shorter edges. Because of these
shorter edges the number of transmissions between source and destination increases which
in turn increases the end-to-end packet delay and jitter. One can use constrained Delau-
nay triangulation (CDT) [Che87, She00] based spanners with suitable constraint edges.
However, the method proposed in [Che87, Lee97, CR90, CW99, She00, Pet] are central-

ized and not suitable for adhoc networks. We present three planar constrained based geo-
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metric graphs called constrained local Delaunay triangulation (CDT), constrained relative
neighborhood graph (CRNG), and constrained Gabriel graph (CGG), by introducing long
edges as constraint edges. Non-intersecting constraint edges are added to maintain the
planarity. We have given two algorithms to place the constraint edges. More the number
of constraint edges lesser the average hop count. Simulation results on these constrained
geometric graphs show improvement in hop count, delay, and jitter over their respective

non-constrained spanners.

Dynamic spanners: In adhoc networks, nodes can go down due to the various rea-
sons, such as insufficient battery power, environmental effects like eruption of volcano,
cyclones, and floods, and accidents like landslides and debris. Moreover, to conserve the
energy, nodes can switch off their transmitter or go to the sleep mode. There will be heavy
packet loss if these nodes exist in any routing path. Similarly, a new node can join the
network or an existing node wakes up from sleep mode. In these cases, it is necessary to
change network topology dynamically as and when required for efficient routing. In other
words, the spanners for adhoc networks need to change dynamically to retain the geometric
properties of the spanner for efficient routing. One can use Ming li’s dynamic Delaunay
triangulation [MXPOS5] approach, which periodically reconstructs the entire spanner. But
this approach takes large computational and communication cost. We have proposed three
dynamic spanners called dynamic local Delaunay triangulation (DLDel), dynamic rela-
tive neighborhood graph (DRNG), and dynamic Gabriel graph (DGG), which change their
network topology dynamically to preserve the spanner properties and heavy packet loss.
The spanners DLDel, DRNG, and DGG reconfigure the graph locally, instead of global
reconstruction, to recover quickly from any packet loss occur in PLDel, RNG, and GG,

respectively.

Fault tolerant spanners: Various resource limitations and environmental constraints
make frequent link and node failures in adhoc networks, which make the network unreli-
able. For example, the edge disconnections occur due to buildings, walls, mountains, and
obstacles between the wireless nodes. Similarly, the node failures occur due to the ex-
hausted battery power, accidents, landslides, debris, eruption of volcano, and cyclones. So,
network topology should be fault tolerant to take care of these failures. In the literature,

two types of fault tolerant spanners are considered [LNS02, CZ03, Luk99], namely, k-
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node fault tolerant spanners (k-NFTS) and k-link fault tolerant spanners (k-LFTS). These
are centralized algorithms which are not suitable for adhoc networks. In this thesis, we
have proposed the algorithms for fault tolerant versions of PLDel, RNG and GG called
fault tolerant local Delaunay triangulation (FTLDel), fault tolerant relative neighborhood
graph (FTRNG), and fault tolerant Gabriel graph (FTGG), respectively, by choosing most
stable nodes.

The spanners under mobility: The existing spanners assume that the nodes in the
network are static. The frequent topology change due to node mobility disturbs various
geometric properties of the spanner such as neighborhood relations, spanning ratio, and
planarity. Moreover, some of the edges may become invalid links and may lead to discon-
nected network. When these spanners are used as underlying network graph by routing
protocols, there will be degradation in the network parameters like delivery ratio, delay,
and jitter. One way of solving this problem is to reconstruct the entire spanner periodically.
But constructing the entire spanner from the scratch involves large communication and
computational costs. In this thesis, we propose the algorithms for mobile local Delaunay
triangulation (MLDel), mobile relative neighborhood graph (MRNG), and mobile Gabriel
graph (MGG), to maintain their counter part spanners PLDel, RNG, and GG, respectively,
under mobility. Our approach consists of more frequent less cost local updates and less
frequent more cost global updates.

These proposed spanners are simulated using the network simulator (ns2.28) and

their performance are better than their counter parts, which consolidate our claims.

1.6 Organization of the thesis

In the next chapter, we given a survey on geometric spanners and related work. In the
Chapter 3, we discuss the constrained geometric graphs CDT, CRNG, and CGG. The
fourth Chapter proposes three algorithms DLDel, DRNG, and DGG to maintain the span-
ners PLDel, RNG, and GG, respectively, at various dynamic environments. The Chapter
S describes the fault tolerant versions of the spanners PL.Del, RNG, and GG. The Chapter
6 proposes three spanners MLDel, MRNG, and MGG to maintain the graphs under mo-

bility conditions. Finally, the Chapter 7 concludes the thesis with some pointer to future
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research directions.
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Chapter 2

Geometric Spanners

One of the perceptible requirement of network design is to construct a subgraph such that
the shortest path connecting any two nodes in the subgraph is not much longer than the
shortest path connecting them in original unit disk graph. Such subgraphs are called span-
ners. In other words, a spanner G’ is a spanning subgraph of the given graph G such that

the length of the shortest path between any two nodes in G’ is bounded in the graph G.

Formally, a graph G’ is a t-spanner of UDG if and only if g/ (u.)| < t - [Hupeuw)

)

where Ilgr(,,) represents the shortest path between the two nodes u and v in graph G’
and |IIgr(y,v)| represents length of the path. The value ¢ is called the stretch factor of the
spanner. More precisely, the value ¢ is called length stretch factor, hop stretch factor, and
power stretch factor if length of the path is measured, respectively, in terms of Euclidean
distance, number of hops, and power required to transmit.

Both computational geometry scientists and network engineers have studied various
geometric spanners to utilize the useful geometric properties in several applications of

wireless networks. We review some of these geometric spanners.

2.1 Delaunay triangulation based geometric spanners

The graphs based on Delaunay trianglation are well studied in the field of computation
geometry. However, it is widely used in the area of wireless networks because the benefits
provided are as good as complete graphs [DFS90]. Some of the Delaunay based graphs are

described below.
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Minimum Spanning Tree (MST): The smallest spanner that connects all the nodes
in the network is a minimum spanning tree. The MST is well studied in the literature [CSRLO1,
BRO3]. The MST is not used in adhoc networks, because its stretch factor is too high. One

can verify from the Figure 2.1 that the length and hop stretch factor can be as large asn—1.

Figure 2.1: Stretch factoris n — 1.

Nearest Neighbor Graph (NNG): The edges in the nearest neighborhood graph [EPY97]
are determined by minimum distance. For any node p, there exists an edge pq if and only if
node q is the nearest neighbor of p. A generalization of NNG is called k-nearest neighbor
graph (k-NNG), for k¥ > 1. Each node p is connected to a node g, if p is " nearest neighbor
of g for some ¢ < k. Although NNG incorporates a useful notation, it has the disadvantage

that the resulting graph may be disconnected as shown in the Figure 2.2.

Figure 2.2: Disconnected NNG.

Relative Neighborhood Graph (RNG): Two nodes v and v of a set v of nodes, are
connected in RNG if and only if their lune lune(u,v) does not contain any other node
w € V. The lune lune(u,v) is defined as the intersection of the two circles of radius

d(u,v) centered at u and v respectively, as shown in the Figure 2.3. The algorithm to
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construct RNG for wireless networks is given in [KKO0O]. The spanning ratio of RNG is in

O(n) [BDEKO02]. RNG is a connected graph since MST C RNG [Sup83].

Figure 2.3: RNG Rule.

Gabriel Graph (GG): The edge uv exists between two nodes v and v in GG if there
is no node w inside the circle with 7w as the diameter as shown in the Figure 2.4. In other
words, the edge uv € GQ if and only if the circle centered at (u + v)/2 with the radius
d(u,v)/2 does not contain any other node inside, where d(u, v) denotes distance between
u and v. Bose and Martin have given a localized algorithm [BMSUO1] to construct GG for
adhoc networks. The spanning ratio of GG is bounded by O(,/n) [BDEKO02, Epp96].

Figure 2.4: GG Rule.

Delaunay triangulation (Del): The Delaunay triangulation (Del) [PS90] of V' is the
triangulation of all the nodes such that the circumcircle of each triangle should not contain
any other node x € V, see the Figure 2.6. Delaunay triangulation is a planar graph with

spanning ratio of 2.42 [KG89, KG92]. Hence, it is a t-spanner of UDG. RNG and GG
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are subgraphs of Del, still it contains linear number of edges in the graph. However, it is
not suitable to compute Delaunay triangulation in localized manner [LCWWO03, LCW02].
Moreover, Del is also not suitable for adhoc networks, because it contains longer edges
than the transmission range. For example, consider the Figure 2.5, the triangle Aabc is a
Delaunay triangle, as it does not contain any other node inside the circumcircle of three
nodes a, b, and c. But this triangle is not suitable in adhoc networks, because the distance

|ab| is more than the transmission range.

Figure 2.5: Edge ab € Del and its length is longer than transmission range of a and b.

Unit Delaunay triangulation (UDel): The unit Delaunay triangulation UDel [LCWO02]
can be obtained from Del by removing all the edges longer than one unit. UDel is a t-
spanner of UDG [LCWO02, GGH"01]. Though the UDel is suitable for adhoc networks, it
is not known how to construct UDel locally [LCWO02].

k-localized Delaunay triangulation (LDel*): LDel*, for k > 1, contains all the
Gabriel edges and k-localized Delaunay triangles. A triangle Aabc is called k-localized
Delaunay triangle if the circumcircle of the nodes a, b, and ¢ does not contain any other
node which is a k-neighbor of the nodes a, b, or c. In the example of LDel' as shown in
the Figure 2.6, the circumcircle of the triangle Auvw do not contain any other node = such
that z € ny(u) Uny(v) Ung(w), where nq(u) denotes the set of 1-hop neighbors of node

u. Some of the properties of these spanners are below:

Lemma 2.1.1 [LCWWO03, LCW02] UDel C LDel*, forall k > 1.
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Lemma 2.1.2 [LCWWO03, LCW02| LDel**! C LDel*.
Lemma 2.1.3 [LCWWO03, LCWO02] LDel* are planar graphs for all k > 2.
Lemma 2.1.4 [LCWWO03, LCWO02] LDel* is not a planar graph.

Planarized local Delaunay triangulation (PLDel): Xiang li et al. [LCWWO03] gave
a localized algorithm to construct Delaunay triangulation for adhoc networks called pla-
narized localized Delaunay triangulation. In this algorithm, first it constructs LDel! with
one hop neighbors. LDel! is a t-spanner of UDG [LCWO02], but is not a planar graph. A pla-
narization algorithm is applied on LDel* to make it a planar graph and it is called planarized
local Delaunay triangulation (PLDel). PLDel is a planar 2.42-spanner of UDG [LCWWO03,
LCWO02].

The following inclusion property summarizes the relations among various geometric

Spanners.

Lemma 2.1.5 M ST C RNG C GG C LDel? C PLDel C LDel.

g

Del LDel!

Figure 2.6: Rules of Del and LDel'.

Partial Delaunay Triangulation (PDT): The partial Delaunay triangulation (PDT) [LSW04]
is especially designed for bluetooth wireless technologies. The spanner PDT can be con-
structed in a localized manner. PDT contains all edges of Gabriel graph.

Let r be the node inside the disk(p, q) with largest angle /prq, where g € ny(p). The
edge pq is added to PDT if the following conditions hold:
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1. There is no node from n; (p) that lies on the different side of pg with respect to  and

inside the circumcircle passing through p, ¢, and r, see the Figure 2.7.

2. sin(f) > %, where R is the transmission range, d is the diameter of the circumcircle

of Apgr, and 0§ = /prq.

The PDT is a subgraph of unit Delaunay triangulation (UDel).

Figure 2.7: PDT rules.

Restricted Delaunay Graph (RDG): Gao et al [GGH"01, GGH'05] proposed a
planar spanner called restricted Delaunay graph (RDG), which combines the node cluster-
ing algorithm with Delaunay triangulation graph. The spanner has constant length and hop
stretch factors.

The construction of RDG is carried out in two phases. In the first phase, each node u
collects its 1-hop neighbors n1(u), by receiving the broadcasted hello_packets. Each node
u computes the Delaunay triangulation Del(n(u)) and broadcast this information. In the
second phase, node u checks for consistency as follows: for each edge wv € Del(n;(u))
and each node w € ny(u), if u,v € ny(w) and To ¢ Del(ni(w)), then node u deletes
the edge ww. The resulting graph is called RDG. The above algorithm is computed on
cluster-heads and gateways, rather than on full node set.

Clustered Delaunay Graph (CDG): An improved version of RDG called CDG [ALW 703,

WLO02] is proposed by Alzoubi et al. It is bounded degree planar spanner which integrates

TH-857_03610102 18



the connected dominating set with the local Delaunay triangulation to form the backbone

of the wireless network. The spanner is constructed in two phases: First, compute the

connected dominating set (CDS) using the Alzoubi’s method [Alz02, AWF02]. Apply

the planarized local Delaunay triangulation on top of induced connected dominating set

(ICDS) to obtain the spanner.

2.2 Other spanners

Yao Graph (Yao): In Yao graph [WLBWOI1, LWWOLI], the transmission range circle of

a node u is divided into k equal sectors, where £ > 6, as shown in Figure 2.8. In each

sector, closest node is connected with u by an edge, if exists. Ties are broken arbitrarily.

The spanning ratio of Yao graph is bounded by a constant —+— [LWWO01, WLBWO1].

1—25in%

Unlike GG and RNG, Yao graph is not a planar graph.

Figure 2.8: Yao Graph Rule.

Bounded degree spanners Yao-Yao graph [LWWZFO02] and symmetric Yao graph [LWWF02],

variation of Yao graph, are proposed to reduce various network resources, such as power

and memory.

Sink structure: Even though Yao graph provides bounded out degree, some nodes

may have a very large in-degree, which causes large overhead. Li et al. [LWWO01] and Arya

et al. [ADM™95] have given a technique called sink structure for constructing the bounded

degree and bounded power stretch factor from Yao graph. In this technique, the directed
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star consisting of all the edges toward a node u is replaced by the directed tree, as shown
in the Figure 2.9. The power stretch factor of the sink structure is at most (W)Q, the
maximum degree of the graph is (k + 1)? — 1, and the maximum out degree is k, where 3

is the path loss component and & is the number of sectors [LWWO1].

7

(1) (ii)

Figure 2.9: (1) Star formed by links toward u. (i1) Directed tree sinked at u.

2.3 Spanner metrics

Some of the main metrics on which spanners are evaluated are given below.

1. Stretch factor: The length of the shortest path between two nodes in the spanner is
bounded with respect to shortest path in UDG. It is desirable that the stretch factor

of the spanner is as less as possible.

2. Planarity: The planarity of spanner is required for many geographic routing proto-
cols like GPSR, FACE, AFR, GFG, and GOAFR, to guarantee the delivery of packets

to destination.

3. Bounded degree: The bounded node degree will make the network to consume
fewer resources, like memory, power, and bandwidth. This is crucial for adhoc net-

works since nodes have limited resources.

4. Sparseness: The sparseness of the topology reduces the channel contention at the

MAC level because the network graph contains fewer number of links. If the network
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graph is too sparse like MST, the spanning ratio increases, which is not preferable.
Thus, there is a need for optimum sparseness. Sparseness enables most routing pro-

tocols to run efficiently.

5. Localized construction: Distributed local algorithms are desirable for construction
and maintenance of the spanners in adhoc networks because, it is easier to maintain

the information of nodes within a constant number of hops.

2.4 Routing protocols

This section describes the protocols which use various geometric spanners as an underlying
network graph.

Greedy perimeter stateless routing (GPSR) [KK00]: In GPSR, the data packet is for-
warded greedily toward the destination. In other words, the current node forward the packet
to the node in its 1-hop neighbor which has the least distance to the destination node. If
a node does not find any relay node in its 1-hop neighbors it uses perimeter routing until
the current node finds closest neighbor to the destination. This procedure is followed until
the packet reaches the destination. The spanners RNG and GG are used as the underlying
network graph when GPSR uses the perimeter routing.

FACE routing [BMSUO01]: In the FACE routing the entire network graph is divided into
faces which are surrounded by the edges of the polygon. This is achieved by constructing
the Gabriel graph. In the forwarding process, the packet is traversed through all the edges
of each face which crosses the virtual line from source to destination. The packet traversal
on the face is based on right hand rule.

Greedy FACE greedy (GFG) [BMSUO1]: The GFG is an improved version of FACE
routing. In GFG, the packet traversal is taken place through only some of the edges of the
face, instead of traversing the entire face, as in FACE routing.

