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Abstract

An Aeronautical Ad Hoc Network (AANET]) of airborne elements is a high speed
mobile network. The AANET has a 3D topology spread across the airspace. The high
ground speed of the airborne elements changes the network topology rapidly. This makes
AANET highly dynamic in nature. Upholding the connectivity in the network in such
dynamic environment is a challenge. The connectivity in the network is primarily influ-
enced by proximity of airborne elements to each other and their relative velocities. Once
an airborne element gets disconnected from the network, it becomes completely oblivi-
ous of the network scenario in its neighborhood. In the absence of a monitoring agent in
the airspace, a disconnected member of the network largely depends on the ground in-
frastructure and satellite resources for immediate information regarding its surrounding
region. Network monitoring in dynamic environment of AANET is a challenging task,
mainly due to the mobility of the airborne elements. We propose an intelligent network
monitoring system for AANET. Disconnected members of the network are directed to-
wards region in the airspace with “higher” connectivity and “minimum” traffic under
the monitoring system. Our monitoring system depends on a quasi stationary layer of
Higher Altitude Platform (HAP]) in the airspace. The primary focus of the monitoring
system is to mitigate disconnectivity in the AANET. The monitoring of the network is
achieved by a periodic monitoring scheme in every HAP. The proposed HAP monitoring
system aims at making the AANET more independent of the ground infrastructure and
satellite resources. We also reckon Fuzzy C Means (FCM) data clustering as a means
to monitor changes in network topology and traffic in the AANET. The FCM clustering
is an integral part of our monitoring scheme. Our simulations demonstrate that FCM
clustering can efficiently track the network changes in the AANET and identify regions

of connectivity in the network.
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Chapter 1

Introduction

The recent trend of connecting mobile devices has overcome the limitations of working
only for hand held devices, such as cellular phones, PDAs, etc. The network of mobile
devices requires to be infrastructure independent. Ad Hoc network has flourished as
a popular field for research and development in this regard. The Mobile Ad Hoc Net-
work (MANET]) now encompasses both vehicular and airborne networks. The[AANET], is
used for describing an airborne network. The Unmanned Aerial Vehicle (TAV]), civil air-
crafts, military aircrafts and airborne swarm sensors can form an AANET. The AANET
promises to support complete air-to-air communication between airborne vehicles. The
prospective utility of AANET has induced considerable amount of research interest in
the aviation fraternity. The key focus is on the development of communication infras-
tructure for supporting AANET communication. Consortiums, for example, Deutsches
Zentrum fiir Luft- und Raumfahrt e.V./German Aerospace Center (DLR]) and European
Organisation for the Safety of Air Navigation (EUROCONTROI), are actively involved
in developing the AANET for present and future challenges. The Internatioanl Civil
Aviation Organisation ([CAQI), Internet Engineering Task Force (IETE]) and Federal
Aviation Agency (FAA]) are other chief participants involved in such research. Access-
ing the Internet in “flight”, enhanced situational awareness in mission, sensitive military

operations are areas which will be benefited by AANET. The AANET promises to make



an aircraft more independent of the infrastructure. Smart Antennae and Automatic De-
pendent Surveillance Broadcast Automatic Dependence Survillence Broadcast (ADS-BI)
system are being used for effective air-to-air communication between aircrafts. Seamless
Connectivity in AANET has been the key focus area in project SANDRA [54]. The
utility of AANET for creating better situational awareness and air traffic management
has been pointed out in SESAR [I2]. Collective efforts are being taken by organizations
to extend the utility of AANET at commercial level. Section describes the AANET

and it’s network elements.

1.1 The Aeronautical Ad Hoc Network

Fig represents the AANET. The network elements are as follows:

e Satellite is used for tracking of airborne vehicles and giving position updates to the

vehicles as well as the ground stations.

e Higher Altitude Platforms (HAPs) are airborne vehicles in the stratosphere. They

are at heights below the satellite but much above the flight levels of the aircrafts.

e Airborne Nodes are can be the aircrafts (military or civil) or other airborne sensors.

They communicate with the help of air-to-air link and air-to-ground link.

o The Aeronautical Telecommunication Data Network (ATN) connects all the ground
stations and the core network. It is responsible for Air Traffic Control and Air

Traffic Management. The ATN connects the core network to the airborne vehicles.

e Ground Very High Frequency (HE]) Network comprises of the radio network on

the ground which connects the airborne vehicles to the satellite.

o Air-to-Air Link is used for communication between the airborne nodes. These are

VHF radio links.



o Air-to-Ground Link is used for communication between the airborne vehicles and

the ground network.

e Satellite Link or the Satellite Communicaiton ([SATCOM]) link is used in satellite

tracking of the airborne vehicles.

'/23" . |
< I — oy
— — -r"s—‘— P }

CORE NETWORK

Figure 1.1: The Aeronautical Ad Hoc Network



The network elements in the figure are

1. Ground ATC Network 7. Air-to-Ground Link

2. Aircrafts 8. HAP-Ground VHF Network Communication
3. Higher Altitude Platforms 9. HAP-Aircraft Communication

4. Satellite 10. SATCOM] link

5. Ground Network 11. HAP-Satellite Communication

6. Core Data Network 12. Air-to-Air VDL link

1.2 Motivation

Network modeling is a challenging task for network possessing 3-dimensional network
topology (e.g., roof top sensors, acoustic water sensors). AANET is a special scenario of
3-dimensional network, where participant members are both static and mobile. AANET
involves elements from satellite network and the wired ground network. This makes the
system complex and heterogeneous in nature. Therefore, understanding the implications
of traditional MANET concepts in the AANET has been a key motivation in this work

for studying the current state of art research in the AANET communication.

The AANET is not ad hoc in true sense. This is because it mainly depends on the
ground infrastructure and satellite resources. The use of satellite resources increases the
cost of communication in the AANET. Realizing an independent network of aircrafts
has been another motivating factor behind this research. Currently, applications such
as “airborne internet” [55], are largely dependent on the ground infrastructure and the
satellite resources. That is, a complete end-to-end path between airborne source and
destination cannot be maintained easily. This is due to the absence of a stable service
architecture in the airspace. The highly mobile nature of the AANET inhibits formation
of a stable service architecture in the airspace. Examining the AANET resources for

the possibility of realizing an independent service architecture for the AANET has been



another guiding factor for the research.

An intelligent service structure should be capable of tracking the network changes ef-
ficiently. For a mobile network, in addition to tracking of network parameters (traffic,
end-to-end delay, etc.), maintaining a record of position and velocity of nodes is equally
important. Therefore, for establishing end-to-end global reachability to every airborne
vehicle, a self sustaining tracking system in the airspace is a must. End-to-end route
establishment has been examined by Medina et. al [42] [43] and Sakhaee et. al [56]. Two
distinct network topologies, cluster and mesh, have been proposed for AANET from these
work. Both topologies have been presumed to exist separately. However, in a mobile
network both cluster and mesh topology of nodes can co-exist. For such scenario in the

AANET, the following queries came into focus:

1. Can connectivity in the AANET be consistent with the topology change? Also,
how the “isolated” members in the AANET be tracked?.

2. If members in the network get disconnected, can the network heal itself, so that

end-to-end path between the members is maintained?

3. Is it possible to deliver knowledge about network changes to the members without

overloading them?

The above queries are the major motivating factors in our research. In the following

section, we present the primary contributions of this thesis.



1.3 Contribution

In this thesis we studied a typical AANET system. Two major contributions of this

research which can improvise communication in AANET are listed as under.

e We propose a service architecture for monitoring the AANET. This is achieved by
a “quasi stationary” layer of HAPs in the airspace. The HAPs act as a monitoring
agent for the AANET. Our architecture aims at levitating ANNET’s dependence
on the ground infrastructure and minimize the use of costly satellite resources. A
ground cellular network (used for avionic network) can not provide similar service
for direct air to air communication in an AANET, without increasing the cost of
the system. Moreover, the geographic constraints such as oceanic surfaces and hilly
terrains makes it difficult to position network stations (radio towers and controlling
center) every where. This means the coverage in AANET is limited and dependent
on the ground infrastructure. The proposed service architecture can be sustained
in the airspace and provides cellular structure for the AANET in the airspace.
This is done by Voronoi space tessellation of the airspace. The monitoring of
the network helps in maintaining an overview of the network, which is difficult to
achieve because of high network mobility. The network monitoring is a continuous
process achieved by periodic registration of the aircrafts. The knowledge of network
change is imparted to the aircrafts by a parallel status update process. The chief

aim of the monitoring is to sustain connectivity in the network.

e We propose the use of Fuzzy C Means (ECM]) Data Clustering Algorithm for track-
ing network changes in the AANET. The goal is to make every airborne member in
the network “aware” regarding changes in the network without overloading them.
Network partition is the primary cause of changes in a mobile network. The net-
work may be partitioned in terms of topology and traffic. These are independent

events which affect the connectivity of the network, but are hidden from the in-

dividual members. We believe that Clustering can be used to track these
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changes, given any topology scenario in the AANET. Our mathematical analysis
shows that [FCM] clustering can track these independent events. This gives the
monitoring agent an accurate perception of the network statistics. Subsequently,
when this knowledge is imparted to the members in the network, the effects of
network partition are no longer oblivious to them, making them aware of network

changes.