Adaptive FACE routing (AFR) [KWZ02]: The AFR is an enhancement of FACE routing.
The path searching in AFR is restricted by ellipse. In other words, the packet forwarding
through the edges of GG faces should be within the ellipse. If the best route has the cost ¢
in the graph then AFR finds a route which always has the cost less than or equal to ¢2.

Geographic adaptive FACE routing (GOAFR™") [KWZZ03]: The GOAFR™ is the com-
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Figure 2.10: Greedy routing (i) Node a selecting relay node c as |cb| is smallest. (ii) Node
¢ selecting next relay node d as |db| is smallest.

bination of greedy forwarding and FACE routing. In GOAFR™, the packet is forwarded
greedily toward the destination. That is, the packet is forwarded to the neighboring node
which is closest to the destination. Once a node finds local maxima, it uses FACE routing
to forward the packet. That is, using right hand rule, it forward the packet on the faces
of the network graph. During the FACE routing, GOAFR™ restricts the search area as in
AFR.

In addition, the following are some of the important greedy routing protocols in the

literature.

1. Greedy routing (Grdy) [BMSUO1]: As shown in the Figure 2.10(i), let a be the
current node and the dotted circle is the transmission range of node a. The node b
is destination node. To forward a packet from node a to the destination node b, the
node a selects a node c as the next relay node in its transmission range such that the
euclidean distance |cb| is the smallest among a’s 1-hop neighbors. Similarly, in the
next step, as shown in the Figure 2.10(ii), the current node c selects the next relay
node d such that the distance |db| is the smallest among c¢’s 1-hop neighbors. This

process is repeated until the packet reaches the destination node b.

2. Compass routing (Cmp) [BCSWI8, KSU99]: As shown in the Figure 2.11(1), let
the nodes a and b be the current and destination nodes respectively. If the node a
is to transmit a packet to the destination node, it sends a packet to the next relay
node ¢ which makes the smallest angle. That is, /cab is the smallest among all a’s
neighbors. Similarly, in the next step the current node ¢ forward the packet to the next

relay node d such that Zdcb is the smallest among ¢’s 1-hop neighbors, as shown in
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Figure 2.11: Compass routing (i) Node a selecting relay node c as Zcab is smallest.
(i1)Node d selected as the next relay node since Zdcb is smallest.
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Figure 2.12: Random compass routing (i) Node a selects either node ¢ or node d randomly
as relay node. (ii) Node c selects either node e or node f randomly as the next relay node.
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the Figure 2.11(i1). This process is repeated until the packet reaches the destination

node.

. Random compass routing (RandCmp) [KSU99]: Assume that the node @ and b be

the current and destination nodes respectively. For a packet traversal from node a to
the destination node b, the current node a computes two nodes ¢ and d, above and
below the line ab respectively, as shown in the Figure 2.12(i). Here, the Zcab and
/dab are the minimum angles above and below the line ab respectively, among a’s
neighbors. The current node a sends the packet to the destination node by randomly
selecting either node ¢ or node d as the next relay node. In the next step, the current
node ¢ computes two nodes e and f as the next relay nodes and selects either of them
as the relay node for transmitting the packet, as shown in the Figure 2.12(ii). This

process is repeated until the packet reaches the destination node.

. Most forward routing (MFR) [TK84]: As shown in the Figure 5.9(i), the current

node « selects the next relay node c¢ to transmit the packet to the destination node b
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Figure 2.13: Most iorward routing (i) Node a selects node c as \%\ is smallest. (i1) Node ¢
selects node d as |eb| is smallest.

@ (i1)

Figure 2.14: Nearest neighbor routing (i) Node a selects node c as the relay node. (ii) Node
c selects node d as the next relay node.

such that the distance |db| is the smallest among a’s neighbors where d is perpen-
dicular projection point of node ¢ to the line ab. In the next step, as shown in the
Figure 5.9(ii), the current node ¢ forward the packet to the relay node d such that the
distance |eb| is the least among c’s 1-hop neighbors, where e is the d’s perpendicular
projection point to the line cb. This process is repeated until the packet reaches the

destination node.

5. Nearest neighbor routing (NNR) [HL86]: Let a and b be the current and destina-
tion nodes respectively, as shown in the Figure 5.10(i). For a particular angle «, the
node a selects the next relay node c, such that Zcab < « and c is the nearest neighbor
of a. Similarly, in the next step, to forward the packet the current node c selects the
next relay node d such that /deb < « and d is the nearest neighbor of node ¢, see
the Figure 5.10(i1). This process is repeated until the packet reaches the destination

node.

6. Farthest neighbor routing (FNR) [LCW02]: In this routing protocol, for the given
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Figure 2.15: Farthest neighbor routing (i) Node a selects node ¢ as the relay node. (ii)
Node c selects node d as the next relay node.

angle o, as shown in the Figure 5.11(i), the current node a selects the next relay node
c such that Zcab < « and c is the farthest neighbor of node a. Similarly, in the next
step, to forward the packet, the current node c selects the next relay node d such that
/dchb < a and d is the farthest neighbor of node ¢, as shown in the Figure 5.11(i1).

This process is repeated until the packet reaches the node b.

The greedy routing, compass routing, and random compass routing provide guarantee
delivery of packets if the underlying network topology is a Delaunay triangulation [KKO00,
BMSUO1].

2.5 Geometric routing with Guaranteed delivery

The message delivery between hosts is an important and difficult problem in a MANET.
In most of the greedy forwarding strategies, a source node first collects the location of the
destination node using some location service and then forward the packet to a neighboring
node which is closer to the destination. This process is repeated until the packet is delivered
to the destination. This type of greedy heuristic does not guarantee the delivery of packets
to the destination because the greedy forwarding strategies suffer from the problem of
local maxima. In local maxima, a packet get stuck at a node which does not have a closer
neighbor to the destination. Consider the Figure 2.16, the dotted circles represent the
transmission ranges of nodes D and z. Even though the nodes v and v are neighbors of x,
the node = does not find any better node to forward the packet to the destination. Hence,

the node z 1s called local maxima.
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Another problem of greedy heuristic is local loop. For example, consider the Fig-
ure 2.17. Let a and b be the source and destination nodes respectively. In compass routing,
the packet is forwarded to the destination node b, through the nodes ¢, d, e, f, g, and h.
In other words, the forwarded packet from the source node a is come back to the node
a itself and never reaches the node b. Hence, this problem is called local loop. Some of
the protocols based on greedy forwarding strategies, which suffer from these problems in-
clude geographic distance routing (GEDIR) [SLO1], directional routing (DIR) [BCSW98],
location aided routing (LAR) [KV99], Grdy [BMSUO1], Cmp [BCSW98, KSU99], Rand-
Cmp [KSU99], MFR [TK84], NNR [HL86], and FNR [LCWO02].

D

Figure 2.17: Local loop.

One way of solving these problems is by flooding. The flooding creates the problem

of redundancy and heavy resource consumption. In contrast to this, some researchers have
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used geometric spanner to overcome the local maxima and the local loop problems effi-
ciently. For example, the GPSR [KKOO] uses two spanners relative neighborhood graph
(RNG) [BDEKO2] and Gabriel graph (GG) [BDEKO02, Epp96] as the underlying network
topology. The GPSR forward the packet greedily toward the destination. If the packet
forwarding faces local maxima problem then it uses right hand rule to forward the packet
through the edges of the spanner. Once the local maxima problem is solved then it con-
tinues to send the packet greedily. Another famous geometric routing which guarantees
the delivery of packet is FACE routing [BMSUO1]. In FACE, the spanner GG is computed
before the data transmission. The packet is forwarded through the faces of planar graph
GG and moves toward the destination.

The routing protocols FACE, GPSR, AFR, GFG, and GOAFR™ uses GG as the un-
derlying network topology to generate delivery of packets, whereas GPSR can solve the

local maxima problem using either RNG or GG.

2.6 Conclusions

In this chapter, we have studied various geometric spanners used in wireless networks.
In addition, we have discussed several localized routing algorithms which can use these
spanners as an underlying network graph. There are few routing algorithms which provide
the guaranteed delivery of packets by utilizing the geometric spanners. Especially, the
Delaunay triangulation based spanners are frequently used by many position based routing
algorithms in wireless adhoc network. However, due to the neighborhood property of the
Delaunay graphs, the smaller edges present in the network graph lead to larger hop count
which in turn lead to high latency and low throughput. In the next chapter, we study
the constrained based geometric graph which reduce the hop count between nodes in the

network.
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Chapter 3

Constrained Geometric Graphs

3.1 Introduction

Geometric spanners as an underlying network graph make various routing protocols effi-
cient. In geometric spanners based on neighborhood relations, even though the nodes exist
in the communication range of each other, they do not have a direct edge between them.
Consider the PLDel shown in the Figure 3.1(i), the dotted circle indicates the transmission
range of node a. Nodes b, ¢, d, and e are neighbor nodes of node a. Even though the node
d is in the transmission range of node a, data packet traversal from node a to node d takes
more than one hop. The edge ad cannot be placed in the PLDel due to the violation of De-
launay property. The similar case occurs in GG and RNG as shown in the Figure 3.1(ii) and
the Figure 3.1(ii1), respectively. They cannot include the edge @c in their respective graphs
due to their geometric property. In other words, geometric spanners based on neighborhood
relations restrict them to have longer edges, which increase the number of hops between
source and destination, and in turn increases delay, jitter, and decreases throughput. But
the multimedia, real time, and web applications cannot tolerate long delays caused by long
path.

In this chapter, we consider the above problem and propose three new spanners
called localized constrained Delaunay triangulation (LCDT), localized constrained rela-
tive neighborhood graph (LCRNG), and localized constrained Gabriel graph (LCGG) by
introducing longer edges as constraint edges to reduce the number of hops and the delay

between the nodes. Hereafter, we refer these graphs as contrained Delaunay triangulation
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(CDT), constrained relative neighborhood graph (CRNG), and constrained Gabriel graph
(CGQG). In order to support our claim we have done the simulation using network simu-
lator (ns2.28) [NS205]. The simulation results show that CDT, CRNG, and CGG give
better performance than their counters PLDel, RNG, and GG, respectively. In addition to

simulation work, we have proved some interesting properties of these spanners.

(i1) (ii1)
Figure 3.1: More hops in PLDel, GG, and RNG.

The remaining part of this chapter is organized as follows: The Section 3.2 describes
the constrained based geometric graphs CDT, CRNG, and CGG, and their properties. The
simulation work is presented in the Section 3.3. Finally, the Section 3.4 concludes the

chapter.

3.2 Constrained Geometric spanners

The main idea is to add longer constraint edges to their basic spanner to reduce the number
of hops between the nodes. For instance, if we have an edge between the nodes a and
d in the Figure 3.1(i), a and c in the Figure 3.1(ii), or a and c in the Figure 3.1(iii), it
reduces the number of hops between the nodes and in turn leads to many other benefits
such as reduction in the delay, jitter, and energy consumption. But, these edges may violate
the geometric properties of their respective spanners. Other edges in the spanners satisfy
the geometric properties. This gives improvement in the hop count and at the same time
satisfying various geometric properties by non-constraint edges.

We have considered the system model for constrained geometric graphs as an asyn-

chronous wireless ad hoc network. In this network, each node has unique identification
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and all nodes are aware of their location information through some positioning technique.
All the nodes in the network have omni-directional antenna with same transmission range
and the network contains symmetric communication links. The network has reliable com-
munication, that is, if a node transmits a packet then all the nodes in the vicinity receive

the same packet.
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Figure 3.2: Non intersecting constraint edge computed by first method.

3.2.1 Constraint Edges

Placing non intersecting constraint edges in a network graph is an interesting problem. It
can be done in many different ways. We have proposed two different methods. In the first
algorithm, we set the color of all the nodes to W HIT E and change the color to BLACK
if the node contains least id among its /-hop neighbors. Each BLAC K node places a
constraint edge with the longest distance node among its /-hop neighbors. To ensure non-
intersection with other constraint edges, mark all W H I'T E nodes to BROW N, which are
1-hop neighbor of u and v when @ is the constraint edge, as shown in Figure 3.2.

The formal algorithm is given in Algorithm Constraint edgel. This algorithm uses
the following messages: The message Hello_Packet that carries the ¢d and position infor-
mation, is used for collecting the 1-hop neighborhood information. The messages proposal

and accept contain two node ids. The makegray packet does not carry any information.
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Algorithm: Constraint edgel

1. Each node u, sets its color to W HITE, broadcast its 7d and position information,

and listens to the messages from other nodes to collect 1-hop neighbors n; ().

2. Each node u marks its color to BLACK if it is a least id node among its 1-hop
neighbors and finds the longest edge with the node v € n;(u) as the constraint edge

and broadcast this information using the message proposal(u,v).

3. WHITE node v receiving the message proposal(u,v), sets its color to BROW N

and broadcast the message accept(u,v).

4. BLACK node u confirms the constraint edge after receiving the message accept(u,v)

and broadcast the makegray packet.

5. Each WHITEFE receiving the packets makegray or accept(u,v), marks its color to
BROWN.

6. If the BLACK node u does not receive accept(u,v) message, it chooses the next

longest edge from 7, (u).

This localized algorithm places the non intersecting constraint edges using [/-hop
information. But this algorithm introduces a small number of constraint edges. If the graph
contains large number of constraint edges then the average hop count becomes smaller.
Hence, we have introduced the algorithm, which uses 2-hop information.

In this algorithm, we initially set the color of all nodes to W HITE and change the
color to BLACK if the node has least ¢d among its 2-hop neighbors. These BLACK
nodes select the longer edges as constraint edges with the nodes in /-hop neighbor list,
by making sure that the angle between them must be greater than or equal to 60°. The
minimum angle between constraint edges ensures longer edges around each black node as
shown in the Figure 3.3. The formal algorithm is given in Algorithm Constraint edge?.
Unlike in Algorithm Constraint edgel, this algorithm does not require any mechanism to

avoid the intersection of constraint edges, as the BLACK nodes are at least three hops
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away. The minimum angle between the constraint edges, belonging to the same BLACK
node, can be user defined.

The algorithm Constraint edge2 uses the following control messages: Initially, the
message Hello_Packet 1s broadcased for collecting 1-hop neighborhood information. The
message Neighbor_Packet which carries a list of node ids, is used for collecting 2-hop
information. The message makebrown_Packet that carries a list of node ids, is used for

marking the list to brown color.

Algorithm: Constraint edge?2

1. Each node u collects the 1-hop neighborhood information in n;(u) and marks its

color to WHITE.
2. Each node u broadcasts n; (u) and collects the 2-hop neighbor information.
3. Nodes having lowest id among its 2-hop neighbors, set their color to BLACK.

4. Each BLACK node chooses a set N of nodes from its 1-hop neighbors using the
following method, see Figure 3.11.
n, = farthest neighbor
N ={m}
forz=2,3, ...
n; = choose 7™ farthest neighbor
if m; makes the angle 60° or more with all nodes in N

then N = N Un;,.

5. Each BLAC K node adds the constraint edges to the nodes in /N and mark the color

of a node to BROW N if the node is the other side of constraint edge.

In ideal conditions, the long constraint edges in the network do not affect the link
quality, as per the UDG model. That is, every node in the vicinity of another node receives
the transmitted packet [KZ03, GGH" 05, LCWW03, GGH"01, ALW*03, LCW02, WLO02,
LSWO04]. But in reality, the quality of signal strength decreases with the increase in distance

to the receiving node [ZK07, CWPEOQOS, Rap01]. The constraint edges may have poor link
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Figure 3.3: Constraint edges computed using 2-hop information in the third method.

quality. In addition to the distance, link quality also depends on the surroundings such as
walls, buildings, mountains, and weather conditions. So, one can consider the link quality

also as a parameter along with the distance to choose constraint edges.

Properties of Constraint Edges

The set of constraint edges computed by this method has interesting properties on their

distribution and density. These are discussed in the next subsection.

Lemma 3.2.1 The maximum number of constraint edges incident at a BLACK node is

SIX.

Proof: At any BLACK node, the minimum angle between two adjacent constraint
edges is 60°. The maximum number of constraint edges are six, since the total angle at any

point is 360°. ]

Lemma 3.2.2 The upper bound on the minimum number of constraint edges at BLACK

node is four.

Proof: = The minimum angle between two adjacent constraint edges is 60°. The mini-
mum number of constraint edges can be obtained by keeping the maximum angle less than

120° between the constraint edges as shown in the Figure 3.4. That is four constraint edges.

The minimum number of hops between any two BLACK nodes can be three as shown

in the Figure 3.5. But, it cannot be less as shown in the lemma below.
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Figure 3.4: Minimum Number of constraint edges.

Figure 3.5: Constraint edges ab and cd do not intersect.
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Figure 3.6: Minimum number of hops between BLAC K nodes.

Lemma 3.2.3 The minimum number of hops between any two BLAC K nodes is not less

than three.

Proof: We prove the statement by contradiction. Let us assume that the minimum
number of hops between two BLAC K nodes is less than three hops. That means it can be
either one or two hops.

Let us consider the network graph shown in the Figure 3.6, where nodes ¢ and j are
BLACK nodes. From the definition of BLAC K node, each BLAC K node has least
id among its 2-hop neighbors. That is, node ¢ can not be a smallest id node in its 2-
hop neighbor, because node j is in its 2-hop neighborhood. Similarly, node j cannot be
a smallest id node in its 2-hop neighbor, because node ¢ is in its 2-hop neighborhood.

Similarly, we can argue for /-hop also. Hence proved. |

Lemma 3.2.4 The maximum number of constraint edges incident to a BROW N node is

one.

Proof:  According to the algorithm, only BLAC K nodes initiate the constraint edges.
So, one end of the constraint edge is BLAC' K node and the other end is BROW N node,
as shown in the Figure 3.7.

The BROW N node’s degree becomes greater than 1 if it has another constraint edge
of another BLAC K node. This means, two BLACK nodes are two hop apart, which

contradicts the Lemma 3.2.3. |

From the Algorithm Constraint edge2, one can make the following observation.
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c @® =BLACK node

@ = BROWN node

b

Figure 3.7: Constraint edges at BROW N nodes.
Observation 3.2.5 No W HIT E node contains constraint edges.

Lemma 3.2.6 The minimum and maximum numbers of constraint edges at any node in

constraint geometric spanners are zero and six, respectively.

Proof: From Lemma 3.2.1, Lemma 3.2.4, and Observation 3.2.5, we can conclude
that the maximum and minimum number of constraint edges at any node in the graph are

six and zero, respectively. |

Lemma 3.2.7 The minimum number of hops between two constraint edges incident on

different BLAC K nodes is one.

Proof:  Let us assume the contradiction that the minimum number of hops between two
constraint edges of two different BLAC'K nodes is zero. That is, these constraint edges
are joining at a single node, which must be BROW N. So, the degree of BROW N node

becomes more than one, which contradicts the Lemma 3.2.4. |

Lemma 3.2.8 No two constraint edges intersect.

Proof:  Any edge incident on a BLAC' K node is within the 1-unit circle centered at that
BLACK node. The 1-unit circles centered at two different BLAC K nodes are disjoint,
since the minimum number of hops between any two BLAC' K nodes is at least three by

the Lemma 3.2.3, see the Figure 3.8. |

Lemma 3.2.9 The number of BLAC K nodes in a circle of k-units radius is bounded by a

constant for any constant k.
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Figure 3.8: Constraint edges do not intersect, because minimum hops between any two
BLACK nodes is three.

Figure 3.9: The (1 + x)-units circles packed in (k + 1 + x)-units circle.

Proof: = Two BLACK nodes with (1 + x) units radius circles are disjoint, where 0 <
x < 0.5. The maximum number of BLAC K nodes that can be placed in a k-units radius
circle can be obtained by placing (1 + z)-units disjoint circles in a (k + 1 + z)-units radius
circle, as shown in the Figure 3.9. Maximum number of disjoint (1 + z) units circles that

can be packed in (k + 1 + ) units circle are:

m(k+1+x)?
< w(1+x)?2

= O(k*) = O(1), for any constant k. ]

Lemma 3.2.10 The number of BROW N nodes in a k-unit radius circle is bounded by a

constant for any constant k.

Proof: = The maximum number of BLAC K nodes that can be packed in a k-units radius
is constant, from Lemma 3.2.9. Each BLAC K node contains maximum of six BROW N
nodes, as per the Lemma 3.2.1. Thus, the total number of BROW N nodes that can be

packed in the k-units circle becomes constant. Hence proved. |
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Figure 3.10: BLACK nodes packed in an area A.

Lemma 3.2.11 The total number of BLACK nodes is in O(n) for uniformly distributed

nodes in an area A.

Proof: Let c be the expected number of nodes in an unit area, where the nodes are
deployed uniformly.

Thus, the expected number of nodes in the area A is A x ¢ =n. Thatis, A = %

The expected number of BLAC'K nodes in the area A is obtained by packing the
1.5-unit radius circles in A + D area, as shown in the Figure 3.10. Here D is the area,

which has been added to A by increasing the length and breadth by 1.5 units. Thus, the

expected number of BLAC K nodes in the area A becomes 7::];_?2.

n
Tx1.52

€ O(n)

Hence the lemma is proved. |

Theorem 1 The total number of constraint edges in the constrained geometric graph is in

O(n).

Proof:  The total number of BLAC K nodes in the graph is in O(n), from Lemma 3.2.11.
For each BLAC'K node, there can be maximum of six constraint edges, by Lemma3.2.1.

Thus, the total number of constraint edges in the graph is in O(n). |
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Figure 3.11: Constraint edges selection.

3.2.2 Constrained Delaunay triangulation (CDT)

Planarized localized Delaunay triangulation (PLDel) [LCWWO03, LCWO02] is a planar ge-
ometric spanner with the spanning ratio of 2.5 [LCWWO03, LCW02], which is independent
of the number of nodes in the graph. However, its hop stretch factor can be in O(n). This
is because, there may not be a direct edge between a pair of nodes even though they are in
the communication range of each other. In this section, we propose a constrained Delaunay
triangulation (CDT), which reduces the hop stretch factor by introducing long constraint

edges.

The CDT of a set of nodes containing prespecified constraint edges should be as close
as possible to the Delaunay triangulation [Che87, Lee97, CR90, CW99, She(00]. The CDT
is a well studied problem in the area of computational geometry. Paul Chew proposed a
divide-and-conquer algorithm for CDT [Che87]. This algorithm is not suitable for wireless
adhoc networks, because it is a centralized algorithm. In this section, we propose a local-
ized algorithm to construct CDT for wireless networks. CDT has the following properties.
(1) All the edges in CDT have the length not more than one unit. (2) CDT is a planar graph.
(3) CDT is a spanner of UDG.

The spanner CDT construction is broadly divided into three parts. First, we construct
the planarized local Delaunay triangulation (PLDel) [LCWWO03, LCWO02] with one hop
neighborhood information. In the second part of the algorithm, we place non-intersecting
constraint edges on top of PLDel using the Algorithm Constraint edge2 discussed in the
previous section. The third part planarizes the graph by deleting the edges crossing the

constraint edges and adding the triangles around the constraint edges.
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Figure 3.12: Aadb, Aafd, Nahf, Aaec, Aage, and Aahg are created in CDT.
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Figure 3.13: Convex polygon after removing edge crossing.

For the sake of completeness, we briefly describe the PLDel algorithm. Each node
u computes Delaunay triangles Del(u) with its 1-hop neighbors. The Gabriel edges are
computed, which will never be deleted from PLDel. An edge ab is called Gabriel edge
if it is a common edge for two Delaunay triangles Aabc, Aabd, and the angles Zach and
Ladb must be less than 90° (see the Figure 3.14). A triangle Aabc is called consistent
if the nodes a, b, and ¢ have computed the triangle Aabc as Delaunay triangle. Remove
all inconsistent triangles. The resulting graph is called LDel', which may not be a planar
graph. A separate planarization algorithm is applied on LDel to induce a planarized local
Delaunay triangulation (PLDel).

Compute the non-intersecting constraint edges using the Algorithm Constraint edge?2.
The graph becomes non-planar as shown in the Figure 3.15. Nodes at either ends of con-
straint edges are colored either BLAC' K or BROW N by the Algorithm Constraint edge?.
These nodes broadcast the constraint edges incident on them using a Constraint_Packet.
After receiving the Constraint_Packet, all non-BLAC' K nodes identifies edges which are
crossing the constraint edges and remove them. The polygons formed on either side of a
constraint edge can be either convex or simple polygons as shown the Figure 3.13 or the

Figure 3.16, respectively. If these polygons are convex, they can be triangulated by adding
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Figure 3.14: Gabriel edges.
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Figure 3.15: Constraint edge is added to PLDel.

edges from each vertex on the polygon to any one end of the constraint edge, as shown in
the Figure 3.12. These edges do not satisfy the Delaunay property. If the polygon formed is
not convex, the triangulation is done using the Triangulation algorithm. In this algorithm,
the triangles are computed using Delaunay triangulation of two different set of nodes. The
complete description is given in the next page. The resulting graph is called constrained

Delaunay triangulation (CDT). The formal description of the algorithm is given below.

Figure 3.16: Constraint polygon, after removing edge crossing.
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Algorithm: Constrained Delaunay Triangulation

1. Construct PLDel [LCWWO03, LCWO02] from the given set of nodes.
2. Place the non-intersecting constraint edges using Algorithm Contraint edge?.

3. BLACK and BROWN nodes broadcast the constraint edge information using the

message Constraint_Packet.

4. Each WHITE and BROWN nodes remove edges which cross constraint edges, see
the Figure 3.16. This information is broadcasted using Edgecross Packet, which

contain edges deleted from it and the list of undeleted edges.

5. Each BLACK node broadcast the packet Polygon _Packet, which contain the infor-

mation received in Edgecross _Packet.

6. After receiving the Polygon _Packet from BLACK node Bl, each BROW N node

Br; triangulate using the algorithm Triangulation.

The Triangulation algorithm is responsible for triangulating the polygons, which were
created during the edge removal. Each BROWN node computes the polygon through the
information obtained by the packets Polygon Packet and Edgecross Packet. The polygon
is computed as follows: Starting with the BROWN nodes, Br; in the Figure 3.17, select
an edge, Br;i;, which makes least clockwise angle with the constraint edge Br; Bl. Now
the node ;, which is the other side of the selected edge, selects an edge, 7,7 which makes
least clockwise angle with the previously selected edge Br;i;. Similarly, the nodes is, i3,
.- - ig select the edges which make the least clockwise angle with the edges 7145, 7943, - - -
1718, respectively. This process is continued till it reaches the BROWN node. The set of
nodes S and edges traversed in this path forms the polygon.

The set S of nodes is divided into two subsets .5; and S, which forms two polygons
called left polygon P, and right polygon P,, respectively, on the left and right sides of the
constraint edge BIBr;. All the vertices left (right) of BIBr; belongs to left (right) polygon
P, (P,). Whether a node u is left (right) of an edge Bl Br; can be found by the determinant:
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Figure 3.17: The polygon formation.

i’ d
To Yo 1
z3 Y3 1

where (x1,y1), (%2, ¥y2), and (z3,ys) are coordinates of the nodes Bl, Br;, and u,
respectively. Node u is on left (right) if the determinant is negative (positive). If the deter-
minant value is zero, then add the node u to both S; and S,. The Delaunay triangulation
is computed, individually, with the sets S; and S,., and remove the edges which are outside

the polygons and the edges containing euclidean distance more than one unit.

Algorithm: Triangulation

1. Merge the information received, from BLAC K node Bl, in the Polygon Packet with

the received Edgecross _Packet.

2. Identifies the set S of nodes, which deleted the edges crossed by the constraint edge

BIBr;. S=i, 19, 13, - - - ig for the network given in the Figure 3.16.

3. Divide the S into S; and S, which are on left and right side of the constraint edge

Bl Br; respectively.
4. Find the Delaunay triangulation DT’ of S; and S, using any centralized algorithm.

5. Identify the polygons P, and P, formed by the vertices .S; and S, respectively. For
the Figure 3.16
Pl = Bria Z'la Z'Qa 7;37 Bla Bri

PT = BTia Bla 24,15, 16, 17,18, B’ri
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6. Remove edges from DT’ which are outside the P, and F,, and also the edges not part
of UDG.

7. Each BROW N node broadcast the edges of DT using the packet Delaunay Packet.

8. Each BLACK node, after receiving the packet Delaunay Packet, rebroadcasts the

same again.

9. Each node, after receiving the packet Delaunay_Packet, updates their edge list.

Properties of CDT

This section proves some interesting results on CDT.
Lemma 3.2.12 C DT is a planar graph

Proof:  The CDT is the combination of PLDel and the triangles formed within the con-
straint polygons. Since the PLDel is a planar graph [LCWWO03], the non planarity must
be involved within the constraint polygon. In the Triangulation algorithm, each BROW N
node computes the Delaunay triangulation of the constraint polygon. Since the Delaunay

triangulation is planar graph, CDT is a planar graph. |

We analyze the message complexity for CDT. In addition to the messages of pla-
narized local Delaunay triangulation [LCWWO03, LCWO02], CDT uses the following control

messages:

1. Neighbor_Packet: This packet is used to broadcast the 1-hop neighborhood informa-

tion.
2. Constraint_Packet: This packet is used to broadcast the constraint edge information.
3. Edgecross_Packet: This packet is used to broadcast the edge cross information.

4. Polygon _Packet: This packet is used to broadcast the edge cross information by
BLACK nodes.

5. Delaunay _Packet: This packet is used to broadcast the Delaunay triangles.
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Figure 3.18: Length stretch factor.

The message Neighbor_Packet is broadcasted at most once by each node in the
network graph. So, the message complexity for Neighbor Packet is in O(n), where n
is the total number of nodes. Only BLACK and BROW N nodes use the message
Constraint_Packet. Each BLACK and BROW N node broadcast the message Con-
straint_Packet at most once. The message complexity for the broadcast of Constraint_Packet
is in O(n). The message Edgecross Packet is used by only WHITE and BROW N
nodes. Each WHITE and BROW N node uses Edgecross_Packet at most once in CDT.
So the message complexity for this packet is in O(n). Only BLACK nodes use the Poly-
gon _Packet and the message complexity is in O(n). Each BROW N node use the packet
Delaunay _Packet once and each BLAC K node uses at most six times. So, the message
complexity for this packet is in O(n). The following theorem follows, since the message
complexity of PLDel is in O(n).

Theorem 2 The message complexity to construct CDT is in O(n).
The length stretch factor of CDT can be very high. Consider an example network

given in the Figure 3.18, where the edge @¢ is a constraint edge and edge bd is deleted due
to the edge cross with the constraint edge. In CDT, the distance between the nodes b and d

is min(|ba| + |ad

, |be| + |ed]|) and can be very high compared to bd. Similarly, the number
hops between b and d can be very high in CDT, as shown in the Figure 3.19. Hence, the
spanning ratio is also very large. However, these are extreme cases, as it does not happen

frequently in real environments.

3.2.3 Constrained relative neighborhood graph (CRNG)

The construction of CRNG is slightly different from CDT, which can be divided into three

phases. In the first phase, the relative neighborhood graph (RNG) is constructed from the
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Figure 3.19: Hop stretch factor.

given set of nodes. The construction of RNG is as follows: A node u in the graph computes
the lune with a node v € n4(u) and tests whether any node w € n;(u) exists inside the
lune or not. The node u places the edge v if the lune does not contain any other node.
This process is continued for all the nodes in the graph and the resulting graph is RNG.
The second phase of the algorithm places the constraint edges using the Algorithm
Constraint edge?. In the third phase, we remove the edges which cross the constraint edges.
The resulting graph is called constrained relative neighborhood graph (CRNG). The formal

description of the algorithm CRNG is given below.

Algorithm: CRNG

1. Broadcast hello_packet with ID and location information and collect 1-hop informa-
tion nq (u).
2. Each node u follow the steps to find RNG edges

for each a; € ny(u) do

if lune(u, a;) does not contain any other node a; € ny(u)

add edge ua; to CRNG.
3. Add the constraint edges as per the Algorithm Constraint edge?.
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Figure 3.20: Spanning ratio of CRNG.

4. BLACK and BROWN nodes broadcast the constraint edge information using the

message Constraint_Packet.

5. Each WHITE and BROW N node delete all the edges, which cross constraint
edges.

Properties of CRNG

Some properties of CRNG are discussed in this section.

Theorem 3 The CRNG is a planar graph.

Proof:  First phase of the algorithm constructs the RNG, which is a planar graph [LCWO02].
The resulting graph may become non-planar after adding the constraint edges in the step 3.
But, the step 5 assures planarity by removing the RNG edges, which cross the constraint

edges, refer the Figure 3.20. ]

Next, we analyze the message complexity of CRNG. The following messages are

used for constructing CRNG.

1. Hello Packet: This packet is used to collect the neighbor list information.

2. Neighbor _Packet: This packet is used to broadcast the 1-hop neighborhood informa-

tion.

3. Constraint_Packet: This packet is used to broadcast the constraint edge information.
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4. Edgecross Packet: This packet is used to broadcast the edge cross information.