1.4 Organization

The organization of the thesis is as follows,

e Chapter [2] presents a survey of the AANET. We have categorized our study of
the AANET in terms of network architecture and issues. The present state of art
research has been listed. The chapter also identifies the challenges faced in AANET

due to its highly dynamic nature.

e Chapter [3]is a discussion on the proposed AANET monitoring scheme. We present
the idea of a network monitoring agent in the AANET. We also identify FCM
data clustering for translating network statistics into valuable information for the

monitoring agent.

e Chapter 4| is an extensive discussion on application of FCM technique for moni-
toring the AANET. It presents a mathematical analysis on connectivity prediction
for the AANET. We also present a routing strategy that can be supported by the

HAP service architecture in the airspace.

e Chapter |5 holds the concluding comments of our work. The future possible exten-

sions of the research has been put forward.



Chapter 2

Background and Related Work

2.1 Aeronautical Ad Hoc Network:
Current State of Art

An AANET, as seen in Fig. (Chll) comprises of
a) The Aeronautical Telecommnication Network (ATN]),
b) The ground VHE] network,
c) The satellite and Higher Altitude Platforms, and

d) The aircrafts or other airborne vehicles.

The and the ground network together form the ground infrastructure. An
airborne vehicle is connected to the ground infrastructure via air-to-ground links. These
are mainly Very High Frequency Data Link (VDI (band 117.975 137 MHz). The
[ATN] and the VHE] ground network are analogous to the cellular Global System for Mo-
bile Communicaitons (GSM)]) infrastructure, used by the cell phones and other mobile
devices. The data transfer in the ATN is based upon the ATN/OSI reference model.
The ATN/OSI data transfer model closely follows the OSI data reference model. The

10



one-to-one communication between airborne vehicles is established using the air-to-air
links. These are radio links. The onboard antenna on the airborne vehicles are used to
set up these radio links. The antenna characteristics influence the range of communica-
tion between two airborne vehicles. The channel allocation and the bandwidth available
for transferring data depend on the carrier access technologies [66]. Two separate data
transfer events occur in the the data transfer between airborne vehicle and
ground network and the data transfer between the airborne vehicles. The data transfer
between two airborne vehicles in the [AANET]can occur simultaneously with ground data
transfer (flight tracking and reporting system). The [ATN] also forms the core network
of the AANET. The core network connects the AANET to the Internet and the ground

data network.

The sets the protocols and standards for the avionic network in the international
airspace. The avionic network chiefly comprises of the civil and military aircrafts. Every
airborne vehicle (civil or military) has a 24 bit identifier address under specifica-
tions. These vehicles are tracked using the satellites and ground radio tracking system.
Every aircraft is equipped with an Aircraft Communications Addressing and Report-
ing System ([ACARS). It is a digital data link system, for generating and transmitting
tracking updates to the ground station. The tracking is, therefore, regulated by the
[ACARSl The tracking update messages issued from an aircraft can be an Air Traffic
Control ([ATC]) message, an Aeronautical Operational Control message or an Airline Ad-
ministrative Control. These message which are transmitted to the ground subnetworks
by the aircrafts using VDIl The ground VHF network and the satellite communication
system, facilitate the real-time communication between the aircraft and the ground end
system. It is evident that, an aircraft depends on the ground infrastructure and satel-
lite resources for situational awareness. However, this dependence is restricted in areas
where ground VHF network is inaccessible due to geographical limitations (e.g., oceanic

surfaces). Hence, the AANET plays an important role in such areas. In these areas, the

11



aircrafts can remain connected to the ground stations using the resources of neighboring
aircrafts. Direct air-to-air communication between two aircrafts is primary requirement
for the AANET!| For direct air-to-air communication between aircrafts, the VD] modes
1, 2, 3 and 4 [11] have been examined. The VDL mode 4 has been suggested for air-to-air
communication between two aircrafts. Section is a brief insight into [AANET]

2.2 Background

The airborne network is a in 3-dimensional space. The network topology is
governed by the velocity of each node, the relative velocity between the nodes, and
the separation between them. The network can be visualized as three layer structure as

shown in Fig. 2.1} Layer one is formed by the and the VHEF network on the ground.

22 Km

17 Km

15 Km

1 Km

Layer 1

0 Km

Figure 2.1: Layer Diagram: Aeronautical Ad Hoc Network

Layer two is formed by the airborne vehicles, flying at different Flight Level (FL)). Layer
three is constituted by the Higher Altitude Platforms and the satellites. The network
traffic can be directed within a layer or in between the layers. Any such traffic flow

between the nodes is a part of AANET communication.

Significant research initiatives are being taken to develop the current avionic commu-

nication infrastructure, for supporting AANET. ATENAA [2][22] project, commissioned

12



by [EUROCONTROI studied the feasibility of AANET in civil aviation. It outlined
the changes required in the current infrastructure for supporting ad hoc communication
between two aircrafts. The use of Free Space Optical Link (ESQ)) for air-to-air communi-
cation between the aircrafts suggested, along with inflight FSO links for communication
within the aircraft. The NEWSKY [60] also investigated the AANET for civilian air-
crafts. It listed the properties an aircraft should have for being a part of the AANET.
An IP based protocol stack for mobile communication between airborne nodes was built.
These initiatives project that, any node in the avionic network, static or mobile, with
capabilities of air to air, or, air to ground communication, and an intelligent system
to make routing and control decision can be a participant of the AANET. The [TUAV]
and airborne swarm sensors are other examples of airborne vehicles which can form an
AANET. Section lists the applications of AANET present in the following literature
[6] 121 [22] [501 [51] [55] [59] [62] [71] .

2.2.1 Applications

a) The Airborne Internet is the most commercial application of interest of the
AANET. Currently the Internet services are restricted to the use of satellite ISP and
the ground cellular network. The access to the Internet in both intercontinental and
transcontinental flights can be improved through air-to-air communication between
aircrafts. Flight routes over oceanic surfaces and other inaccessible regions can be

given access to the Internet through AANET.

b) Free Flight and 4D Trajectory Management aims at revolutionizing the air
traffic management system in the airspace and the airports. An en-route flight
capable of making changes in its flight plan without depending on the ATC sys-
tem is said to be on a free flight. This is popularly termed as the 4D trajectory
management. NEXTGEN discusses the evolution of 4D trajectory management

in aircrafts, aims at giving distributed control to each aircraft. Hence, every air-

13



craft can make independent decisions en-route and can relay this data to another

neighbor aircraft through the AANET. This would make the system more reliable.

c) Military Aviation including manned and unmanned military vehicles can form
aeronautical ad hoc networks. Such networks may be utilized for the purpose of
surveillance while coordinating a large number of aircrafts at the same time. As
military vehicles fly at much higher velocities than commercial aircrafts, the air-to-
air communication between such nodes is comparatively short lived. This makes
coordinated surveillance a challenging task. A proper ad hoc network can help in
achieving longer duration of exchanges between military vehicles. This opens the

possibilities of more efficiently coordinated military flight operations.

d) Flight Health Management is yet another area which is expected to benefit
from the AANET. Recording and maintanence of flight data can be improvised
with distributed data collection in AANET, when ground communication is limited

or not available.

e) Higher Altitude platform broadband network can be realized through AANET.
The HAPs provide multi-hop communication in the AANET. Use of HAPs instead

of satellite services, will reduce the cost of the system.

The AANET is highly dynamic. The heterogeneous access technologies involved in the
communication lead to inadequacy in the network. The absence of proper network layer,
physical, and link layer protocols for ad hoc communication decreases the throughput of
the network. Section presents our study on the major issues of connectivity and
link establishment in the AANET.

2.2.2 Issues in AANET

a) Connectivity Given two aircrafts, the Line of Sight communication range between

them is limited by the earth’s curvature and their height above earth’s surface. It

14



b)

has been reported that, the maximum range of air-to-ground link can go up to 200
Nautical Miles (nmil). Similarly the maximum range of air to air link can go up to
400nmi for two aircrafts. Though the range of communication is large, the connec-
tivity in the AANET is mainly affected by the high velocity of the aircrafts. An
aircraft’s velocity can be up to to 1500m/s, or approximately 3.5 in Mach Scale.
The relative velocities between two approaching aircraft can be in the order of
Mach 7. In such dynamic scenario, the time for communication between two nodes

is very less.