The message complexity for Hello Packet is in O(n). The packet Neighbor Packet
is broadcasted at most once by each node and the complexity becomes O(n). The message
Constraint_Packet is broadcasted by only BLACK and BROWN nodes at most once. Thus
the message complexity of Constraint Packet is in O(n). Only the WHITE and BROWN
nodes broadcast Edgecross_Packet at most once. Thus, the message complexity of Edge-
cross_Packet is in O(n). The Theorem 4 follows, since the message complexity of RNG

construction is in O(n).

Theorem 4 The message complexity for constructing CRNG is in O(n).

3.2.4 Constrained Gabriel graph (CGG)

The second and third phases in the construction of CGG are same as that of CRNG. But
in the first phase of CGG, the Gabriel graph is constructed. The graph GG is constructed
as follows. Each node u in the graph tests whether any node w exists in the circle with the
diameter [wv|, where v, w € ny(u). The node u places the edge wv if the circle does not
contain any other node. This process is continued for all the nodes and their neighbor lists,

and the resulting graph is GG.

Algorithm: CGG

1. Broadcast hello _packet with ID and location information and collect 1-hop informa-
tion in ny (u).
2. Each node u follows the steps to find GG edges
for each a; € ny(u) do
if disk(u, a;) does not contain any other node a; € n(u)

add edge ua; to CGG
3. Add the constraint edges as per the Algorithm Constraint edge?.

4. BLACK and BROWN nodes broadcast the constraint edge information using the

message Constraint_Packet.
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5. Each WHITE and BROW N node delete all the edges, which cross constraint
edge.

Properties of CGG

Theorem S The CGG is a planar graph.

Proof: = We know that GG is planar graph [LCWO02]. The graph may become non planar
after adding the constraint edges. But, the WHITE and BROWN nodes remove their edges,

which cross the constraint edge. Thus the graph becomes planar. |

The CGG uses four control messages Hello _Packet, Neighbor Packet, Constraint_Packet,
and Edgecross_Packet in its graph construction. The purposes of these control messages
are same as that of the control messages in CRNG. The number of messages broadcasted

in CGG by these control packets is same as that of CRNG. Hence follows the theorem.
Theorem 6 The message complexity for constructing CGG is in O(n).
Lemma 3.2.13 CRNG C CGG C CDT.

Proof: Let an edge uv € RNG. If it does not cross any constraint edge pg, then the
edge wv € CRNG. Since RNG C GG, the edge wv belongs to GG. The edge wv belongs
to CGG, as it does not cross constraint edge pg. If the edge uv € RNG and cross the
constraint edge pq then the edge wv will be removed in both the graphs CRNG and CGG.
Thus, CRNG C CGG. Similarly, one can show CGG C CDT. Hence proved. |

3.3 Simulation and performance

The simulation work has been carried out using network simulator (ns2.28) [NS205]. In
order to evaluate the performances of the spanners CDT, CRNG, and CGG, we have done
several simulation experiments and the results are compared with the spanners PLDel,
LDel', GG, and RNG. In addition to the seven spanners CDT, CRNG, CGG, RNG, GG,
LDel, and PLDel, we have simulated six routing protocols, Grdy, Cmp, RandCmp, MFR,
NNR, and FNR, to run on these spanners. Please refer to the Section 2.4 for the details of

these protocols.
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3.3.1 Performance metrics

We have considered the following metrics to evaluate the performance of proposed span-

ners CDT, CRNG, and CGG. In the simulation results, we have presented average, mini-

mum, and maximum of these metrics.

1. Hop count: This metric represent the total number of hops travelled by a data packet

from source to destination on the underlying network graph.

. Delivery ratio: The delivery ratio (DR) is the ratio of the total number of packets

received successfully to the total packets sent by the source.

. Delay: Delay metric is the total time spent by a packet during the data transmission

from source to destination.

. Delay variance: Delay variance is the variance in the delay of a packet from source

to destination. The following mathematical formula is used to calculate the delay

variance (5).

Sa=/2 x T (a; —a)

where a; denotes delay of % packet, @ is average delay, and m is total number of

packets.

. Throughput: Throughput is the total number of packets received per unit time by

the destination.

3.3.2 Simulation results

All experiments are conducted on five different node scenarios, each containing 100 nodes

distributed randomly in a 200 x 200m? area. The transmission range of each node is 40 m.

For each scenario, ten different connection patterns are chosen by randomly selecting the

source nodes at one side of grid and the destination nodes at the other side. Data is sent at

constant rate. The rate of data transfer is varied by changing the time interval between data

packets called constant bit rate (CBR) interval in ns2.28.
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Grdy | Cmp | Remp | MFR | NNR | FNR
CDT |98.23 | 100 | 100 98 82.8 | 82.6
CGG | 955 |100 | 100 95.8 | 784 |80.4
CRNG | 85.8 | 89.95|89.7 |82.12|49.2 |57.2
LDel' | 98 100 | 100 97.6 | 88.8 | 81.6
PLDel | 98 100 | 100 98 75.2 | 69.2
GG 91.62 | 100 | 100 934 | 712 |69.2
RNG |74 86 856 |73 34.8 | 32.6

Table 3.1: Delivery ratio.

The first experiment is conducted to evaluate the delivery ratio of different spanners.
The average delivery ratios with six different routing protocols are shown in the Table 1.1.
The delivery ratios of CDT, CRNG, and CGG are better than PLDel, RNG, and GG, re-
spectively. The number of transmissions between source and destination becomes fewer
in constrained geometric graphs because of the longer constraint edges. So, the channel
contention will be less, which leads to less packet loss. On the other hand, fewer trans-
missions in the network leads to lesser possibility of simultaneous transmissions. Since
the simultaneous packet transmissions in the network leads to packet collisions, the con-
strained geometric graphs reduces packet loss. Hence, the delivery ratio is increased. We
can also observe that the delivery ratio of constrained graphs CDT, CGG, and CRNG de-
creases in the same order because of the inclusion properties CRNG C CGG C CDT. That
is, the path length between the source and destination in denser graphs is lesser compared
to sparse graph, leading to fewer transmissions. However, these fewer transmissions in the
network lead to higher delivery ratios. Thus, the order of delivery ratio follows CDT >
CGG > CRNG. From the Table 3.1, we can observe that the delivery ratios of the spanners
PLDel, GG, and RNG are in the same order because of the inclusion property PLDel O
GG D RNG.

The difference in delivery ratio after adding the constraint edges is high in RNG
compared to GG and PLDel. This is because the difference in the number of transmissions
for CRNG and RNG is higher (3.224763) than CGG and GG (1.947056) (or) CDT and

PLDel (1.207223). In otherwords, the larger the number of transmissions higher collisions.
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We have calculated the average number of constraint edges for different node density.

The average number of constraint edges added is 12.2 in our simulation scenarios.

The next experiment is on the hop count. That is, the number of hops between the
source and destination. The source node sends the packets to the destination greedily
on different spanners. The average hop count at different CBR intervals is shown in the
Figure 3.21. It is clear from the plot that the constrained geometric graphs have lower
hop count and the spanners CDT, CRNG, and CGG have less average hop count than their
counter parts, PLDel, RNG, and GG, respectively. This is because of the longer constraint

edges in CDT, CRNG, and CGG.

We can also observe that the average hop count of constrained graphs CDT, CGG, and
CRNG increases in the same order because of the inclusion properties CRNG C CGG C

CDT. In other words, the edge density decreases in the same order.

Similarly, the average hop count of the graphs LDel*, PLDel, GG, and RNG increases
in the same order, because RNG C GG C PLDel C LDel'.

From the graphs, we observe that the average hop count of the spanners are indepen-
dent of the CBR interval. This is due to the fact that the data flow rate in the network does

not change the number of hops between source and destination.

The third experiment checks the end-to-end packet delay on different network topolo-
gies. Here, we consider only the packets that reach the destination. The source node sends
the packets greedily to the destination on different spanners at different transfer rates. The
Figure 3.22 shows the average delays. From the plot, we can observe that the spanners
CRNG, CGG, and CDT contain less average delay compared to the other spanners. The
lower hop count of the constrained graphs leads to fewer transmissions and collisions,
which reduces the transmission delays and retransmission delays. Hence, lower delay. The
inclusion properties CRNG C CGG C CDT and RNG C GG C PLDel C LDel! lead to the
same hierarchy of the number of hops between source and destination. Hence, the same
hierarchy of delay.

We can observe from the graph that the average delay of all the spanners decrease
with the increase in the CBR intervals. This is because of the higher network congestion
at lower CBR intervals. This causes packet loss which inturn increases the retransmission

and queuing delays. On the other hand, at higher CBR intervals the network congestion is
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low which leads to lower packet delay.

It is directly related to the QoS parameter called jitter, which is important for many ap-
plications such as multimedia, realtime, VOIP, and streaming applications. One can see
from the Figure 3.23 and Figure 3.24, the variance of the end-to-end packet delay on the
spanners CDT, CRNG, and CGG are lesser than their counter parts PLDel, RNG, and GG,
respectively. This could happen, because the participation of transmission delay, retrans-
mission delay, and queuing delays are very small and only propagation delay has the more

prominent role in the end-to-end delay of constrained graphs, as the number of transmis-
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Figure 3.23: Delay variance in ps.

sion are reduced between source and destination. Hence, the delay variation becomes less
in CDT, CRNG, and CGG when compared to PLDel, RNG, and GG, respectively. Simi-
larly, the inclusion properties CRNG C CGG C CDT lead to the same hierarchy of delay
variance. Similarly, the average throughput also follows the same pattern.

Minimum and maximum of hop count, delay, delay variance, and throughput of the
constrained graphs are better than their counter parts. Here, the minimum hopcount in
CDT represents the least average hop count among the five node scenarios. As we have
discussed in the previous experiment, the CDT has lower hop count than PLDel. Thus, even

though we consider the minimum hop count among the five node scenarios the CDT has
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always minimum hopcount than PLDel or LDel, due to the presence of constraint edges
in CDT. Similarly, for maximum hopcount, the maximum average hop count among the
five node scenarious is considered. From the previous experiment we say that the pres-
ence of constraint edges provide better delay values. Hence, irrespective of maximum and
minimum delay values among five node scenarios the constrained geometic graphs have
better values. Similarly, for the maximum and minimum delay variance and throughput,
the constrained geometric graphs have better values.

We have carried experiments to calculate delay and hop count by varying the number

of nodes, 100, 150, 200, 250, 300, 350, and 400. The Figure 3.34 and the Figure 3.35 show
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that the average hop count and delay on constrained geometric graphs are better than other

graphs. This happens, because the constraint edges on CDT, CRNG, and CGG convey the
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Figure 3.34: Average delay versus number of nodes.

packets with fewer hops between the nodes. Hence, delay is reduced.

3.4 Conclusions

We have studied the need of constrained based geometric graphs and proposed three span-
ners, constrained Delaunay triangulation (CDT), constrained relative neighborhood graph

(CRNG), and constrained Gabriel graph (CGG) to reduce the number of hops. The sim-
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ulation results in ns2.28 consolidate our claim of average hop count reduction in these
spanners, which in turn reduces the delay and jitter, and increases the throughput. The in-
creasing order of the average hop count, delay, and jitter, in these spanners are CDT, CGG,
CRNG, LDel;, PLDel, GG, and RNG, where as the throughput follows the reverse order.
The delivery ratios of constrained geometric spanners are better than their non constrained
counter parts.

The Algorithm Constraint edge2 used to find constraint edges are not optimal. It
would be interesting to find an algorithm to add more number of constraint edges using
minimum number of neighbor information to further reduce various network overhead.

In ideal conditions, the long constraint edges in the network do not affect the link
quality, as per the UDG model. But in reality, the quality of signal strength decreases with
the increase in distance to the receiving node [ZK07, CWPEOQS, Rap0O1]. The constraint
edges may have poor link quality. In addition to the distance, link quality also depends
on surroundings such as walls, buildings, mountains, and weather conditions. So, one can
consider the link quality also as a parameter along with the distance to choose constraint
edges. It would be interesting to study these constrained spanners by adding constraint
edges based on link quality.

Another future direction is to find the constrained geometric spanners based on par-
tial delaunay triangulation (PDT) and restricted delaunay graph (RDG), and study their

properties and performance.

TH-857_03610102 69



TH-857_03610102 70



Chapter 4

Dynamic Spanners

4.1 Introduction

In adhoc networks nodes can go down. That is, nodes do not function as desired, due
to various reasons, such as insufficient battery power, environmental effects like eruption
of volcano, cyclones, and floods, and accidents like landslides and debris. Moreover, to
conserve the energy of network, the nodes can switch off their transmitter or go to the sleep
mode. There will be heavy packet loss if these nodes exist in any routing path. Similarly, a

new node can join the network or an existing node may wake up from sleep mode.

b C b C

@ (ii)

Figure 4.1: The network before and after the node u is down.

In the above cases, the network topology changes are not reflected in the network
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graph. To overcome this problem, the underlying network graph need to change dynam-
ically as and when required. In other words, the spanners for adhoc networks need to
change dynamically to retain the geometric properties of the spanner for efficient routing.
Consider the network graph in the Figure 4.1(i), if node u fails then the topology of
the network changes as shown in the Figure 4.1(ii). Here, the nodes a, b, c, d, and e have
to reflect their neighbor list after the node u fails. Otherwise, the nodes assume that the
paths through the node u exists resulting in heavy packet loss occur. In addition to this,
even after the node lists for the nodes a, b, ¢, d, and e are updated, the resulting network
graph may violate various geometric properties. For example, consider the network graph
given in the Figure 4.1(i1), even though the information about node v down is updated in
the neighbor lists of the nodes a, b, ¢, d, and e, the Delaunay triangles are not computed, as

shown in the Figure 4.2.

Figure 4.2: The updated network graph after reconstruction of Delaunay triangulation.

In this thesis, we have considered the above problem and proposed three spanners
called dynamic local Delaunay triangulation (DLDel), dynamic relative neighborhood graph
(DRNG), and dynamic Gabriel graph (DGG). The spanners DLDel, DRNG, and DGG re-
configure the graphs locally, instead of global reconstruction; to recover quickly from any
packet loss occurred in PLDel, RNG, and GG, respectively. The performance of dynamic
spanners DLDel, DRNG, and DGG are demonstrated by simulation using network simu-
lator (ns2) and the results are compared with the static spanners PLDel, RNG, and GG,

respectively. The experimental results show that the spanners DLDel, DRNG, and DGG
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perform better than their counter graphs. The system model for dynamic spanners is same
as the model used in constrained geometric graphs. In addition, the model should have the
facility for each node to measure the remaining energy in the battery.

The remaining part of this chapter is organized as follows: The next section describes
the dynamic local Delaunay triangulation (DLDel). In the section 4.3 the spanner dynamic
relative neighborhood graph (DRNG) is described. The section 4.4 describes dynamic
Gabriel graph (DGG). The simulation work and experimental results are presented in the

section 4.5. Finally, the section 4.6 concludes the chapter.

4.2 Dynamic local Delaunay triangulation (DLDel)

The main idea is to reconfigure the PLDel locally, whenever a new node joins the network
or existing node goes down, in initially constructed PLDel.

We briefly describe PLDel algorithm [LCWWO03, LCWO02]. Each node u broadcasts
hello_packets, which contain 2d and position of node u, and listens to the hello _packets
broadcasted by other nodes to collect 1-hop neighborhood information n;(u). Each node
u computes the Delaunay triangulation, Del(ni(u)), of the nodes {n;(u) U {u}}. The

Gabriel edges are computed from Del(n;(u)).

Figure 4.3: The edge uv is a Gabriel edge.

An edge wv is called Gabriel edge if the edge wv is common edge for two trian-

gles Auvw and Awuwvz, and the angles Zuzv and Zuwv are less than 90°, as shown in the
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Figure 4.3. These edges will never be deleted from PLDel. Next step is to check for con-
sistent triangles. A triangle Auvw is called consistent triangle if Auvw is in Del(n;(u)),

Del(ny(v)), and Del(n;(w)), as shown in the Figure 4.4.

Figure 4.4: The triangle Auvw is a consistent triangle for PLDel.

The graph with the Gabriel edges and consistent triangles is called LDel', which may
not be a planar graph. A separate planarization algorithm is applied on LDel to extract a

planarized graph called planarized local Delaunay triangulation (PLDel).

Definition 4.2.1 Topological neighbors R (v) of a node v in the graph G is the set of

adjacent nodes in G. That is, Rg(v) = {u|wv € G}.

Each node u broadcasts Rpy,pe(u) using message Tneighbor_Packet and listens to
the messages from its topological neighbors. In other words, each node u maintains the

NPLDel(U)a where v € NPLDel(u)'

4.2.1 Node Down

A node may go to sleep mode to conserve energy, insufficient battery power, or periodic

maintenance. In such cases, the node informs its topological neighbors by broadcasting the
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(1) (i)
Figure 4.5: Node u informs its down status to its topological neighbors R p; pe; ().

message Ndown_Packet before it switches off its transmitter, (see the Figure 4.5). Another
possibility of node down is by mean of accidents like system crash or physical damages.
In these cases, it can not inform its neighbors. But, each of its neighbor can identify this,
due to the absence of periodic hello_packet messages from the failed node. In the first case,
the node down is known to its topological neighbors immediately by the Ndown _Packet

message, where as, in the second case it takes a couple of hello_packet intervals.

When a node u receives the message Ndown_Packet from the node v, it extracts the id
from the message and updates the neighbor list n; (u) by deleting the id from n;(u). One
way of reconstructing the spanner locally is with 1-hop neighbors n;(v). Each node u €
n1(v) constructs the Del(n;(u)). Each node removes the inconsistent triangles and forms
LDel'(u), where LDel'(u) denotes the set of Gabriel edges incident on u and triangles
Auvw of LDel'.

However, constructing the PLDel in 1-hop neighbors of node v is expensive in terms
of computation and communication, because it may contain large number of nodes. More-
over, we need to maintain 2-hop information for planarization. In order to reduce the time
and communication complexities, we reconstruct the spanner using topological neighbors
of the failed node. This topological neighbors of failed node v form a part of polygon, as
shown in the Figure 4.6.

Each node u, which is a topological neighbor of the failed node v, constructs Delau-
nay triangulation with the set of nodes X py pe;(v) using any centralized algorithm. Remove
the edges which are not in UDG and outside the polygon, see the Figure 4.7. Topologi-

cal neighbors of node u is updated and broadcasted using the message Tneighbor_Packet.
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Vg vr Ug
Figure 4.6: Part of polygon with nodes X prpe;(v) of the network in the Figure 4.5.

Similarly, whenever an accidental node failure is detected, same action is taken by its topo-
logical neighbors.

This algorithm uses the messages Ndown_Packet, Tneighbor_Packet, and hello_packet
in addition to the messages used for constructing PLDel. The message Ndown _Packet
carries the node ¢d information. The packet Tneighbor_Packet contains the list of node #ds.
The packet hello_packet contains the node id and position. A formal description of the

algorithm is given below.

V4 U3 V2

(% b1

Vg U7 Vg

Figure 4.7: Reconfigured Delaunay triangulation after the node v is down in the Figure 4.5.

Algorithm: Node Down in PLDel

Whenever node u receives Ndown _Packet from node v or detects the accidental node

failure of v

{

Remove v from ny (u).
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if(u € Rpppa(v))

{

Construct Delaunay triangulation (DT) with the nodes R pr, pe;(v).
Remove the edges from DT which are not belongs to UDG.

Remove the edges from DT which are outside the polygon formed by

NPLDel(u)-

}

The following lemma can be verified easily.

Lemma 4.2.1 The time and message complexity of a node down is in O(Alog(A)) and

O(1) respectively, where A is the maximum node degree in PLDel.

4.2.2 Node Join

When a new node joins the network or a node wakes up from sleep mode, it broadcasts
the message Njoin_Packet to inform its neighbors about its arrival into the network, see the
Figure 4.8. Each of its neighboring node u updates its neighbor list n;(u). The recon-
struction of the spanner is done only by the nodes within the transmission range of node
v. Each node u computes PLDel(u) and broadcast the message Jnnode _packet if the edge
uv € PLDel(u), where v is the newly joined node. Each joined node v collects this infor-
mation and update topology neighbor lists R p; pe;(v) to maintain the graph, as shown in
Figure 4.9.

The node join algorithm uses the following messages apart from the messages used
in PLDel. The message Njoin_Packet contains a node ¢d. The message Jnnode _packet

contains a list of node ¢ds. The formal algorithm is given below.

Algorithm: Node Join in PLDel

1. Each node u receiving Njoin _Packet from node v does the following:

Update the n (u).
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Figure 4.8: New node vy joins the network.

Vg Ug

V2
(%1

Figure 4.9: Delaunay triangulation of the network in the Figure 4.8 after node v joins.

Construct PLDel(u).
If edge wv € PLDel then send the message Jnnode Packet.

2. The joined node v receiving the message Jnnode _Packet from node u, adds the edge

vu to NPLDel(U)-

One can easily verify the following lemma.

Lemma 4.2.2 For a node join, the message and time complexity for reconstructing the

spanner is in O(A) and O(A*), where A is the maximum node degree in UDG.
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4.3 Dynamic relative neighborhood graph (DRNG)

The existing algorithm for constructing RNG [KKOO] discussed in the Section 2, is not
amendable for efficient dynamic maintenance. In other words, the time and message com-
plexities of maintaining RNG dynamically are higher. Therefore, we propose a new algo-
rithm for constructing RNG, which has less overhead for dynamic maintenance.

Area around a node v is divided into six equal sections s1(u), so(u), s3(u), s4(u),
s5(u), and s¢(u), as shown in Figure 4.10. We denote by R;(u), the set of nodes in the %"
section of a node u for i=1, 2, 3, 4, 5, and 6. That is, R;(u) = {v|v € s;(u)}. A point v in

R;(u) is said to be geographic neighbor to w in s;(u) if d(u, v) = min{d(u, q)|q € R;(u)}.

Figure 4.10: Equal sectors around a node.

The geographic neighborhood graph (GNG) of a set of nodes V' in s;(V') is a graph
GNG;(V) = (V, E;) such that E; = {uv|u € V,d(u,v) = min{d(u, ¢)|q € R;(u)}}. That
is, each node u € V' connect to nearest neighbors in the s; section. The union of the above
graphs for 1= 1, 2, - - -, 6 is called the geographic neighborhood graph [KN86] of V', (see
the Figure 4.11) and denoted by GNG(V) or simply GNG. That is,

6
GNG(V) = | J GNG;(V)
i=1
The relative neighborhood graph is a subgraph of the geographic neighborhood graph,
RNG C GNG [KNS86].
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Figure 4.12: Lune testing for GNG edges.

4.3.1 Localized construction of RNG using GNG

Katajainen et. al [KN86] proposed an O(n?) algorithm to construct RNG with the given
set of nodes. This algorithm considers the fact that GNG is a super graph of RNG. But
this algorithm is centralized algorithm, which is not suitable for adhoc networks. In this
Section, we give a distributed localized algorithm to construct the RNG.

We use the same notation as in centralized RNG construction with the extra localiza-
tion constraint. R;(u) to denote the set of nodes in section s;(u), which are with in 1-unit
distance from node u, fori=1, 2, - - - 6. That is, R;(u) = {v|v € s;(u), [zv] < 1}. Similarly,
E; ={uvlv € ny(u),d(u,v) = min{d(u, q)|¢ € R;(u)}}. The RNG;(u) denotes the set

of nodes, from which the RNG edges are incident on node u in the sector 2.
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Localized construction of RNG is done in three stages. In the first stage, each node
gathers 1-hop neighbor lists from the received hello_packet message. In second stage,
we construct the GNG. Finally, prone the GNG edges to obtain the RNG edges, see the
Figure 4.12. The localized construction of RNG does not use any extra control messages.

The formal description of the algorithm is given below.

Algorithm: RNG

1. Each node u broadcasts the hello_packet with id and location information, and waits

to receive the hello_packet from other nodes to collect ny (u).
2. Each node u constructs GNG.

3. Each node u does the following to find RNG edges.
For each edge wv € GNG
If (lune(u, v) is empty)
add uv to RNG.

Lemma 4.3.1 The message complexity for constructing RNG is in O(n).

Lemma 4.3.2 The time complexity for constructing RNG is in O(A) for uniformly dis-

tributed nodes, where A is the maximum node degree in UDG.

Proof: = There are six sectors around each node. For uniformly distributed nodes, the
number of GNG edges in a single sector is in O(1) and can be computed in constant
time [KN86]. The time complexity to obtain an RNG edges from GNG is in O(A). In other
words, each lune test takes O(A) time complexity. Thus, the expected time complexity for

constructing RNG is in O(A). |

The distributed RNG algorithm described in [KKOO] has the time complexity of
O(A?) and message complexity of O(n). The time complexity of the proposed algorithm
for localized RNG construction is in O(A) and the message complexity is in O(n). How-
ever, most of the times, the cost of local changes for dynamic maintenance of the RNG
algorithm given in [KKO0] has higher complexity by O(A). The distributed RNG algo-
rithm by Borbash and Jennings [BJ02] has the time complexity of O(A). However, the

TH-857_03610102 81



number of messages in this algorithm is &k times higher than the messages in the proposed
algorithm. Moreover, their algorithm is not suitable for unit disk graph model. Hence, our
algorithm is better than the existing algorithms in terms of time and message complexities.
In addition, it is more suitable for dynamic maintenance of RNG.

We make use of the property RNG;(u) C GNG;(u) for efficient dynamic mainte-

nance of RNG. Thus, we need to maintain GNG also.

4.3.2 Node Down

When a node is down in the network, it informs its neighbors by broadcasting the message
Ndown_Packet before it switches off its transmitter. Each node u receiving the packet
Ndown_Packet updates its neighbor lists n¢(u) and reconstructs the edges of GNG and
RNG. In case of the node failures due to the accidents, the RNG reconstruction is carried
out after a couple of beacon intervals.

Let v be the down node such that v € R;(u). Depending on number of vertices in
RNG;(u) and GNG;(u), we have different cases for RNG updation. First we discuss the

updation required in the sector .

{1

Figure 4.13: Case 1: RNG;(u) = {v} and GNG;(u) = {v}.

Case 1 (RNG;(u) = {v} and GNG;(u) = {v}):. Find the nodes which are nearest neigh-
bors of u in the sector i to form GNG;(u). For each w € GNG;(u) do the lune test. That
is, if lune(u, w) is empty, add w to RNG;(u) or ww to RNG (see the Figure 4.13).

Case 2 (RNG;(u) = {v} and GNG;(u) — {v} # 0):. This is because lune(u, v) is empty

and for all w € GNG;(u) — {v}, the lune(u, w) is not empty. The node v down does not
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Figure 4.14: Case 2: RNG;(u) = {v} and GNG;(u) — {v} # 0.

effect the emptiness of the lune(u, w). Hence, no new edge is added in the ith sector, see
the Figure 4.14.
Case 3 (RNG;(u) = {v, vy, vq,- - -}):. If node v is down, there is no change in GNG;(u),
since v, v1, Vg, - - - are also nearest neighbors in the sector i. RNG;(u) becomes {vy, vg, - - -},
because the node v down does not effect the emptiness of the lune(u,v;), for all j =
1,2,---. For all nodes w € GNG;(u) — RNG;(u), the emptiness of the lune(u, w) is not
going to effect.

Now we consider the updation required in the other sectors R;(u), where j # 4, and
v € R;(u). If v is in lune(u, w) for some w € GNG;(u) — RNG;(u),j # i, then the
lune(u, w) may become empty if the node v is down. We have to add all such nodes to
RNGj(u). Therefore, for each w € GNG;(u) — RNG;(u) for j # 1, if the lune(u, w)
is empty, add w to RNG,(u), see the Figure 4.15. The node down maintenance algorithm
uses only the message Ndown_Packet which carries a node id. The formal algorithm is

given below.

Algorithm: Node Down in RNG
If a node v is down in the sector 7 of node «

(@QIf(RNG;(u) — {v} = 0 and GNG;(u) = {v})
{

Find GNG;(u).
For each node w € GNG;(u)
Add uw to RNG if lune(u, w) is empty.
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Figure 4.15: Updations in other sectors.

}
IE(RNG;(u) — {v} #0)
Delete v from GNG;(u) and RNG;(u).
(b) For each sector j of u, where j # i
For each w € GNG,(u) — RNG,(u)
If(lune(u, w) = 0) add w to RNG;(u).

Lemma 4.3.3 The time and message complexity of updating RNG for a node down is in

O(A) and O(1) respectively, where A is maximum node degree in UDG.

4.3.3 Node Join

The message Njoin_Packet is broadcasted when a node joins the network. Each node re-
ceiving the packet Njoin_Packet updates its neighbor lists and computes the RNG.

Let v be the node joining the network in the sector i of node u, that is v € R;(u),
and v < 1. When a new node joins the network, the following are the various cases for
updating the RNG and GNG edges in the sector 4.

Case 1 (v; € RNG;(u) and |[uo;| < [uv|): Since the newly joined node v is not a nearest
neighbor of node u, no changes are required in RNG;(u) and GNG;(u), see the Fig-
ure 4.16.
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V2

Figure 4.16: Case 1: Node v joins the network and v; € RNG;(u).

I

Case 2 (v; € RNG;(u) and [uo7| = |ww|): In this case, update the GNG;(u) by GNG;(u)
GNG;(u) U {v}. Add the node v to RNG;(u) if the lune(u,v) is empty, see the Fig-
ure 4.17.

U1
V2
2 v
Figure 4.17: Case 2: Node v joins the network and |uvy| = |uv|.

Case 3 (v; € RNG;(u) and [uw;| > [uv|): Delete all the nodes in GNG;(u) and RNG;(u),
as v becomes the nearest neighbor. Add the newly joined node v to GNG and add v to
RNG;(u), if lune(u,v) is empty, see the Figure 4.18. For each other sector j # i, check
the lune test for all the RNG edges. That is, for each w € RNG(u), if v € lune(u, w)
then remove w from RNG(u).

The Node Join algorithm uses the following messages: The message Njoin_Packet
and Nnode_Packet carries the node id. The message hello_packet contains node id and

position information. The formal algorithm is given below.
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Figure 4.18: Case 3: Node v joins the network and |uvy| > |uw].

Algorithm: Node Join in RNG
If a node v joins in the sector ¢ of node u

(@)If(v; € RNG;(u) and |uvy| = [wv])
Add v to GNG;(u).
Add v to RNG;(u) if lune(u, v) is empty.
If(v; € RNG;(u) and [uoy| > |av))
Delete all the nodes in GNG;(u) and RNG;(u).
Add v to GNG;(u).
Add v to RNG;(u) if lune(u, v) is empty.

(b) For each sector j # 4
For each w € RNG(u)
If(v € lune(u, w))
Delete w from RNG;(u).

Each node u, which has edge wv to the newly joined node v, broadcasts this informa-
tion using the message Jnnode_packet. Node v collects this information and updates the
topology neighbor lists X pryg(v) to maintain the graph.

Node v can participate in routing immediately, since it is connected to network by
RNG edges without much delay. However, it can not participate in dynamic maintenance

immediately, since it does not have neighbors n;(v) and GNG. Node v keeps updating
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n1(v) and GNG(v) from received hello_packets. Node v completes the updation of n;(v)

within a beacon interval and computes GNG.

Lemma 4.3.4 The time complexity for a node join in RNG is in O(A) for uniformly dis-

tributed nodes, where A is the maximum node degree of UDG.

Proof: The time complexity for a single lune test is in O(A). Since each node has
six sectors, there can be constant number of lune tests to update RNG. Thus the time

complexity for RNG is in O(A). |

Lemma 4.3.5 The message complexity for a node join in RNG is in O(1).
Lemma 4.3.6 The DRNG is a planar graph.

Proof: In both the cases, node down and join, the reconstruction is done using RNG

algorithm. Since RNG is a planar graph, DRNG maintains the planarity. 1

Lemma 4.3.7 The spanning ratio of DRNG is in O(n).

Proof:  The spanning ratio of RNG is in O(n). In case of either node down or join, the
reconstruction is done using RNG algorithm. Hence, the spanning ratio of DRNG is in

O(n). |

4.4 Dynamic Gabriel graph (DGG)

Similar to the DLDel and DRNG, DGG first constructs the spanner Gabriel graph (GG)
and follows the maintenance of the constructed spanner. The maintenance is done locally,
which avoids the global reconstruction.

Each node u collects the 1-hop neighbors 71 (u) and finds Gabriel edges incident on
u using n1(u). An edge T is present in GG if and only if disk(u,v) does not contain

any other node from n, (u), where the disk(u, v) represents the circle with diameter as the

distance 7| and centered at %2, as shown in Figure 4.19. Dynamic maintenance of GG

for a node down and join into the network is discussed in the following subsections.
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Figure 4.19: Gabriel Rule.

4.4.1 Node Down

Each node v broadcasts the packet Ndown_Packet before it goes down and switching off
its transmitter. The node u receiving the packet Ndown_Packet from the failed node v,
reconstruct the GG with 1-hop neighbors n;(u). If a node does not inform its neighbors
before it goes down due to some sudden events, information about the failed nodes is
obtained due to the lack of hello_packets from them.