The probability of forming a network in a given airspace increases with the density
of the nodes in the area [I8]. However, for a given node density, the probability
of link establishment between two aircrafts depends on their separation from each
other [47]. It also depends on their relative velocities. Theoretically, every node
‘N’ can form links with (N-1) nodes in the network. However, due to constraints of
the dynamic topology and signal loss, the number of active links a node can estab-
lish is restricted. Thus, if an AANET is formed in an airspace, there is always a
probability, that some aircrafts remain ‘isolated’ from the network [36]. Hence, the
necessary and sufficient range of transmission [74] is an important criteria which
ensures the connectivity in the entire AANET. Thus, some nodes have higher prob-
ability of being connected to the network. This means the coverage of the network

depends on the node degree [67].

Interference and Link Layer Scheduling For given active links formed by a
node in the network, at a given instance it can either receive or transmit signals.
Improper scheduling of the transmission can lead to interference and collision. The
interference estimation in network (mobile and static) is separately studied in [9]
and [21]. In [§], the wireless access for the aeronautical ad hoc communication is
studied for both, communication between aircrafts and for satellite links. Various

Wireless access technologies such as the Wi-Max and Wifi have been considered
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for communication between the nodes. The use of IEEE 802.11 is not ideal for
AANET due to range limitation. At the same time, other wireless access schemes

such as Wi-Max has limited use due to cost limitations.

2.3 Related Work

Section 2.3.1] is a discussion on network architecture for AANET.

2.3.1 Network Architecture

The bulk of research initiative is directed towards developing a standard network archi-
tecture for the AANET. A network of [TAV] or an airborne network of swarm sensors
can be simply represented by peer-to-peer links between the nodes. These networks are
relatively simple to perceive than AANET of military or civil aircrafts. In the physical
layer the communication takes place through directional antennae or radio links. The
message exchanges are done through simple beacon messages and acknowledgments. The
ad hoc communication in the mobile avionic network, however, requires modification to
the existing resources for achieving smooth data transfer between the nodes. Designs [30]
have been proposed and patented to accomplish air-to-air communication between the
aircrafts. To provide provision for mobility of the aircrafts, the data transfer model for
the AANET is being merged with the IPv6 and MIPv6 routing for global reachability.
The first occurrence of protocol stacks for the avionic AANET in the literature can be
seen in the ATENNA project. ATENNA characterized the data transfer layer of AANET
with respect to the ATN/OSI model and provided an Advanced Link Management Al-
gorithm (ALMA]) for managing different technologies at the link layer.

In general, an aircraft is a mobile router consisting of mobile network nodes (MNN).
The mobile network nodes are devices such as PDAs, laptops etc. The ground stations

are termed as access routers, or Internet gateways. Every mobile router has a home
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agent. When a router moves away from its home agent, it needs to configure itself with
a local home agent. The MNN takes the address of the mobile router. NEMO presents a
protocol stack for such an architecture of AANET. The NEMO has also been scrutinized

and extended for route optimization in [4][20].

Medina et al. make a comprehensive study of protocol stack architecture suitable
for Internet connectivity in [43]. Three network architectures are discussed viz. nested
NEMO, MANET centric IP architecture, and MANET centric sub IP architecture. A
unique IP address is obtained by converging it with 24-bit identifier address of the air-
craft. The authors conclude that a MANET centric IP architecture is most suitable for
AANET, since MANET routing at the network and transport layer well accommodates
the mobility of nodes. An alternative network architecture is Cross Layer Network Ar-
chitecture. A cross layer conversion takes place between IP and the MANET centric
protocol. Hence, while mobile routers hold IP addresses, these address are converted to
MANET suited address before being included in the routing packets. This reduces the
overhead in the routing packet as the converted node ID is lesser in length than original
IP address. The ANTP suite, which comprises of the aeroRP, aeroNP and aeroTP em-
ploys a cross layer protocol architecture based on the iNET framework. In the network
and transport layer, aecroNP and aeroTP make the necessary changes regarding node
IDs. Other works which have suggested similar kind of cross layer architecture can be
seen in [62].

Section gives a brief discussion on the mobility modeling in AANET.

2.3.2 Node Mobility

Mobility of the nodes is one of the significant properties that regulates the communication
between them. The AANET is 3D and is highly dynamic in nature. Thus, realistic
modeling of the network is necessary for accurate analysis of the AANET in a simulation

environment. Several mobility models [15][31] are known for modeling of wireless mobile
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ad hoc networks. For a 2D network topology, the random way point or random walk
mobility model can be used to represent a ‘memoryless’ system of nodes which means
that a node’s current position and velocity are not dependent on it’s previous position
and velocity values. The 2D Gauss-Markov mobility model, however, allows the system of
nodes to have a ‘memory’. This means, with a tunable parameter, a, one can regulate the
nodes’ velocity and position vectors’ dependence on their previous value. A comparative
study of Random Way Point Model and Gauss-Markov modeling [3], shows that Gauss-

Markov modeling of the network leads to better performance.

Although a 2D Gauss-Markov model improves the network performance for MANET,
it does not represent the 3D topology of the AANET. In [13] the 2D Gauss-Markov
mobility model is extended to 3D. This accounts for the multi-tier network which can
represent the ground stations and the airborne vehicles together in the topology. The
model has three parameters. The tunable parameter «, the mean direction parameter,
and the "pitch” for calculating position of the vehicle above the horizon. Even though
3D Gauss-Markov model gives a 3D perspective, it does not account for the acceleration
of the aircraft. [38] gives a Semi Gauss-Markov process which not only considers the
acceleration of aircrafts but also considers the angle of flight and wings of the vehicle for
mobility modeling. A better approach to model the AANET is using the Smooth Turn
Mobility Model [68][72], which correlates the acceleration of an aircraft with its spatial
position to predict the mobility of the aircrafts. Section [2.3.3] gives a brief discussion on
the cluster formation in AANET.

2.3.3 Clustering in AANET

For better resource management in any network, one looks at possible options to pool
resources. This ensures better cost effectiveness in terms of network parameters, such
as throughput and end-to-end delay. While forming clusters of aircrafts, the mobility

plays a very important role. Thus, the clustering algorithms such as those proposed
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in [39)[73] for MANET systems may not be applicable to AANET. The distributed
clustering algorithm, MOBIC [5], utilizes power of signal reception as a means for cluster
head selection and used the mobility information of the nodes. However, in AANET, the
strength of received signal is largely affected by relative velocity of nodes and atmospheric
interference; hence, the parameters for cluster formation should not depend entirely on

signal strength.

The concept of clustering in commercial aircrafts was first put forward by Sakhee
et. al in [55] and also discussed in [56][58]. The authors proposed the idea of clustering
aircrafts over continental masses for routing Internet data within AANET, depending
upon the source of origin of the aircrafts. The concept of ‘Doppler value’ was introduced.
The Doppler value accounts for the Doppler shift of packets received by nodes due to
their high relative velocities. The authors proposed nitial and progressive two-stage
clustering schemes dynamic link duration clustering-DLDC and dynamic Doppler velocity
clustering- DDLV. The metrics Doppler Value- DV and Inverse of Link Expiration Time-
LET are used respectively in the algorithms for making clustering decisions. The link
expiration time helps in predicting the link stability between two nodes and hence is
used as a metric for creating stable clusters. Using DLDC and DDLV, authors claim to
achieve stable clusters for longer duration of time involving fewer cluster switches. The
clustering process starts at every ‘NULL’ node. A node which wants to be a part of the
cluster broadcasts a beacon message in the neighborhood. Simultaneously, every node in
the neighborhood (which are at one hop distance) receiving beacon messages, calculates
the Doppler Value Sum (DVS), by adding the Doppler values of all the beacon packets
received. The DVS is then broadcasted along with the node Id. If a node receives DVS
from its one hop neighbors, it compares it, with its own DVS value. If the node is at
lower DVS value, it broadcasts a CLUSTER CLAIM to all its one hop neighbors. Null
(unknown) nodes receiving cluster claim messages can decide to be a part of the cluster

and respond by JOIN REQUEST message. A null node may receive cluster claims from
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more than one node, in such scenario it can choose to become a gateway. Thus, through
minimum DVS value, the most relatively stable node is elected as cluster head. Since it
is relatively stable than all its one hop neighbors, the cluster is maintained for a longer

duration of time.