This algorithm uses the following messages: The message Ndown_Packet contains
a node id. The message hello_packet contains a node id and position information. The

formal algorithm is given below.

Algorithm: Node Down in GG

1. Each node u, after receiving Ndown _Packet or detects a node down, do the following:
Extract id from Ndown_Packet and remove it from ny(u).

Construct Gabriel graph with nodes n;(u).

Lemma 4.4.1 The message and time complexity for a node down in DGG is in O(1) and

O(A?) respectively, where A is the maximum node degree.
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4.4.2 Node Join

When a new node v joins the network or wakes up from sleep mode, it informs its neighbor
by broadcasting the packet Njoin_Packet. Each node u receiving the message Njoin_Packet
from node v, reconstructs the spanner GG with its 1-hop neighbors 7, (u). Each node u
having the edge uv to the joined node v, sends a message Jnnode Packet. When a node v
receives the message Jnnode _Packet, it adds the edge vu to GG.

The node join algorithm uses the messages Njoin_Packet and Jnnode _Packet that con-

tain the node ¢d. The formal algorithm for node join is as follows.

Algorithm: Node Join in GG

1. Each node u, after receiving the Njoin_Packet from node v, follow the step :
Extract id and position information from Njoin _Packet and adds it to n; (u).
Reconstruct the GG with the nodes n ().

If the edge uv € GG, broadcast the message Jnnode Packet.

2. The joined node v, receiving the message Jnnode Packet from node u, adds the edge

77U to Ngag (U) .

Lemma 4.4.2 The time and message complexity for a node join is in O(A?) and O(A)

respectively, where A is the maximum node degree.

The node down and up procedures are dynamically maintaining GG without violating

any localized GG properties. Hence, follows the lemmas.

Lemma 4.4.3 The DGG is a planar graph.

Lemma 4.4.4 The spanning ratio of DGG is in O(y/n).

Lemma 4.4.5 DRNG C DGG.

Lemma 4.4.6 11prne > Upaa, where g denotes the spanning ratio of graph G.

Proof: This follows from the fact that |IIprnGuw)| > [Hpaeue |, Where g,

denotes the length of shortest path between two nodes u and v in the graph G. |
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Figure 4.20: Greedy routing.

4.5 Simulation and performance

We have considered only node down, since its impact on delivery ratio is higher than node
join. We have simulated the node down by exhausting battery power. That is, a node
goes down when its battery power is exhausted. In addition to spanners DLDel, DRNG,

and DGG, we have simulated the spanners PLDel, RNG, and GG, in network simulator

(ns2.28) [NS205] for comparison.

We have taken 50 nodes, randomly distributed in a 600 x 600 m? square grid. The

transmission range of each node is 200m. The initial energy given is 30 joules. The energy
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Figure 4.21: Compass routing.
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Random compass routing
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Figure 4.26: Random compass routing.
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is consumed for each packet transmission with the transmission power (tzPower_) of
0.665 watts. For each packet reception, the energy is consumed with the receiving power
(rePower_) of 0.395 watts. The idle power is 0.035 watts. The total simulation time is
600 seconds. We have taken three different connection patterns where the sources at one
side of the grid and the destination nodes are at the other side. The packets of size 512

bytes are sent from source to destination at constant rate.

4.5.1 Simulation results

In the first set of experiments, we evaluate the performance of dynamic local Delaunay
triangulation (DLDel). We run four routing protocols Grdy, Cmp, RandCmp, and MFR
on two different spanners DLDel and PLDel. We have calculated the average delivery
ratio for each of these four routing protocols. As we know that the length stretch factor
of PLDel is much higher than RNG and GG, the total number of hops in RNG and GG
will be higher. So, the less power consumption occurs in PLDel compared to RNG and
GG spanners. Hence, we have considered higher transfer rates of the CBR packets in
DLDel than in DRNG, and DGG. From the figures Figure 4.20, Figure 4.21, Figure 4.22,
and Figure 4.23, we can say that the delivery ratio of DLDel is higher than PLDel. This
happens because when a CBR packet is transfered from a source node to a destination
node, all the relay nodes in the routing path need to forward the packets. Thus, for each
packet transmission and reception the energy model decreases the remaining energy in the
battery of all the relay nodes. After several CBR packet transfers, the energy in the battery
drains and node failures occur. These node failures are detected in the dynamic spanners
before the node dies and the protocol reconstructs the network graph locally. Thereafter, the
routing algorithm forward the data packets through another route and recovers the packet
loss. On the other hand, PLDel does not reconstruct the network graph and hence packet
loss occurs.

In the second set of experiments, we evaluate the performance of DRNG. In this
experiment, we run these four different routing protocols on DRNG and RNG. We have
computed the average delivery ratio of the above routing protocols. Since the spanning
ratio of RNG is smaller than GG, the total number of hops in RNG will be higher. So,

more power consumption occurs in RNG spanner. Hence, we have considered smaller
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transfer rates of the CBR packets in DRNG than in DGG. From the figures Figure 4.24,
Figure 4.25, Figure 4.26, and Figure 4.27 we can say that the delivery ratio of DRNG is
higher than RNG, because more packet loss occurs when the nodes are failed in the RNG,

where as DRNG recovers it dynamically.

Finally, we evaluate the performance of dynamic Gabriel graph (DGG). In this pro-
cess, we run the four routing protocols Grdy, Cmp, RandCmp, and MFR on two different
spanners DGG and GG. In each simulation, the average delivery ratio is calculated. From
the Figure 4.28, Figure 4.29, Figure 4.30, and Figure 4.31 we say that the delivery ratio of
the routing protocols on the spanner DGG is much better than GG. This happens because,
once the battery of a node is down, the edges in GG will no longer exists. Hence, heavy

packet loss occur in GG, where as it is recovered in DGG because of its dynamic nature.

Though the delivery ratio of dynamic spanners is higher than their respective static
spanners, the delivery ratio values in the dynamic spanners are irregular. This happens
because, after reconstructing the spanner due to node failure, the hop count in the new
routing path is different from the hop count prior to the node failure. Thus, the variation
in the number of transmissions and routing path lead to variation in the delivery ratio. In
addition, the reconstruction process due to the node failure requires additional time. During

this period, the data packets sent may be lost which leads to the irregularity in delivery ratio.

In the next experiment, we have calculated the number of node failures occurred
during the data transmission. The Table 4.1 shows the number of node failures for various
routing protocols. From the table, we can observe that the number of node failures for all
protocols is in the order of DLLDel < DGG < DRNG. Since PLDel O GG O RNG, the path
length in PLDel is smaller and has fewer intermediate relay nodes. When data packets are
transmitted through these relay nodes, the energy is drained from the battery and the node
failures occur. In other words, for the spanners RNG and GG, the number of relay nodes in
the routing path are high due to their lower edge density. Thus, the order of node failures

are in DLDel < DGG < DRNG.

In the next experiment, we have computed the end-to-end packet delay. The end-to-
end packet delay of a single data packet is the time duration between the packet start time
at the source node and the packet received time at the destination node. We carried the

simulation for greedy routing algorithm on spanners DLDel and PLDel. The Figure 4.32
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DLDel | DGG | DRNG
Gdr |6 8 8
Cmp |8 9 20
Remp | 8 9 20
Mfr 6 8 8

Table 4.1: Nodes failures.

shows the average packet delay at various CBR intervals. From the plot, we can observe
that the average packet delay in DLDel does not have substantial improvement over the
spanner PLDel. This is because we consider only the packets that are successfully trans-
mitted to the destination node. Due to the node failures, the packets that are dropped in
between the source and destination are neglected. However, for a successfully received
packet, the delay difference in both the spanners is not high as the packets traverse through
the Delaunay edges in both the spanners. Similarly, from the Figure 4.33, Figure 4.34, the
delay difference between DRNG and RNG (or) DGG and GG is not much.

4.6 Conclusions

In this chapter, we have studied the dynamic maintenance of PLDel, RNG, and GG. Sim-
ulation results consolidate our claim that the spanners DL.Del, DRNG, and DGG recover
quickly and prevent packet loss occur in PLDel, RNG, and GG, respectively, due to fre-
quent node failures. Our approach preserves their geometric properties by dynamically
reconstructing the graph. Similarly, one can study dynamic maintenance of other geomet-

ric graphs like Yao, PDT, and RDG.
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Chapter 5

Fault Tolerant Spanners

5.1 Introduction

Various resource limitations and environmental constraints make frequent link and node
failures in adhoc networks, which make the networks unreliable. For example, the edge
disconnections occur due to buildings, walls, mountains, and obstacles between the wire-
less nodes. Similarly, the node failures occur due to the exhausted battery power, accidents,
landslides, debris, eruption of volcano, and cyclones. So, network topology should be fault
tolerant to take care of these failures. In the literature, two types of fault tolerant spanners
are considered [LNS02, CZ03, Luk99], namely, k-node fault tolerant spanners (k-NFTS)
and k-link fault tolerant spanners (k-LFTS). The definitions of the k-fault tolerant spanners
are as follows. A graph G=(V, E) is called a k-node fault tolerant ¢-spanner for the given
set of nodes V/, if for any subset V' of V' of size at most &, the graph G/V is a t-spanner for
the node set V/V'. Similarly, the graph G=(V, E) is called k-link fault tolerant ¢-spanner
for V, if for any subset E’ of E of size at most k£ and for any pair of nodes ¢ and b in V,
the shortest path length between a and b in the graph G/ E’ is at most ¢ times the length of
the shortest path between a and b in graph Ky /E’. Here, Ky denotes the complete graph
with the node set V. The notation G/V' denotes the graph with the vertex set V/V’, and
edge set E that have both end points in V/V'. In adhoc networks, one can use UDG(V)
instead of Ky. However, the computational complexities for constructing these spanners
are in O(nlogn). But these are centralized algorithms, which are not suitable for adhoc

networks.
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Another way of overcoming the frequent node failure is to consider more stable nodes
in the network graph. So, we consider a fault tolerant spanner for adhoc network as a stable
spanner, which depends on the stability of nodes, also called as stability based spanners.

In this chapter, we have considered the node failure which is frequent in battlefield
and disaster relief applications and have proposed various stable spanners called fault tol-
erant spanners. One way of overcoming this problem due to the node failures is to update
the spanners dynamically as discussed in the previous chapter. However, these frequent up-
dates result in communication and computational overhead. If we know the nodes which
are going to be failed or unstable before hand, we can avoid such nodes as a part of span-
ners to overcome this problem. The node stability depends on various parameters such as
power level, mobility, its environment, and usability. This chapter considers more stable
nodes for constructing the geometric spanners, called fault tolerant spanners.

The proposed fault tolerant spanners are called fault tolerant local Delaunay triangu-
lation (FTLDel), fault tolerant relative neighborhood graph (FTRNG), and fault tolerant
Gabriel graph (FTGG). The spanners, FTLDel, FTRNG, and FTGG are simulated using
network simulator, ns-2.28 [NS205], and shown better performance than their counter parts
PLDel, RNG, and GG, respectively.

The rest of the chapter is organized as follows: In the next section, the fault tolerant
spanner FTLDel is described. In the Section 5.3, the spanner FTRNG and its properties
are presented. The spanner FT'GG is described in the Section 5.4. In the Section 5.5, the

simulation details and results are given. Finally, the chapter is concluded in the Section 5.6.

5.2 Fault tolerant local Delaunay triangulation (FTLDel)

The FTLDel construction algorithm has two stages. In the first stage, we check the node’s
stability factor and select a subset of nodes which are stable. In the second stage of the
algorithm, the planarized local Delaunay triangulation is constructed with the nodes chosen
in the first stage.

The system model considered for fault tolerant spanners is asynchronous wireless ad
hoc networks. Each node in the network has unique identification number and is aware of

its location information through any positioning techniques. The omni-directional antenna
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Figure 5.1: Delaunay triangle.

is used by the transceiver. All nodes in the network has same transmission range. The
network has reliable communication, where a single packet transmitted is received by all
the nodes in its vicinity. Each node has the facility to measure the remaining energy in its

battery.

5.2.1 Stability factor

In order to maintain stable spanner under high topological changes, the stability factor
is employed to mark the stability of each node in the network. The stability of a node
represents the node’s robustness. The node stability is measured with the help of various
parameters depending on the application and environment. For example, the node’s stabil-
ity can be computed with the parameters: the node’s battery power level, node mobility,
location of the node, and usability of the node.

In the literature, the stability factor is computed in various ways depending on the
need. For example, Yao Yu et al. [YZDO09] computed the stability factor using the param-
eters link quality and mobility of a node. Charu et al. [UG09] considers the parameters
mobility and energy for calculating the stability factor, where as Meenu et al. [CSJSO8]
has considered only mobility. Liu et al. [Liu09] has taken the mobility for calculating the
stability factor, where as Punde et al. [PPMO03] has considered both mobility and packet
processing ratio.

However, in this thesis, we have considered the remaining battery power for calculat-

ing the stability factor. The probability of node failure is high if its battery power is low.
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For a node with high percentage of remaining power (PRP), the probability of node fail-
ure is low. Hence, the stability factor increases exponentially with the remaining battery
power as shown in the Figure 5.2. The normalized stability factor on a 10 point scale is
given by the formula:

Stability factor (SF) =log1—0100 * log, (PRP)

where PRP is the percentage of remaining battery power.

Stability Factor
10 | | | |

' Stability fa

Stability factor

0 1 1 1 1 1 L 1 1 1
10 20 30 40 50 60 70 8 90 100
Remaining energy

Figure 5.2: Stability Factor.

Each node finds its stability factor using the above formula and checks for its suit-
ability to participate in the spanner. The suitability depends on the threshold value. If the

stability factor is more than the threshold value then the node participates in the spanner
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construction otherwise it does not participate. However, the fixing of the threshold value
depends on the actual communication pattern and applications. For example, for large data
transfer the threshold should be high. Nodes, which are not suitable, do not participate in
spanner by switching off their transmitter. Each node u gathers one hop stable neighbor-
hood information 7 (u) from the broadcasted hello_packets. Construct the PLDel with the
stable nodes as follows: first each node u computes Del(nq(u)). For any nodes u, v, and
w belong to n (u), the triangle Auvw € Del(n;(u)) if and only if the circumcircle of the
triangle Auvw does not contain any other node p from n;(u), as shown in the Figure 5.1.
To test whether a node p is inside the circumcircle of three nodes u, v, and w or not, we
can use the following determinant, where u,, and u, represent  and y coordinates of the

node u.

Uy Uy up+ur 1
Ve vy vstu, 1

w, wy wi+w, 1

Pz by Patpy 1

w
[ )
7/

N

Figure 5.3: wv is Gabriel edge.

Find all the Gabriel edges from Del(n;(u)), which will never be deleted. An edge o
is called Gabriel edge, if the edge wv is common edge for two triangles Auvw and Auvz,
and the angles /uwwv and /uxv must be less than or equal to 90°, as shown in Figure 5.3.
Find all the consistent triangles. A triangle Auvw is called consistent if the Auvw is in

Del(ny(u)), Del(ny(v)), and Del(ny(w)). The resulting graph is called LDel', which is
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not a planar graph. For each consistent triangle Auvw, compute the incircle test with all

LDel! nodes of its 1-hop neighbors. If the circumcircle of the nodes is not empty then

remove the triangle Auvw from the graph and the resulting graph is PLDel. The algorithm

FTLDel requires only the control messages used for constructing the PLDel.

Algorithm: FTLDel

1.

Each node u checks, if the stability is less than the threshold then the node u switches

off its transmitter.

Each node u broadcasts its ID and location information through hello _packet.

. Each node u collects 1-hop neighborhood information, 71 (u), through the hello_packets

sent in the step2.

. Each node u computes Delaunay triangulation of 7, (u), Del(ny(u)). Find all the

Gabriel edges which will never be removed.

. Each node u finds the consistent triangles. A triangle Aabc is consistent if Aabc €

Del(ni(a)), Aabc € Del(ny(b)), and Aabe € Del(n;(c)).

. Each node u broadcasts all the edges of consistent triangles and Gabriel edges.

. Remove the consistent triangles which have the edge crossings with the edges sent

in the previous step.

One can easily verify the following properties of FTLDel.

Lemma 5.2.1 FTLDel C PLDel

Lemma 5.2.2 The FTLDel is a planar graph.

Proof:  This follows from FTLDel C PLDel and PLDel is a planar graph. |

Lemma 5.2.3 The message complexity for constructing FTLDel is in O(n).

Lemma 5.2.4 The spanning ratio of FTLDel is 2.5.
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Proof:  The length of the shortest path between two nodes p and ¢ in FTLDel is ¢ times
the length of the shortest path between the same pair of nodes in UDG of the same vertices,
where ¢ is the spanning ratio, which is 2.5 in case of PLDel. Thus the spanning ratio of

FTLDel becomes 2.5. |

5.3 Fault tolerant relative neighborhood graph (FTRNG)

The spanner FTRNG is constructed in two phases. In the first phase, a subset of the given
nodes, which are stable, are selected. In the second phase, the relative neighborhood graph
(RNG) [BDEKO2] is constructed on nodes computed in the first phase. The resulting graph
is called fault tolerant relative neighborhood graph (FTRNG). The formal algorithm is
given below.

Initially each node checks its stability factor. If the stability factor is below the critical
threshold, it switches off its transmitter and does not participate in the spanner. Hence,
only a subset of nodes exits in the spanner construction. Each node u gathers one hop
neighborhood information 74 (u) from the broadcasted hello_packets, computes the RNG
edges, and add them to FTRNG. Edge @a; is added to FTRNG if the lune(u, a;) is empty,
as shown in Figure 5.4. The algorithm FTRNG does not require any extra control messages

except the messages required for constructing the RNG. Formal algorithm is given below.

Figure 5.4: RNG Neighborhood relation.

Algorithm: FTRNG

1. Each node u switch off its transmitter if(stability < threshold).

2. Broadcast hello _packet with ID and location information.
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3. Node u receiving hello_packet stores the information in n(u).

4. Each node u follow the steps below

for each node v € ny(u)
if (lune(u, v) does not contain any node in n; (u))

add edge uw to FTRNG.

One can easily verify the following properties of FTRNG.
Lemma 5.3.1 FTRNG C RNG.
Lemma 5.3.2 The FTRNG is a planar graph.

Proof:  This follows from FTRNG C RNG and RNG is planar graph. |

Lemma 5.3.3 The spanning ratio of FTRNG is in O(n).

Proof:  The length of the shortest path between two nodes in FTRNG is ¢ times the
length of the shortest path between the same nodes in UDG, where ¢ is the spanning ratio.

In worst case, it becomes O(n). Thus, FTRNG spanning ratio is in O(n). |

Lemma 5.3.4 The message complexity for constructing the FTRNG is in O(n).

5.4 Fault tolerant Gabriel graph (FTGG)

The similar procedure is followed in FTGG construction. In the first phase of the FTGG
spanner construction, a subset of the given nodes is selected based on their stability factor.
These subsets of nodes are strong enough to function for a longer period. In the second
phase of the algorithm, the Gabriel graph (GG) [BDEKO02] is constructed on these subset
of nodes. The resulting graph is called fault tolerant Gabriel graph (FTGG). The formal
algorithm is given below. In this algorithm, initially the unstable nodes are switched off and

will not be participated in the network graph. The Gabriel graph edges are calculated and

TH-857 03610102 116



added to FTGG. The step 4 of FTGG algorithm describes the GG construction procedure
with one hop neighborhood information. Please note that the disk(u, v) represents the
circle with diameter [7v| centered at 22, as shown in the Figure 5.5. The algorithm FTGG

requires only the control messages used in GG algorithm.

Figure 5.5: GG Neighborhood relation.

Algorithm: FTGG

1. Each node u switch off its transmitter if(stability < threshold).
2. Broadcast hello _packet with ID and location information.
3. Node u receiving hello_packet stores the information in n (u).

4. Each node u follow the steps below

for each node v € ny(u)
if (disk(u, v) does not contain any node in n;(u))

add edge ww to FTGG.

One can easily verify the following properties.
Lemma 5.4.1 FTGG C GG.
Lemma 5.4.2 The FTGG is a planar graph.

Proof:  This follows from FTGG C GG and GG is planar graph. |

Lemma 5.4.3 The message complexity for FTGG is in O(n).

TH-857 03610102 117



Lemma 5.4.4 The spanning ratio of FTGG is in O(\/n).

Proof:  The length of the shortest path between two nodes p and g in FTGG is ¢ times the
length of the shortest path between the same nodes in UDG, where ¢ is called the spanning
ratio, which is O(y/n) in case of GG. Thus, the spanning ratio of FTGG is in O(y/n).
[

The fault tolerant spanners FTLDel, FTRNG, and FTGG preserve the properties of
the spanners PLDel, RNG, and GG respectively. We use the notation FTLDel(V') to rep-

resent FTLDel of a set V' of fault tolerant nodes.
Lemma 5.4.5 FTRNG(V') C FTGG(V') C FTLDel(V").
Lemma 5.4.6 lrrryevy > Upraewry 2 Urrppe

Proof:  This follows from the Lemma 5.4.5 and the fact that |Il prrycue) | > Hrreae) >

HprL Del(u,v) |, where |HG<U,U)| is the length of shortest path between two nodes » and v in

the graph G. 1

5.5 Simulation and performance

We have used network simulator (ns-2.28) [NS205] in the simulation work. Apart from
the fault tolerant spanners FTLDel, FTRNG, and FTGG, we have simulated PLDel, RNG,
and GG for the sake of comparison. To evaluate the performance of proposed spanners,
we run six routing protocols on these spanners. These routing protocols are greedy routing
(Grdy), compass routing (Cmp), random compass routing (RandCmp), most forward rout-
ing (MFR), nearest neighbor routing (NNR), and farthest neighbor routing (FNR). In the
simulation, we have considered the power level of a node as the stability factor.

We have taken five different node scenarios and each containing 50 nodes distributed
randomly on 600 x 600m? grid. The transmission range of each node is 250m. For each
node, a random initial energy between 15 and 45 joules is given. The transmission power
of each packet transmitted 1s 0.665 watts. The receiving power is 0.395 watts and the idle
power is 0.035 watts. The value of stability factor is 7. The simulation time is 600 seconds.
For the connection patterns, we have chosen randomly three source nodes at one side of

the grid and three destination nodes at the other side.
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5.5.1 Simulation results

With the above simulation model, we run several simulations at different packet trans-
fer rates. To evaluate the performance of FTLDel, we run six geometric routing pro-
tocols Grdy [BMSUO1], Cmp [BCSW98, KSU99], RandCmp [KSU99], MFR [TK84],
NNR [HL86], and FNR [LCWO02] on two spanners FTLDel and PLDel. For each span-
ner, we have computed the delivery ratios for the above six routing protocols at different
CBR intervals. The figures Figure 5.6, Figure 5.7, Figure 5.8, Figure 5.9, Figure 5.10, and
Figure 5.11 show that the spanner FTLDel has better delivery ratios compared to PLDel.
This happens because the spanner FTLDel considers stable nodes for fault tolerance and
avoids heavy packet loss, where as PLDel does not.

Similarly, next two experiments are performed to evaluate the performance of FTRNG
and FTGG. The delivery ratios are computed on each spanner for the above four rout-
ing protocols at different CBR intervals. From the figures Figure 5.12, Figure 5.13, Fig-
ure 5.14, Figure 5.15, Figure 5.16, Figure 5.17, and Figure 5.18, we can say that the span-
ners FTRNG and FTGG show better delivery ratios than RNG and GG, respectively. This
happens because these spanners, FTRNG and FTGG, avoided the packet loss by consider-
ing stable nodes in fault tolerant spanner, where as their counter part spanners suffer from
the packet loss.

From all the plots, we can observe that the delivery ratio of the spanners at lower
CBR intervals are lower and are increased gradually with the increase in CBR intervals.
This happens because, at lower CBR intervals large number of data packets are sent due to
the lower inter-packet arrival time. This causes the problems of network congestion which
in turn causes heavy packet loss. The network congestion is lower at high CBR intervals
and thus provides higher delivery ratios.

The number of hops between source and destinations in FTLDel is lower than FTRNG
and FTGG, since FTLDel O FTGG O FTRNG (Lemma 5.4.5). This causes more energy
consumption in FTRNG and FTGG, which in turn causes node failures. On the other hand,
FTLDel consumes less power and exhausts the battery slowly compared to FTRNG and
FTGG. In order to provide uniformity in CBR intervals, we have plotted the graphs for the
spanners FTRNG and FTGG at higher CBR intervals whereas the lower CBR intervals are
taken for the spanner FTLDel.
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Greedy routing
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Figure 5.6: Greedy forward routing.

In the next experiment, we compute the packet delay for the spanners. We run the
greedy routing algorithm on the spanner FTLDel and PLDel. From the Figure 5.19, we
observe that the packet delay for both the spanners are almost the same. Even though heavy
packet loss occurs during data transmission, we consider the end-to-end packet delay for
only the successfully received packets. Thus, we do not find much improvement in the
packet delay for the proposed spanner FTLDel. The same rule is applicable for other fault
tolerant spanners FTRNG and FTGG as shown in the figures Figure 5.20 and Figure 5.21,

respectively.
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Compass routing
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Figure 5.7: Compass routing.
5.6 Conclusions

In this chapter, for fault tolerant routing, we have proposed fault tolerant spanners FTLDel,
FTRNG, and FTGG by choosing more stable nodes in the network. These spanners show
better performance at frequent node failure conditions.

As we mentioned earlier, the k£-node fault tolerant spanners (k-NFTS) and k-link fault
tolerant spanner (k-LFTS) are studied in the literature and proposed efficient centralized
algorithms [LNS02, CZ03, Luk99]. It would be interesting to design efficient localized
distributed algorithm for £-NFTS and £-LFTS and test them for suitable adhoc networks.
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Random compass routing
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Figure 5.8: Random compass routing.
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Figure 5.9: Most forward routing.
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Nearest neighbor routing
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Figure 5.10: Nearest neighbor routing.
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Farthest neighbor routing
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Figure 5.11: Farthest neighbor routing.
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Compass routing
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Figure 5.12: Compass routing.
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Most forward routing
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Figure 5.14: Most forward routing.
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Figure 5.15: Greedy routing.
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Compass routing
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Figure 5.16: Compass routing.
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Figure 5.17: Random compass routing.
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Most forward routing
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Figure 5.18: Most forward routing.
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Figure 5.19: Delay in FTLDel.
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Figure 5.20: Delay in FTRNG.
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Chapter 6

Geometric Spanners under Mobility

6.1 Introduction

Mobility in MANET is a significant consideration when designing a routing algorithm.
The existing spanners assume that the nodes in the network are static, that is zero mobility.
When these nodes move around in the network, the spanner looses its geometric properties
like neighborhood relation, spanning ratio, and planarity. Moreover, some of the edges may
become invalid links and may lead to disconnected network. This leads to degradation of
network parameters like delivery ratio, delay, and throughput, when these spanners are used
as an underlying network graph by routing protocols. For example, consider the triangle
Awvvw of PLDel, in Figure 6.1, at time ¢;. As the node v moves out of the transmission
range of the node u at time ¢, Auvw becomes invalid triangle in PLDel even though
Auvw satisfies the in-circle test. Similarly, Auvw becomes invalid in PLDel as the node
x comes into the circumcircle of Auvw, as shown in the Figure 6.2.

The effect of node mobility can be modeled with the combination of one or more
node downs and node joins, discussed in the fourth chapter Dynamic spanners. However,
this procedure has more computational and communication overhead. In this chapter, we
have considered this as a problem and proposed localized algorithms to maintain the ge-
ometric spanners under mobility. These algorithms maintain the mobility management in
multiple invocations to reduce the computational and communication overhead. Precisely,
the mobility management for the spanners is maintained in three phases. In Phase 1, the

basic functions required for mobility management are taken care. The Phase 2 involves
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Figure 6.1: Auvw becomes invalid in PLDel as the node v goes out of the transmission
range of u.

Figure 6.2: Auvw becomes invalid in PLDel as the node = comes inside the in-circle of
Auvw.

in protecting the network parameters, the delivery ratio and packet delay. The final phase
is for maintaining the geometric properties of the spanner. The proposed algorithms for
maintaining PLDel, RNG, and GG under mobility are called mobile local Delaunay tri-
angulation (MLDel), mobile relative neighborhood graph (MRNG), mobile Gabriel graph
(MGG), respectively. These spanners are simulated in ns-2.28 [NS205] and compared with
their counter parts.

The system model considered for this chapter is an asynchronous wireless mobile
adhoc networks, where the network is an unit disk graph model. Here, each node has the
capability of measuring its velocity at any given time. Let (z1,y;) and (z2, y2) be the po-
sitions of a node at time ¢; and ¢, respectively. The velocity V' of the node at time ¢, can

be measured as follows:

V= V(@2—1)2+(y2—y1)?

[t2—t1]
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Figure 6.3: New edge uv is added to PLDel when v comes into transmission range of u.

The remaining part of this chapter is organized as follows. The Section 6.2 de-
scribes the proposed local Delaunay triangulation under mobility (MLDel). The Sec-
tion 6.3 presents mobile relative neighborhood graph (MRNG) and followed by mobile
Gabriel graph (MGG) in the Section 6.4. In the Section 6.5, the simulation work and

results are presented. The Section 6.6 concludes the chapter.

6.2 Mobile local Delaunay triangulation (MLDel)

The main objective of our approach is to protect the packet loss in the spanner PL.Del under
mobility. One can use the existing static spanner for routing in MANETS. But, due to the
mobility, the topology of the network changes, which in turn degrades the packet delivery
ratio. However, this approach does not involve any extra cost.

Another way of maintaining the PLDel under mobility is by periodically reconstruct-
ing the entire PLDel. The accuracy of PLDel increases as the time period for reconstruction
decreases. But constructing the entire PLDel from the scratch involves large communica-
tion and computational costs. Hence, our approach is in between these two, which consists
of more frequent less cost local updates and less frequent more cost global updates.

The algorithm is broadly divided into three phases. In the first phase, each node
broadcasts hello_packet periodically, that is at every ¢, time units, and listens for the same
that are broadcasted by other nodes. After collecting 1-hop neighbors n;(u), each node u

constructs PLDel [LCWWO03, LCWO02].

TH-857_03610102 139



The major objective of the second phase is to protect the delivery ratio, delay, and
throughput. Packet loss increases drastically when a failed link is on the routing path. This
can happen when next forwarding node moves out of the transmission range of the current
node. In such cases, it is necessary to update the spanner to avoid the packet loss. Hence,
the second phase of the algorithm focuses on updating the PLDel locally. That is, if a node
v € ny(u) goes out of the transmission range, the node u deletes the edge uv from the
spanner, if it exists.

Similarly, when a node v comes into the transmission range of the node u, it receives
the hello_packet from node v and updates n; (u). Node v finds two nodes p and ¢ such that
the nodes p and q are either side of the node v in PLDel, as shown in the Figure 6.3. Node
u checks the in-circle test of the triangles Auvp and Auvg. If these two triangles satisfy
the in-circle tests then the edge uv is added to the spanner.

These periodic local updates makes the spanner violates the geometric properties. So,
in order to maintain geometric properties, each node u reconstructs PLDel if there is any
change in its 1-hop neighbor lists or their positions, in the third phase of the algorithm. The
objective of the third phase of the algorithm is to preserve the PLDel properties.

The time periods of second and third phase can be fixed with respective to beacon
interval £y, such that ¢, < t; < t, where t; and ¢, are the time intervals of second and
third phases respectively. This algorithm uses the message hello_packet, in addition to the

messages used on PLDel. This packet carries a node id and position information.

Algorithm : MLDel

1. Each node Broadcast hello_packet periodically, say at time ¢, with ID and location

information.
2. Each node u updates their neighbor list n1 (u), from received hello_packet.
3. Each node u constructs PLDel(u).

4. Each node u do the following for every ¢, units time,

For each v € PLDel(u) and v ¢ n4(u)
/* node v goes out of transmission range of u */

PLDel(u) = PLDel(u)—{v}.
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For every new neighbor v € n;(u)
/* new node v comes into transmission range of u */
Find p € PLDel(u), such that p is immediately counter clockwise side of 7.
Find ¢ € PLDel(u), such that g is immediately clockwise side of 7.
if (incircle(u,v,p) is empty and incircle(u,v,q) is empty)

PLDel(u) = PLDel(u) U {v}.

5. Each node u does the following at every ¢, units time
/* construct PLDel*/
if there is any change in n4(u) or their positions

Construct PLDel(u).

The intervals ty, 1, and ¢, provide the trade off between the accuracy and overhead
of the spanner. The accuracy of the spanner increases by decreasing the intervals, but the
communication and computational overhead increases. If the intervals are increased, the
overhead is reduced, but the accuracy of the spanner decreases. One way of choosing the
intervals is based on mobility. Smaller intervals are required in high mobility conditions

whereas a longer interval works fine in low mobility.