The idea of Doppler Value is also used in [24] for deriving a joint cost metric. The
joint cost metric helps in estimating the least congested node. A hybrid routing scheme
for inter-cluster and intra-cluster routing is presented. The routing scheme minimizes the
joint cost metric to select the most suitable relay node for forwarding packets. Another
novel way of clustering in AANET has been presented in [46]. K means clustering is used
for clustering in a ‘mixed network’ of airborne ad hoc nodes and stationary ground nodes
to optimize gateway selection in the heterogeneous network and hence realize a better
spectrum efficiency. Although the above clustering techniques achieve stable clustering
and routing, the proposed clustering algorithms, however, do not address the case of
node migration. It is evident that the clusters as a whole are mobile. In such a scenario,
when a node moves out of one cluster, there is a certain amount of delay before it is
accepted in another cluster. Also, if a node in a route between source and destination
stops responding, the network takes time to set up the alternate path due to sudden
change in topology. In case of merging of two clusters, on going packet transmissions
may be affected. In order to avoid these conditions, every node should be able to identify
itself with network changes at the global level creating network awareness. The problem
of orphan nodes or isolated nodes in the network is also not completely resolved. Section
2.4] gives a brief discussion on routing and congestion in AANET which influence the

network traffic scenario.
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2.4 Network Traffic

The data traffic in the AANET may enter and leave the network from any of the three
layers. The data is always directed between a source-destination pair. The source and
destination nodes can be spread across the three layers. When an aircraft fails to reach
the ground station, it tries to route its data through neighboring aircrafts. Thus, usually
the ground layer consists of the end node. However, an airborne node can also be an
end node and is the focus of present research. Considering all the facts mentioned, it is

understood that essentially the traffic in the AANET flows in three ways as listed below.

a) The up-link and the down-link traffic from the airborne vehicles to the ATN data

network on the ground.
b) The data relaying in the second layer, from one aircraft to other.

¢) The data traffic between the satellite, HAPs, and the ground VHF network.

2.4.1 Routing

Topology of the network and the instantaneous position of the nodes primarily govern all
the routing tasks in the AANET. The next major factor to be considered is the mobility
of the nodes. There are two ways of analyzing the mobility of nodes, firstly their ground
velocities and secondly their relative velocities with respect to each other. These factors
regulate the two main phases of ‘route discovery’ and ‘route maintenance’ in AANET
routing. The existing routing protocols in the literature aim towards minimizing end-
to-end delay between nodes and maximizing the throughput by improving the packet

delivery ratio. These network parameters are mainly affected by:

a. Querhead of control packets used for routing purposes: The overhead involved in
the control packets should be minimum. The inclusion of mobility and position

vectors of nodes, increases the packet overhead. An increased packet overhead
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implies larger processing time in the nodes which directly affects the speed of

queries and acknowledgments of packet while routing data.

Node density in the airspace: A highly populated airspace in a neighborhood of
a node increases the probability of connectivity in AANET. However, a densely
populated neighborhood may lead to congestion in the network and subsequently
packet drops. A sparse network leads to several isolated or non-reachable nodes

and hence decreases the connectivity in AANET.

Distance between two nodes: Beyond the minimum LOS range of communication
between two nodes (moving towards each other or away from each other), the air-
to-air link is weak and may get disconnected. On the other hand, when nodes move
towards each other, the time of communication between nodes keeps on decreasing.
Thus, ideal transfer of data takes place at optimum LOS distance between two

aircrafts flying at particular flight levels.

Node mobility and Doppler shift of packets: The relative velocity of two commu-
nicating aircrafts leads to Doppler shift of the packets received at the destination.
This Doppler shift can be calculated by measuring the difference in frequency of
the received signal to that of the transmitted one. The Doppler shift of packets is
important in perceiving the relative stability of node as a candidate for relaying

signals.

Queuing delays: The delay induced in transmission of packets to the next node
depends on the buffering speed of queues at every node. The more time a packet
spends in a queue, the end-to-end delay increases accordingly. Thus, efficient
scheduling algorithms in the queue is another area of focus for improving rout-

ing in AANET.

Neighbor discovery process: Either a node can take topology updates from ground/satellite

infrastructure or a node can discover its neighbors by listening to ADS-B messages.
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The ADS-B is a relatively new technology. Every aircraft with equipment
is expected to broadcast an ADS-B message periodically. This ADS-B message
can be received by all aircrafts in the listening range. An ADS-B message con-
tains important data vectors of position and velocity of aircraft. It also contains
the traffic information in the form of Traffic Information (TIS-B) and Flight sta-
tus Information (FIS-B). ADS-B helps in live tracking of aircrafts and reduces the
dependence on the ground infrastructure. Fig. shows live tracking of

aircrafts across the North Atlantic Corridor.

Figure 2.2: Live ADS-B Tracking of Aircraft [I]

Depending upon the neighbor discovery process and the optimum choice of relay nodes for
forwarding packets, the topological and position based routing schemes can be categorized

as follows:
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Reactive Routing techniques are those where a forwarding node is not required to
save routes to all possible destinations all the time. Instead, routes are queried and saved
on demand as and when a node needs to forward a packet. Reactive forwarding is suitable
for AANET. This is because, at a global level it is difficult to maintain end-to-end routes
for all possible destinations, specially when the nodes are on the move. MUDOR [5§]
uses the Doppler value metric as a decision value to select best possible node among the

one hop neighbors for forwarding the packets and to predict link stability.

Hybrid Routing is usually combination of two or more routing schemes to achieve
optimal results. ARPAM [29] is based on such concept. It is a reactive scheme, in-
corporating AODV [14] and TBRPF [49] protocol for route discovery and maintenance.
It finds the shortest path between source and destination and maintains the complete

end-to-end path.

Geographic Position-Based Routing utilizes the position information of the
nodes. The position updates of the aircrafts can be obtained from satellite or the ADS-B
system. These position information about the node is included in the beacon messages, so
that nodes receiving the messages can make routing decision. With position information
the nodes can either forward data to nodes reactively or in greedily. In greedy forwarding
schemes, packets are forwarded to the node ‘closest’ to the destination. Some position-
based routing used in MANET are DREAM, LAR and GPSR [34] which use the location
information of the nodes. The aeroRP[52] uses the position information of the nodes
to estimate the Time to Intercept-TTI TTI is used as a decision metric to estimate
the proximity of the relay nodes and also the time of link connectivity. GLSR [44] is
also a position-based routing scheme. It employs greedy forwarding. It estimates the
speed of advance of a node towards the destination and greedily forwards the packet to
the node moving closer to the destination always by assigning priority to active links.
Position-based Routing schemes using ADS-B system, depend upon ADS-B messages
to find position updates of the node. Seo et al. use the ADS-B system for neighbor
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discovery phase and propose a routing scheme [6I] which integrates the GPSR routing
with ADS-B. Mahmoud et al. enhance routing a ADS-B based routing in [7]. A-GR
[70] is another routing scheme which uses ADS-B messages to calculate an Instantaneous
Flight Time(IFT). The A-GR shows better performance than GPSR [76] and GRAA
[28].

Cluster-Based Routing are used for inter-cluster and intra-cluster routing of pack-
ets. Essentially, the routing scheme can forward packets reactively/greedily. The main
aim is route maintenance and creating backup paths in the event of re-clustering. Sakhee
et al. use the DV in multi-path Doppler routing, to achieve stable clustering in highly
mobile ‘pseudo linear networks’. CBHR [24] is a hybrid derivation from MUDOR. It
uses a joint cost metric based upon DV, delay and node degree, for establishing routes in
cluster and setting up backup paths. CBHR shows a better performance than MUDOR,
due to the fact that it considers congestion in the node and also density of the network,

for taking clustering decisions.

2.4.2 Congestion

The delay in the network affects the throughput of the network. Distant source-pair
nodes and link disconnectivity increase the end-to-end delay for packets. The interfer-
ence of packets transmitted can lead to collision and congestion or traffic is another
factor which introduces delay in the network. Congestion can occur due to heavy traffic
or sudden burst of traffic in the nodes. In the multi-tier network, the ground nodes or
gateways deal with maximum amount of down-link traffic, as traffic from the airborne
nodes is directed towards the ground layer. In the airborne layer, cluster head and
gateways between clusters are expected to handle maximum amount of traffic. A relay
node in a source-destination route may get congested if, many packets are waiting in its
buffer for transmission. Another possible cause of delay in the network might be due to

longer route taken by a packet to reach destination. This can happen due to improper
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forwarding. In such cases, packets are piggy-backed in the queue, and eventually a long
waiting time leads to lesser packet delivery ratio and higher end-to-end delay. Concisely,
the delay and congestion in the network can be managed through proper gateway se-
lection mechanism, proper selection of relay nodes, good queue management

in nodes and proper link layer scheduling.

The congestion in AANET can be understood from the example of Airborne Internet
[55][57]. The Internet was first made commercially available to the passengers by Con-
nexion Boeing through the use satellite broadband service [32] [35][53]. Eventually, it
was pulled off from the commercial use. Other service providers are the GoGo in flight
Internet and Aircell using Inmarsat satellite links. For providing Internet service to the
aircraft, which are far away from an Internet gateway(IGW), a mesh network is proposed
by Medina et al. [42] [43]. To deal with the traffic load at every gateway, a two-step
delay based gateway selection mechanism is proposed [25]. The mobile aircrafts select
the terrestrial gateways through proactive mechanism. In the first stage, the path delay
for all reachable gateways are noted by an aircraft, in the second stage a gateway with
minimum path delay than the current IGW of the aircraft is selected. The traffic is then
split in between the two gateways. The gateway section mechanism has been further
improvised by use of genetic algorithm in [26] and through joint scheduling and routing

[27] for minimizing end-to-end delay.

The link layer scheduling is important to avoid collision of packets. CSMA is not
suitable for avionic networks. The most popular choice for preventing MAC contention
is by the use of TDMA scheduling. Under TDMA scheduling, every aircraft is assigned
a particular number of time slots. An aircraft can transmit and receive packets in its
active time slots. In this way, collision between packets in avoided. The iNET framework
is based on the TDMA scheduling. Also, the ADS-B messages are transmitted using an
UAT frame, which follows basic TDMA link scheduling. Spatial reuse TDMA or STDMA

is another candidate for the purpose. DMDR[23] is a delay-aware routing mechanism
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which uses link layer scheduling for queue management in the aircrafts. A decision
metric based on queuing delay is calculated. The queuing delay of the packets is derived
using Little’s formula. The scheduling algorithm in DMDR uses TDMA based UAT
frames. I-TDMA [37] is an interference-based distributed TDMA scheduling technique
proposed for the aeronautical relay network. It uses link priority to decide on packet
scheduling during active time slots. Matolak et al. present a comparison [75] of time and
frequency techniques for duplexing schemes, multiple access schemes, and multiplexing
schemes for the relay network in the avionic environment. By examining the bit error

rate performance of the schemes, the authors conclude that single carrier environment is

best suited for AANET.

2.5 Network Partition

In a network, a group of nodes exhibiting a collective behavior, which is different from the
whole network, segments the network and creates network partition. Network partition
affects the global behavior of the network. Tasks at the application layer of the network
may be obstructed due to the emergence of groups in the network. Routing of packets
is expected to be jittery, if after partition of the network, source and destination nodes
belong to different partition. In mobile networks, partition of network is unavoidable
mainly due to the mobility of the nodes. Mobile nodes depending upon their velocity and
direction of motion, can change the topology of the network. This leads to the formation
of partitions. When partitions are created due to motion, nodes in the partitions display
‘eroup mobility’. The number of partitions created depends on how often a group of
nodes change their direction of motion. Thus, predicting the number of partitions is an
important key to maintaining the integrity of the network. Too frequent changes in the
network topology needs restructuring of the network more often. Frequent restructuring
of the network induces loss in the network, in terms of communication and other cost

factors such as throughput and delay.
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AANET is very dynamic in nature. In order for the network of aircrafts to be resilient,
a stable topology must be achieved. In the multi-tier network of AANET, the layer one
(ground) and layer three (HAPs and satellite) are relatively stable as compared to the
mobile aircrafts in the layer two. Probability of reliable communication between aircrafts
on the same flight path is higher than aircrafts flying in opposite directions. Such links
formed are expected to last longer than links formed between aircrafts moving in opposite
direction. Thus, aircrafts moving in same direction show a group mobility similar to 'bird
flocking” in SWARM sensors. The efficiency of the AANET can be improved if a global
knowledge of the network partition can be maintained. However, in the highly dynamic
network, network monitoring is a challenging issue. For predicting partitions and also
maintaining the coordination between them, the network should be able to identify the
topology changes as soon as they occur. Following this, the routing decisions can be
made accordingly to prevent link breakage and packet loss. The optimum level of ‘self
healing’ can only be achieved with effective partition tracking. In the following section,

we highlight the existing solutions, and propose a novel way to tackle the issue.

2.6 Network Partitioning in AANET

In “Global In-Flight Internet” [55] Sakhaee et al. suggest the clustering of aircrafts over
continental masses. This clustering is an example of elementary network partition. The
mobility pattern of aircrafts is different for inter-continental and intra-continental flight
paths. Inter-continental flights such as those in the North Atlantic Corridor(NAC), have
two major direction of motion. There is a collective East bound or West bound air traffic.
Hence, the network has two separate mobility partition. However, for intra-continental
flight paths, such group behavior cannot be observed. The changes is topology is more

frequent than that of the inter-continental flights.

The NAC has been inspected by researchers for validating protocols in AANET com-
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munication. The group mobility of the aircrafts in NAC is well exploited for achieving
long duration of links between aircrafts and to avoid packet drops. This can be seen
in [42], where “greedy forwarding” is employed for delivering packets to the destination
node. The authors call attention to ’stable’ topology of AANET in NAC. This is pos-
sible because, the aircrafts maintain a uniform direction of flight. Once en-route and
on appropriate flight level, aircrafts move in a common direction (East or West) and
maintain a constant velocity for long durations in their fight. This makes the topol-
ogy stable. For a particular source and destination, packets are always forwarded to
the nodes closer to the destination. Since the aircrafts exhibit a group motion towards
same direction, greedy forwarding is beneficial as relay nodes progressively move towards
the destination. Another case where network partitions can be seen in play is in [65].
An aircraft’s neighbors are divided into two groups: reachable and non-reachable nodes
viz. adjacent-relay aircrafts (ARA) and distant-relay aircrafts (DRA). Subsequently, for
routing packets to the destination, an aircraft may either greedily forward packet to a
relay aircraft flying in same direction as with its own, or it can forward packet to an
aircraft flying in opposite direction in case there are no nodes in the same direction. A
third alternative is proposed, where the air space is equally divided into parts. Packets
are greedily forwarded to nodes in the same part. First priority is given to the nodes

flying in the same direction.

It is evident that group mobility is significant criteria which influences the routing
decisions in the network. Hence, nodes should be aware of the current topology scenario
of the network. However, keeping topology updates will require every node to cache
position information about other nodes. This leads to obvious issue of maintaining large
routing tables per node. Moreover, frequent topology updates can only be obtained
from ground gateways or from satellites, which increases the dependence of the nodes
on the infrastructure, increasing the cost of the system at the same time. This problem

of flooding nodes with topology information is resolved in Greedy Perimeter Stateless
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Routing (GPSR) [34] for wireless sensor nodes using greedy and perimeter forwarding of
packets. The same idea has been adopted by Medina et al. in GLSR [42]. While greedily
forwarding packets, in the absence of neighbor in the range, the source node becomes a
local maxtmum, which means, it is the closest node to the destination. If it persists to be
a local maximum, packets may be dropped if the source is far away from the destination.
Medina et al. deal with this problem by increasing the range of communication of a
node. By doing so, the neighborhood of each node is extended, accommodating more
nodes in the range of a node and at the same time reducing its risk of becoming a local
maximum. Perimeter routing is an alternative way to avoid local maximums in the
network, wherein the packets are routed around the perimeter nodes of the source node
following the textitright hand rule until a node closer to the destination is found, after
which the routing switches back to greedy mode. This method, however, may not be
fruitful in sparse network scenario as discussed by Shrirani et al. in [63]. Authors further
study the success probability of greedy forwarding in unmanned AANET, by making use
of quadratic estimations. They conclude that greedy forwarding alone is not sufficient for
routing packet successfully to the destination, and suggest the use of greedy forwarding,
along with other routing protocols to optimize routing in the network. Thus, following

arguments regarding routing in AANET can be listed.

e Location assisted greedy forwarding in 3D mobile network fails for sparse network.

e In perimeter mode of routing, immediate node to the right of the source along the
perimeter, may be heavily congested while the node at the end of the perimeter
and closer to destination may be least congested and vice versa. Hence, packets

may be dropped before they reach the destination.

e In case a node wants more topology updates than one hop neighbors, a node has

to depend on the ground infrastructure or cache more neighbor information.

These problems can create bottlenecks in AANET when one looks at the entire global

network and the airspace. In future, the AANET communication is expected to take

30



place between aircrafts belonging to different airline services. Thus, we are looking at
possible subnetwork communication [4][20] between aircrafts.

Thus, while the network is partitioned with respect to mobility of the nodes, conges-
tion at each node also affects the routing decisions. To make the network more aware,
perhaps one should be able to train the network, so that it adapts to these changes spon-
taneously. [69] is an example where network partition due to mobility is studied in the
wireless ad hoc network. Effective partition prediction is the key focus area of this work.
However, only the mobility of the nodes has been considered to predict the partitions in
the network. We need a method, that would help us look at more than one scenarios
at a time. Also, such a technique should be able to recognize the group behavior of the
network and associate each node to it accordingly. To obtain such associative relation
between a node and the network, we direct our attention towards the Fuzzy Set Theory.
Fuzzy logic gives freedom to the data points to assume any value between ’true’ and
'false’” which means a node has the flexibility of either being true to some extent or false

to some extent.

Intuitively, Fuzzy theory can be used to derive metrics for routing in the network.
Marwaha et al. employ such method in E-AOFR scheme[41]. It is an ad hoc on-demand
fuzzy routing scheme which uses multi-objective routing for the wireless MANET. A cost
metric is derived by fuzzy partitioning of the network parameters, the same is utilized
for making routing decisions. For selecting optimal route to the destination, a unique
cost metric is designed using the capacity of a node’s battery life, link stability, the
buffer lengths in the relay nodes along with the number of hops between the relay nodes.
A route request packet RREQ is flooded in the network. The RREQ contains all the
information about the network parameters. On receiving RREQ packets from more
than one relay nodes, a destination selects that route, whose cost function is minimum.
Through selection of most optimum route, the fuzzy cost metric is able to minimize

the end-to-end delay, improve the packet delivery ratio and enhance the battery lifetime.
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Although E-AOFR considers a multiple objective routing metric, it is not able to monitor
the change in status of a node with respect to the entire network. To facilitate this, we

need a tool which will associate a node to the group behavior of the network.