6.3 Mobile relative neighborhood graph (MRNG)

The main objective of MRNG is to maintain the relative neighborhood graph under mobil-
ity conditions.

Each node u broadcasts the message hello_packet with its id and location information
periodically, that is at every ¢, time units. Each node u collects one hop neighborhood
information, n; (u), by receiving the hello_packet from the nodes in its transmission range.
Construct the RNG with n; (u) using the procedure given in the Section 4.3.1 or Section 2.

Similar to PLDel, RNG is also maintained in three phases. The second phase makes
local changes to preserve network parameters and the third phase preserves the spanner
properties. The second phase of the algorithm is executed at every time interval ¢;, which

18 discussed below.
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We use the notation RNG;(u) to denote the set of RNG neighbors in the sector ¢ as
used in the Section 4.3.1.
Case 1 (Existing node moves out of transmission range): For each node v € RNG;(u),
if the node v does not exists in the n; (u), remove it from RNG. In other words, if the node
v moves out of the transmission range of node u then RNG;(u) = RNG;(u) — {v}. The
node u selects a node w in the sector 7, such that w is the nearest neighbor of node u, if
RNG;(u) = (. Conduct the lune test lune(u,w), and add the edge ww to RNG if it is
empty, as shown in the Figure 6.4. There can be more than one nearest neighbor in the
sector 7. We can add all these nodes to RNG;(u) if their respective lunes are empty. This
takes time proportional to the square of number of 1-hop neighbors of u. But it is sufficient
to have a constant number of edges in each sector to preserve network parameters. So, we
choose only one nearest neighbor in the sector 2. The time complexity is proportional to

the number of 1-hop neighbors of u.

Figure 6.4: Case 1: Node v is moved out of the transmission range of u.

Case 2 (New node enters into transmission range): If a node v enters into the trans-
mission range of node u, find the sector ¢, where the node v exist. Check if the distance
between nodes v and v is less than the distance between the nodes v and w, where w €
RNG;(u). If so, add the edge uv to RNG if lune(u, v) is empty and remove uw from RNG
(see the Figure 6.5).

There are four possible cases when a node v moves from the sector 7 to the sector j

of the node u. These are discussed below.
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Figure 6.5: Case 2: Node v moves into the transmission range of .
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Figure 6.6: Case 3a: Node v moves into the sector j and |av| > |[uvy].

Case 3a (Node v moves to another sector, |uv| > |wvi| and v; € RNG;(u)): If a node
v moves from the sector 7 to the sector j and |uv| > |wwy|, where v; € RNG;(u), then
no action is necessary because v is not nearest neighbor of the node u in the sector j. If
RNG;(u) — {v} = 0 then update RNG edges in the sector i as in the Case 1.

Case 3b (Node moves to another sector, |zv| = |uv;| and v; € RNG;(u)): If a node v
moves from sector 7 to sector j and |uv| = |uwy| then do nothing, since there are edges in
the sector j. In the sector 7, new RNG edges are computed as in the Case 1.

Case 3c (Node moves to another sector, |uv| < |uv7| and v; € RNG;(u)): RNG;(u) =
{v} if lune(u, v) is empty, otherwise RNG,(u) = 0. For the sector i, find the new RNG

edges as in the Case 1.
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Figure 6.7: Case 3b: Node v moves into the sector j and |uv| = |[uvy|.

Case 3d (Node moves to another sector and RNG;(u) = 0): If lune(u,v) is empty,
RNG;(u) = {v}. Updation in the sector ¢ is same as other cases.

These local adjustments to the spanner due to mobility of the nodes can violate var-
ious geometric properties. Hence, the third phase reconstructs the RNG locally by using
either the algorithm described in the Section 4.3.1 or the algorithm in Chapter 3, at every
time interval ¢o. That is, each node v computes RNG if there is any changes in 1-hop
neighbor list or their position from previously constructed RNG.

The accuracy of the spanner depends on the time intervals g, ¢;, and ¢,. That is, the
spanner is more accurate if these intervals are small, but it requires frequent updates.

In this method, the third phase does not require any additional communication. So,
one can reconstruct the RNG in the second phase of the algorithm at every time interval
t1. However, the time complexity of update is proportion to the square of number of 1-hop
neighbors of node u. That is, the maximum node degree in UDG. The algorithm MRNG

does not use any extra control messages apart from the messages used in RNG.

Algorithm : MRNG

1. Each node u broadcast the message hello _packet, which contain id and location in-

formation, at every %, time.
2. Each node u gathers 1-hop neighborhood information 7 () by receiving the hello_packets.

3. Each node u constructs RNG(u) with nq (u).
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Figure 6.8: Case 3c: Node v moves to another sector and |[v| < |uwvy].

4. After every t; units time, each node u follows the steps:
(a). For each v € RNG;(u) and v ¢ n4(u)
/* node v goes out of transmission range of u */
RNG;(u) = RNG;(u) — {v}.
if (RNG; (u) = () then w=nearest neighbors of v in the sector i.
if (lune(u,w) is empty ) then add w to RNG;(u).
(b). if v enters into the transmission range of u
Find the sector 7, such that v ERNG;(u).
Let w € RNG;(u).
if (d(u,v) < d(u,w))
Remove w from RNG;(u).
if (lune(u, v) is empty) then add v to RNG; (u).
(c). if v moves from sector 7 to j and d(u, v) > d(u, v1), where v; € RNG;(u)
/* Case 3a */
if (RNG;(u) = () then compute new RNG;(u).
(d). if v moves from sector ¢ to j and d(u, v) = d(u, v;), where v; € RNG;(u)
/* Case 3b */
if (RNG;(u) = () then compute new RNG;(u).
if (lune(u, v) is empty) then add v € RNG;(u).

(e). if v moves from sector 7 to j and d(u, v) < d(u,v1), where v; € RNG;(u)
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/* Case 3c */
if (RNG;(u) = () then compute new RNG; (u).
if (lune(u, v) is empty) then add RNG; (u) = {v}.
else RNG;(u) = 0.
(). if v moves from sector 7 to j and RNG; = 0
/* Case 3d */
if (RNG;(u) = 0) then compute new RNG; (u).
if (lune(u, v) is empty) then add RNG; (u) = {v}.

5. Each node u does the following at every ¢5 unit time
/* construct RNG*/
if there is any change in n;(u) or their position

Construct RNG(u).

6.4 Mobile Gabriel graph (MGG)

Initially, the Gabriel graph is constructed with all the nodes, later changes to the network
graph are made locally when the nodes move around.

In this algorithm, each node broadcasts the message hello_packet containing id and
its location information, and listens for the same broadcasted by other nodes. Each node
u, after collecting the neighborhood information n4 (u), constructs the GG with n; (u). For
constructing GG, each node u checks, whether the disk(u, v) contain any node w inside or
not, where v € n;(u) and w € nq(u) — {v}. If it does not contain, add the edge uv to GG.
Note that the disk(u, v) represents the circle with the diameter |@w| centered at 2.

Each node u checks at every ¢; time units, where ¢; > t;3, whether a node v is in
GG(u) and not in n1(u). Then, node u removes the node v from its GG(u). In other words,
if a node v is moved out of u’s transmission range then node v updates its neighbors by
removing the node v. That is GG(u) = GG(u) — {v}. When a node v enters into the u’s
transmission range, then add the edge uw, if the disk(u, v) does not contain any other node

w € ny(u) (see the Figure 6.9).
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Figure 6.9: Node v enters into the transmission range of u.

Similar to the third phase of MRNG, each node v reconstructs the spanner with its
one hop neighbors n; (u) at every ¢ time units, if there is any change in neighbor lists and
their position. The algorithm MGG does not use any additional messages other than the

messages used in GG.

Algorithm : MGG

1. Each node u broadcasts its id and position information through the hello packet.
2. Each node u collects 1-hop neighborhood information 71 () by receiving the hello_packets.
3. Each node u constructs GG(u) with ny(u).

4. Each node u do the following at every ¢; units time
(a). For each node v €GG(u) and v ¢ n4(u)
GG(u) = GG(u) - {v}.
(b). For every new neighbor v € ny(u)

if (disk(u,v) is empty) then add wo to GG.

5. Each node u do the following at every ¢, units time
if there is any change in n; (1) or their position

Construct GG with 1 (u).
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6.5 Simulation and performance

The performance of MLDel, MRNG, and MGG are evaluated using network simulator
(ns2.28) [NS205]. Apart from the proposed spanner, we have simulated PLDel, RNG, and
GG for the purpose of comparison. The six routing protocols greedy routing (Grdy) [BMSUO1],
compass routing (Cmp) [BCSW98, KSU99], random compass routing (RandCmp) [KSU99],
most forward routing (MFR) [TK84], nearest neighbor routing (NNR) [HL86], and farthest
neighbor routing (FNR) [LCWO02] use these spanners as underlying network graph.

We have taken five different node scenarios, each containing 100 nodes randomly
distributed in a 1000 x 1000 m? area. The transmission range of each node is 250m.
Packets of size 512 bytes are sent from source at constant rate. The total simulation time is
400 seconds. We have taken three different connection patterns with sources at one side of
the grid and the destination nodes at the other side. We run several simulations at different
transfer rates.

The mobility model used in our simulation is random way point (RWP) model [CBD02].
The speed of each node is chosen randomly between 0 m /s and 10 m/s. The time intervals

to, t1, and t, are set to 10, 40, and 80 seconds respectively.

6.5.1 Simulation results

We have calculated delivery ratio of mobile spanners using the routing protocols Grdy,
Cmp, RandCmp, MFR, NNR, and FNR and compared with their counter static spanners.
The performances of the mobile spanners are better than their counter parts. This is be-
cause, the topology changes due to the node mobility are reflected in mobile spanners. A
node with maximum speed (10m/s) takes 25 seconds to cross the transmission range of
a node. But the Phase 2, which is responsible to update the edge list, runs in every 40
seconds. Thus, in the MLDel spanner, there is a 37 percent possibility of packet loss if a
relay node has maximum speed. If we assume that the average speed of a node is bm/s
then the node moves out of the transmission range in 50 seconds. Thus, the packet drop
is protected. However, in the next iteration of Phase 2, the node moves out of the trans-
mission range in 10 seconds and there is 75 percent of packet loss. However, we need to

consider the relative velocity of a node instead of only the velocity of neighboring nodes.
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Figure 6.10: Greedy routing.
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Compass routing
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Figure 6.11: Compass routing.
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Figure 6.12: Random compass routing.
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Nearest neighbor routing
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Figure 6.14: Nearest Neighbor routing.

TH-857_03610102 153



Delivery ratio

TH-857 03610102

Farthest neighbor routing

I I
MLDel ——
PLDel --<-

0.75 1 1.25 1.5 1.75 20 228 2.5
CBR Interval (sec)

Figure 6.15: Farthest Neighbor routing.
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Greedy routing
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Figure 6.16: Greedy routing.
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Figure 6.17: Compass routing.
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Random compass routing
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Figure 6.18: Random compass routing.
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Figure 6.19: Most forward routing.
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Nearest neighbor routing
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Figure 6.20: Nearest Neighbor routing.
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Farthest Neighbor routing
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Figure 6.21: Farthest Neighbor routing.
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Greedy routing
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Figure 6.22: Greedy routing.

The Phase 3, which is responsible to protect the geometric properties, runs 8 times in the
entire simulation. The static spanner PLDel suffers from the packet loss as the updations
are not considered when the nodes move around. The same is applicable for algorithms
MRNG & RNG and MGG & GG.

In the next experiment, we compute the average packet delay for only the successfully
received packets. We run the greedy (Grdy) routing protocol on two spanners MLDel and
PLDel at various CBR intervals. From the Figure 6.28, we say that the average packet delay
for the spanner MLDel is lower than PLDel. This is because, even though the number

of received packets are few, the end-to-end packet delay computed is high due to node
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Compass routing
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Figure 6.23: Compass routing.

mobility. The major delays encountered due to the node mobility are transmission delays,
propagation delays, and retransmission delays. The same is applicable for MRNG & RNG
and MGG & GG, as shown in the Figure 6.29 and Figure 6.30, respectively. The other
observation from the plots is that the average packet delay is in the order of MLDel <
MGG < MRNG and PLDel < GG < RNG. This is because the path length and hop count
is in the order of PLDel < GG < RNG. That is, the propagation delays and transmission
delays for the spanners is in the same order and hence the average packet delay is also in

the same order.
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Random compass routing
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Figure 6.24: Random compass routing.

6.6 Conclusions

In this chapter, we have proposed methods to maintain PLDel, RNG, and GG under node
mobility. These methods are simulated in ns-2.28 and compared with their static counter
parts. The simulation results show that the performance of mobile spanners is better than

their static counter parts.

We have considered random way point (RWP) mobility model [JM96] in our simula-
tion. It would be interesting to study the mobile spanners under different mobility models,

like Gauss-Markov mobility model [LH99], random direction mobility [RMSMO1]. An-
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Figure 6.25: Most forward routing.

other interesting future direction is to use various node position prediction methods [DJS04]

to maintain geometric spanners efficiently to further improve various network parameters.
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Nearest neighbor routing
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Figure 6.26: Nearest Neighbor routing.
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Farthest neighbor routing
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Figure 6.27: Farthest Neighbor routing.
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Figure 6.28: Delay in MLDel.
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Figure 6.29: Delay in MRNG.
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Figure 6.30: Delay in MGG.
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Chapter 7

Conclusions

In this thesis, we have attempted to study the Delaunay triangulation based spanners, pla-
narized local Delaunay triangulation (PLDel), relative neighborhood graph (RNG), and
Gabriel graph (GG) at various network requirements. The highlights of our contributions,
in chapter wise order, are as follows.

In the second chapter, we have studied the need of constrained based geometric graphs
and proposed three spanners, constrained Delaunay triangulation (CDT), constrained rel-
ative neighborhood graph (CRNG), and constrained Gabriel graph (CGG) to reduce the
number of hops. The simulation results in ns2.28 consolidates our claim of average hop
count reduction in these spanners, which in turn reduces the delay and jitter, and increases
the throughput. The increasing order of the average hop count, delay, and jitter, in these
spanners are CDT, CGG, CRNG, LDel!, PLDel, GG, and RNG, where as the throughput
follows the reverse order. The delivery ratio of constrained geometric spanners are better
than their non constrained counter parts.

We have proposed efficient algorithms to maintain the geometric spanners PLDel,
RNG, and GG under frequent node down and join to improve delivery ratio. The proposed
algorithms preserve the geometric properties by dynamically reconstructing the graphs.
Simulation results consolidate our claim that the spanners DLDel, DRNG, and DGG re-
cover quickly and prevent packet loss occur in PLDel, RNG, and GG, respectively, due to
frequent node failures.

In the fourth chapter, for fault tolerant routing, we have proposed fault tolerant span-

ners FTLDel, FTRNG, and FTGG by choosing more stable nodes in the network. These
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spanners show better performance than their counter part spanners at frequent node failure
conditions.

We have proposed efficient algorithms to maintain the spanners PLDel, RNG, and
GG under node mobility. Our approach follows low cost frequent local updates and high
cost less frequent global updates to improve the delivery ratio and restore the geometric

properties. Simulation results show improvement in delivery ratio.

7.1 Future work

In ideal conditions, the long constraint edges in the network do not affect the link quality,
as per the UDG model. But in reality, the quality of signal strength decreases with the
increase in distance to the receiving node.The constraint edges may have poor link qual-
ity. In addition to the distance, link quality also depends on surroundings such as walls,
buildings, mountains, and weather conditions. So, one can consider the link quality also as
a parameter along with the distance to choose constraint edges. It would be interesting to
study these constrained spanners by adding constraint edges based on link quality.

The Algorithm Constraint edge2 used to find constraint edges are not optimal. It
would be interesting to find an algorithm to add more number of constraint edges using
minimum number of neighbor information to further reduce various networks overhead.

The k-node fault tolerant spanners (k-NFTS) and k-link fault tolerant spanner (k-
LFTS) are studied in the literature and proposed efficient centralized algorithms.It would
be interesting to design efficient localized distributed algorithm for £-NFTS and k-LFTS
and test them for suitable adhoc networks.

The methods to maintain PLDel, RNG, and GG are simulated under random way
point mobility model. It would be interesting to study the mobile spanners under differ-
ent mobility models, like Gauss-Markov mobility model and random direction mobility.
Another interesting future direction is to use various node position prediction methods to
maintain geometric spanners efficiently to further improve various network parameters.

In this thesis, we have studied PLDel, RNG, and GG under various network require-
ments. It would be interesting to study other spanners like PDT, RDG, CDG, and Yao

under these network requirements.
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Spanners in three-dimension is an unexplored area. One can extend various spanners

available in literature to the higher dimension.
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