The [ECM] clustering is another branch of fuzzy theory. It is used for analyzing large
data blocks and finds use in techniques such as pattern recognition. Usually, the traffic
generated in any network static or mobile is large. [ECM clustering has found use in
training the system to detect traffic scenarios in the network. Such examples can be seen
in the literature. The network traffic can be analyzed through monitoring the traffic or
congestion level at each node. Fuzzy logic has been used for active queue management
in [19] and [48], for traffic modeling and prediction in [16] [33]. Liu et al. use [FCM]
clustering [40] for predicting point-to-point traffic in static network by using a network

administrator which then makes routing decisions depending upon the congestion level.

The fuzzy theory is a powerful technique for modeling any network. It gives the
opportunity to optimize the network, using more than one metric at time. To the best
of our knowledge, [FCM] clustering has not been used for modeling of 3D networks (static
or mobile). The AANET is complex in nature and is governed by multiple properties.
We propose to use the multiple parameter handling capacity of [FECM] clustering to our
advantage and examine the possibility of making the network more aware through its
use.

In the following section we present the important highlights discussed in the chapter.

2.7 Summary
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AANET Attribute

Existing solution/theories

Comments

Airborne Internet

Military Survilience

The utility of AANET gets limited
due to its dependence on ground
infrastructure and satellite

Applications resources.
Free Flight and 4D Trajectory Management
This issue can be mitigated if
HAP Broadband Access gateways exist in the airspace .
Network Architecture MANET Centric Architectute Cross Layer Architecture can
accomodate the MANET centric
MANET IP Centric Architectute and MANET IP centric
architecture.
MANET Sub IP Centric Architectute
Any network architecture for
Cross Layer Architectute AANET should account for
existense of both cluster and mesh
topology in the network.
Mobility Modelling Random Way Point Mobility Model Smooth turn mobility model is best

3D Gauss Markov Mobility Model
Improved Semi Gauss Markov Mobility Model

Smooth Turn Mobility Model

suited for modelling AANET. It
can be modified to obtain a
'mermory' sustaining system
through Markov Process.

The mobility models should also
account for group mobility of the
aircrafts.

Access Schemes TDMA The STDMA and I-TDMA is most
suited for direct one to one
STDMA communication between aircrafts.
This can be supported at physical
I-TDMA layer by smart antenna systems.
Link layer scheduling can be
optimum on use of single carrier.
Network Topology Cluster A mixed topology should be
developed.
Mesh

A mixed topology can represent the
AANET more realistically, where
clusters and mesh of nodes can
co-exist.

Routing protocols

Reactive Routing
Hybrid Routing
Geographic Position Based Routing

Cluster Based Routing

Routing protocols should maintain
the throughput of the network in
events of network partition.

Routinng protocols should enable
priority routing and multiobjective
routing for aircrafts, for serving
QOS purposes.




Chapter 3

Proposed Network Monitoring
Scheme for AANET

In the airspace, the aircrafts can either form a mesh network or they can form clusters.
An aircraft (or simply denoted as “node”) can be in one of the four states described
in Fig. 3.1 An en-route aircraft, flying across the airspace can exist in “idle state”, a
“mesh state”, a “clustered state” or in a “migrating state”. The functions of each state

are identified as follows.

e [dle State: A node in the idle state is not connected to the AANET. When “idle”,

a node does not participate in any routing task in the network.

o (Clustered State: A node in a cluster of nodes is in “clustered” state. The node

routes the data as a cluster member.

e Mesh State: A node, acting as a router in the mesh network of aircrafts is in “mesh

state”.

e Migrating State: In “migrating” state, a node is disconnected from the AANET. A
node gets disconnected if it moves from one cluster to another or if the mesh network

disassociates due to increase in separation between the aircrafts. Therefore, a node
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continues to migrate until it is accepted in another cluster or as a link in the mesh

network.

A : Idle State B : Clustered State C : Migrating State D : Mesh State

Figure 3.1: States of Airborne Node

Fig. shows all the possible state transition an aircraft can make in AANET. An
aircraft, initially in unknown state, can connect to AANET in two ways. The aircraft
can become a member of a cluster, shown by link no. 7. The aircraft can also become
a part of a mesh network, shown by link no. 10. The transition from mesh state to
cluster state and vice versa is attained by migrating. Link no. 8 and 11 depict the
transition of aircraft into migrating state. The migrating state accounts for the period of
disconnectivity, during which an aircraft makes the state transitions. The other transiting
links, depicted in the figure, show the possibility of an aircraft remaining in the same
state. The links also depict the transition of an aircraft back to same state before a

transition was made.
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Maintaining the connectivity in the AANET is the principal focus. Hence, “knowl-
edge” of the network is an important criteria. Every aircraft cannot retain the infor-
mation about the entire surrounding network. A priori knowledge of the network is
always beneficial for improving network performance. Thus, getting topology update of
the network is essential. In the present scenario, aircrafts depend on the ground infras-
tructure for receiving topology updates. Alternatively, ADS-B messages can be used to
receive network topology information. This means that an aircraft can obtain informa-
tion regarding other aircrafts which are in its communication range. To obtain a better
perspective of the network changes, without depending on the ground infrastructure, we
need a monitoring agent in the airborne layer which can effectively replace the need to
depend on the ground and satellite resources. Thus, the need to monitor the airborne
network arises, such that the monitoring can be done in airborne layer itself. Also, the
monitoring should help in acquiring a view of the entire network and simultaneously
inform the aircrafts in the network regarding the changes occurring in the network. In
this chapter, we present a monitoring scheme for AANET. We also identify an agent
which can assume the role of a network administrator in the airborne layer. Table

presents a list of symbols used in this chapter.

Table 3.1: Notations and their Meanings

Symbols | Meaning

H Higher Altitude Platform
4@ Voronoi cell

S, Spherical Region

1 Iterator

Section presents our network model and elaborates on the network monitoring

scheme.

36



3.1 Network Model

3.1.1 Voronoi Space Partition

The AANET is spread across the airspace at various[FLl To observe the topology change
across the vertical and horizontal span of the airspace, a flexible structure is required
for observing changes in the 3-dimensional geometry of the network. We propose a
Voronoi space partition of the airspace. Mathematically a Voronoi diagram divides a
space containing points into regions. Each region or cell is created using a generator seed
or point. Points are said to be in one region if they are closest to the generator seed.
This is called shortest point Voronoi diagram. On creating Voronoi space partition of the
airspace, we achieve smaller observing cells for observing the airspace. All aircrafts closer
to the generator seed will be in same Voronoi cell. This creates a 3-dimensional space
partition in the airspace. The Voronoi space tessellation can be used to partition airspace
above the continental masses and oceanic surfaces. We assume that every Voronoi cell,
V C;, is generated by using a Higher Altitude Platform, H;, as the generator seed. The
aircrafts closer to the generator HAP belong to the respective Voronoi cell V C;. Consider
the geographic location of North Atlantic Corridor (NAC). The airspace above NAC
hosts the world’s busiest air traffic. The collective flight direction is towards eastbound
routes and the westbound routes. Fig. depicts a Voronoi space tessellation model of
the NAC. In every Voronoi cell, the HAP is placed as shown in the figure. Therefore, a

strategic placement of the HAPs can help to cover the entire airspace over the corridor.
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Figure 3.2: Air Space Partition

The HAPs fly at much lower velocities relative to the aircrafts flying at standard
flight levels. Since the HAP is considered as the generator seed for the Voronoi space
tessellation, the cells have stable structure. This is because the slow movement of the
HAPs leads to a very gradual change in the space tessellation and does not affect the
network monitoring. Section [3.1.2] is a discussion on HAPs and their role as network

administrator in our network model.
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3.1.2 Airborne Network Administrator: HAP

A Higher Altitude Platform (HAP) is an aerial vehicle equipped with communication
payloads. The HAPs are positioned in the stratosphere at heights of 17-22km. This
height is much lower than those of geostationary satellites, which are positioned at or-
bital heights of approximately 40,000km above Earth’s surface. The HAPs are flown in
tight circles making them quasi stationary with respect to other aircrafts. This means
relative to the aircrafts they appear stationary. The HAPs are being examined for re-
alizing broadband communication services over the terrestrial network. Some projects
commissioned for achieving wireless broadband communication using HAPs and surveil-
lance related operations are the HALO Network [17], the HeliNet [64] and the HELIOS
[45]. The key characteristics of the HAP which makes them an important element in the

heterogeneous network are listed below.

a. The HAPs are positioned closer to the aircrafts as compared to satellites. Hence,
the round trip delay (250ms for communicating with satellite) involved in commu-
nication is less. They provide means to reduce dependence on the ground infras-

tructure.

b. The HAPs can provide large area of ground coverage with cell diameters reaching

up to 200km.
c. The HAPs have both unicasting and multicasting capabilities in the network.

d. The HAPs can be easily deployed and they can communicate using the existing

communication infrastructure.

We use the above properties of HAP to our advantage and propose a layer of quasi
stationary HAPs in the airspace. The layer of HAPs form a network of connected network
administrators in themselves. The administrators can exchange information using radio
links or FSO links. The 28/47GHz band in the spectrum is allocated worldwide for the

HAPs. In our network model, in every Voronoi cell VC; the HAP acts as the network
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administrator. As a network administrator the HAP’s responsibility is to accumulate
data from network members, analyze the data and get an overview of the network in its
cell.

Fig. represents our complete network model.

Membership
Message

= = =  Inter HAP Radio/FSO Link
trmm=om= Satellite Backhaul Link
Air-Air VDL Link

Figure 3.3: Network Model
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In section we present our monitoring scheme for the AANET.

3.2 AANET Monitoring Scheme

1. Airspace is divided into 3D Voronoi cells.

2. A HAP H; provides service in each cell VC; and acts as
the network administrator.

3. Aircrafts in a Voronoi cell VC; register with their re-
spective HAPs H;.

4.  The HAPs collect position, velocity and congestion up-
dates from aircrafts in their cells.

5. The HAPs run a data analysis process in their respective
Voronoi cells periodically.

6. The HAPs returns a status update to every aircrafts in

the cell.

We make the following assumptions regarding the AANET.
1. For the AANET, source and destination are in the airborne layer.

2. The AANET comprises of clustered aircrafts or a mesh network of aircrafts. Ideally,

the clusters and the mesh network are connected.
3. There is some data traffic in every aircraft which is connected to the AANET.

Section [3.3] presents our discussion on network monitoring in a Voronoi cell V' C;.
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3.3 Monitoring Process

The proposed network monitoring scheme is a two-tier process involving:
1. Aircraft registration,
2. Network supervision by the HAP.

The registration of aircrafts and supervision is a periodic phenomena. The aim is to
identify the topology change in the network with minimum delay and prevent periods of

disconnectivity in the AANET. Fig. depicts the aircraft registration process.

i

ENTER CELL VC;

l:

SEND
REGISTRATION MESSAGE

l

RECEIVE
STATUS UPDATE

NO

YES

Figure 3.4: Aircraft Registration

The network is monitored separately in every cell. The HAP keeps the record of
current network scenario in the cell. Therefore, when an aircraft enters a new cell it has
to first inform the HAP regarding its presence. Thereafter, it can receive information
about the network from the HAP. The registration process is carried out by sending

registration messages to the HAP. The proposed format for the registration message is
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depicted in Fig. [3.5] It is assumed that all the aircrafts are time synchronized. The
registration message is issued with a time stamp and aircraft’s ID. The time stamp helps
the HAP to keep a track of latest registration message from an aircraft. The position and
velocity of the aircrafts are essential for determining the topology change in the network.
With every registration message, the aircrafts convey their current velocity and position
information to the HAPs. The buffer occupancy of each aircraft is also send with the
registration message. Every aircraft sends the registration message periodically to the
HAP in the cell. When an aircraft enters a new Voronoi cell, it registers itself with a

new HAP.

AIRCRAFT ID

POSITION

VELOCITY

QUEUE LENGTH

TIME STAMP

Figure 3.5: Registration Message

The periodic registration messages sent to the HAP ensures tracking of all every
aircraft in the cell. Aircrafts in every state (idle, clustered, migrating or mesh) are
expected to send the periodic registration messages. The HAP ID is a means to identify
the Voronoi cell. When an aircraft passes from one cell to another the HAP ID included
in the status update message not only gives the network statistics in the cell, but the new
HAP ID also informs the aircrafts of its handover to the new network administrator. The
HAP in the cell always updates its network database. The main idea behind periodic
tracking is, to acquire network statistics from the aircrafts. With frequent updates from
the aircrafts in the cell, the HAP can easily monitor the change in the topology of entire
network. The knowledge of the network change should be reverted to the aircrafts in

the cell. This is done by giving periodic status updates to the aircrafts in the cell. The
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status update message is also issued with a time stamp and the HAP ID. The time stamp
is included to ensure that aircrafts update themselves with the latest network changes.
The change in the Voronoi cell should not affect the connectivity of the aircraft in the

AANET. Fig. outlines the task of network supervision carried out by the HAPs.

Y
RECEIVE REGISTRATION

MESSAGE FROM
AIRCRAFTS

|

UPDATE NETWORK
DATABASE

SEND STATUS
UPDATES TO
AIRCRAFTS

Figure 3.6: Network Supervision by HAP

The advantage of having a monitoring agent can be utilized by the aircrafts in the
network in two ways: (1) when an aircraft is in the idle state, and (2) when an aircraft
is in the migrating state. An aircraft in ideal state has no knowledge of the network. In
such scenario, the aircraft can request the HAP providing service in its cell for topology
update. The second scenario arises, when an aircraft transits to the migrating state. In
the migrating state, an aircraft gets disconnected from the network. This disconnection
leads to route disruption in existing communication between source and destination. A
route disruption implies that more than one aircraft may get disconnected at a time.
This eventually may disintegrate a cluster of aircrafts or a mesh of aircrafts. To restore

connectivity in the AANET, a migrating aircraft should be immediately directed to
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regions of the AANET where it can be accepted with minimum delay. That is, instead
of broadcasting join requests in the entire network, an aircraft should send join requests
to those regions where the probability of being accepted in the AANET is higher. This
knowledge can be provided by the HAP in a cell, as it maintains a record of the network
statistics. Thus, time and resources involved in broadcasting join requests over entire
network can be mitigated. This will also prevent excessive flooding of network with join
requests. Thus, an inquiry made by an ideal or migrating aircraft is responded by a
“network information”. This perception can be physically realized by giving antenna
rotation directions to the aircrafts. That is, an aircraft can effectively broadcast join
requests in a specific region of the airspace where it can get easily absorbed in the
AANET. To have a complete overview of the cell the HAP as to monitor the topology
change and the data traffic in its cell across all flight levels (FL). This can be done
by analyzing the time variant topology change and data traffic in the AANET received
through the status update messages. Section elaborates on the primary network
changes, the HAP needs to identify in a cell for maintenance of the AANET.

3.4 Cell Behaviour

3.4.1 Mobility Groups

The AANET is highly dynamic due to high ground speeds of the airborne vehicles.
Although the ground speed of air vehicles is high, it has been indicated in the literature
that the constant flight speeds makes it possible to achieve a stable network amongst
the nodes. This is however limited to network formed at same flight levels extending
over short area or tunneling between aircrafts and ground station across the vertical
airspace. To achieve a connected network across all [EL] the difference in the velocities
and direction of the aircrafts need to be examined more carefully. A network of aircrafts
flying at different FL shows group mobility. This is mainly due to the difference in

direction of flight paths and the velocities. A minor change in the velocity of aircraft
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can affect the link between two nodes. This due to change in their relative velocities.
Over a large stretch of airspace like the NAC, the mobility groups are distinct and less
in number. The group mobility of aircrafts flying over intra continental routes is more
random in nature. Thus, one can expect more mobility groups in such flight routes. A
“mobility group” is a group of aircrafts headed in a common direction. The mobility
groups create distinct partitions in the network. The topology change in the network
can be attributed to the change in the group mobility of the aircrafts. In a region of

airspace, one of the following events may occur pertaining to the mobility groups mg;.

e Two or more mobility groups may merge together.

An existing mobility group may disintegrate into more mobility groups.

New mobility groups may be added in the region.

All mobility groups may cease to exist in the region, due to movement of aircrafts

into another region.

An aircraft can switch from one mobility group to other.

Fig. depicts four mobility groups having different directions of motion. The HAPs
responsibility is to identify such mobility partitions in the network. As seen in the figure,
the mobility groups may have varying aircraft densities. Also, some aircrafts may not
be part of any mobility group, as seen in the figure. These aircrafts are “isolated” as
they do not show a group behaviour. The group mobility of each group is represented
using a group mobility vector as seen in the figure. The group mobility vector is a
means to identify the common direction of flight in the aircrafts. As the position and
velocity of aircrafts change, the change in group mobility vector can be used to identify
the topology change in a of a group of aircrafts. However the group mobility vector alone

is not sufficient to direct an idle aircraft or migrating aircraft for sending join requests

to the AANET.
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In section [3.4.2, we introduce the term “Directional Mobility” to identify the aircrafts

in a mobility group that have higher tendency of forming an AANET.
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Figure 3.7: Mobility Groups

3.4.2 Directional Mobility

The mobility groups only help in distinguishing the direction of flight for a group of air-
crafts. They however do not give a clear perspective of which aircrafts can actually form
an AANET. This is because, aircrafts in the same mobility group may be separated from
each other by large distance in the airspace. If the separation is beyond the maximum
range of communication between the aircrafts, an AANET link cannot be supported.
Thus, a mobility group and a closely spaced group of aircraft are two different aspects of
the AANET topology. A group of closely spaced aircrafts demonstrate a directional be-
haviour, if they are in same mobility group. Therefore, we define, Directional Mobility as
the directional behaviour demonstrated by aircrafts in permissible range of communica-
tion. As a network administrator the responsibility of HAP is to identify this directional
behaviour in their respective cells. For analyzing the data traffic in the cell, the HAP has

to distinguish between various congestion levels that might exist in the cell. In section
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we introduce the concept of congestion class in a cell.

3.4.3 Congestion Class

In air-to-air communication between aircrafts, the traffic generated in each aircraft de-
pends on the number of links associated with it. An aircraft is essentially a router. The
data traffic generated can be due to different applications. The congestion in each air-
craft is a measure of its availability to route packets in the network. The congestion in
each aircraft depends on the time period spent by each packet in the queues. That is, the
queuing delays influence the congestion in each node. Therefore, in a group of aircrafts
forming a network, the congestion in individual aircrafts affects the connectivity. It is
essential to monitor the topology change, and the congestion at the same time. This is
because the probability of an aircraft being accepted into an existing AANET largely
depends on the “availability”. An aircraft becomes congested if the packet arrival rate
is more than the delivery of the packets through it. This may happen if it takes longer
to find a relay aircraft or the destination aircraft. Although the end to end delay while
transmitting data packets can be reduced by queue management techniques, the arrival
rate of packets at every aircraft leads to differential congestion in the network. While
some aircrafts may be highly congested, some may be handling very low data traffic.
Therefore, we define a congestion class as threshold congestion level in the aircrafts such
that two or more aircraft can have same, or a congestion level nearer to this threshold.
Therefore, a differential congestion in the cell will lead to the existence of more than one
congestion class. Section presents our discussion on identifying data analyzing tech-
niques that can be used by the HAP to monitor the directional mobility and congestion

classes in the cell.
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3.5 Network Analysis

The cell behavior points out three primary criteria which affects the connectivity in a

network of aircrafts and can be listed as follows.
e Proximity of the aircrafts.
e Direction of Flight.
e Congestion in individual aircrafts.

The change in network statistics can be observed by analyzing the registration messages.
The registration messages not only carry necessary topology updates and data traffic in
the cell, but they also inform the HAP regarding the density of aircrafts in the cell. The
HAP’s responsibility is to identify the directional behaviour and the congestion classes
in the cell with the varying network density. In order to distinguish the partitions in
the network, the HAP needs to disassociate the position and velocity information of the
registered aircrafts into 3 dimensions. The primary objective behind this disassociation
is to identify the group mobility vectors in the 3 dimensional geometry of the cell and
the directional behaviour in them which means that the HAP should be able to monitor
the network across all the 3 dimensions. An aircraft’s position and heading are denoted
using latitudes and longitudes. To emulate this effect we use the 3D position vector
for representing aircraft’s elevation (z coordinate) and movement in same flight level
(position in x-y plane). The aircraft’s heading is obtained from the velocity vector. This
done by transforming the Cartesian axes to spherical coordinate system. The azimuth
angle gives the movement of aircraft on a flight level. The elevation angle represents
the heading of aircraft in the vertical airspace. Therefore, every Voronoi cell can be

monitored in terms of spherical regions.
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In this work, we have mapped the aircrafts in three spherical regions. Table

presents the spherical regions with their respective azimuth and elevation angles.

Table 3.2: Spherical Regions

Spherical Region | Azimuth (deg) | Elevation (deg)

1 0-120 0-90
2 120-240 0-90
3 240-360 0-90

To understand the implications of network partition in the AANET, we simulated
a mobility scenario of aircrafts in Network Simulator 3(NS3) using 3D Gauss-Markov
mobility model [13]. Fig. is a snapshot of the network topology observed at an
interval of 100 seconds. Fig. [3.9] represents the corresponding velocity vectors of the
aircrafts in the 3D coordinate axes. Fig. |3.10]is the representation of velocity vectors in
the 2 dimensions.
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Figure 3.8: 3D Projection of Aircraft Position
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The 3D position plot clearly highlights the elevation of the aircrafts (z axis). At the

same time the mobility projection in x-y plane accounts for flight direction in same flight

levels and the 3D mobility plot accounts for an aircrafts heading in accent or descent.

From the position and velocity plot it can be observed that a group of aircrafts which

seemingly appear as a cluster in the airspace, have different mobility projections. This
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supports our notion that directional behavior in the AANET can not be recognized by
group mobility alone. A group of aircrafts that can be represented using a group mobility
vector forms a “cluster”. Similarly a group of aircrafts having a common congestion
threshold forms a cluster. Thus, the HAP has to identify the group mobility vectors
in its cell. Thereafter, establish the association of every aircraft in the cell with these
vectors. Therefore, the network administrator needs a efficient data analyzing technique
for “translating” the physical geometry of the network in its database. Given which,
it can identify the required clusters from the available network statistics. From the
perspective of AANET, following is expected of any data analyzing scheme used for

monitoring the network by the HAP.
e The data analyzing scheme should track the topology change in the AANET.
e It should identify the switching of aircrafts from one mobility group to another.

e It should clearly establish the association of aircrafts with the changing group

mobility vectors and the congestion thresholds.
e [solated aircrafts should also be tracked.

The observations imply that an en-route aircraft can not be associated with a single
cluster. Restricting an aircraft to a single cluster will lead to formation of “hard clusters”.
This is a common terminology used in data clustering techniques, used for classifying
data with common characteristics, which do not change over time. It is not reasonable
to form hard clusters of aircrafts because the group mobility vectors and congestion
thresholds in the cell are not constant. Also formation of hard clusters can not associate
the isolated aircrafts with the changing group mobility vectors and congestion thresholds.
A more appropriate choice is to form “soft clusters”. A soft clustering of data allows
association with more than one cluster in the data space. Therefore, we choose Fuzzy C
Means data clustering as a means of translating physical geometry of the AANET, and

at the same time track the changes in network statistics.
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Fig. represents the idea of network analysis, as an integeral part of updating
network data base by the HAP.
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Figure 3.11: Network Analysis
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3.6 Summary

In this chapter the network monitoring scheme for the AANET has been provided. For
monitoring and observing the 3-dimensional topology change of the network we partition
airspace using the Voronoi space tessellation. The HAPs are chosen as the generator seeds
for generating the Voronoi cells. They also act as the monitoring agent or the network
administrator in their respective cells. The network monitoring is carried out by HAP
through reception of periodic registration messages from the aircrafts. On reception of
these registration messages the HAP is expected to identify the directional mobility and
congestion classes in the cell. These network statistics are reverted back to the each
aircraft until it changes its cell. The aircraft is handed over to new HAP, once it changes
its Voronoi cell. The HAP always updates it self with topology change in the network of
its cell and maintains a record of all the registered aircrafts. The quasi stationary HAP
layer in the AANET can communicate with each other through radio links or FSO links.
The satellite links are used as backhaul support in case the inter HAP link fails or the

AANET air-to-air link fails ensuring connectivity in the network.
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Chapter 4

Network Awareness Using

Fuzzy C Means Clustering

The Clustering algorithm incorporates ideas of fuzzy theory. It was developed by
Dunn and subsequently improvised by Bezdek [10]. The FCM clustering process is used
for analyzing and clustering large data blocks due to which it finds use in applications
of pattern recognition. The FCM technique can be both possibilistic and probabilistic.

The algorithm receives a data set and a predefined number of clusters, in which the data
set is to be divided. At the end of the FCM process, each data point in the set is associated
with all the available clusters with some “degree”. This degree is termed as “membership”
to individual clusters. This means that a data point belongs to multiple clusters rather
than one. The clusters are obtained by iterative partitioning of the data set. The process

terminates when the objective function J,, given by Eqn. is minimized.

N C
Tm =Y > wiglles = ¢ (4.1)

j=1 i=1

l<m< oo
Here, m is the fuzzyfication factor, N is the total number of data points in the set, C' is

the number of cluster centers, and p,; is the membership of data point N; with cluster
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center Cj. fu; is obtained using Eqn. [£.2] The objective function is minimized with
respect to the Euclidean distance between the cluster center C; and the data point V.
That is, for a given given cluster center C;, data points closer to it will have higher

membership values.
1

= 2
ZC llzi—cj||> m—1
k=1 |lz;—ck |

g (4.2)

such that
Hij € [170]7 VZ’] (43>

C

> () =1, Vj (4.4)

=1

Eqn. [4.4] implies that every data point necessarily belongs to at least one cluster, and

hence, is not isolated.

N
= W (4.5)
> k1 Mij
(i) 5 = ()P < e (4.6)

The FCM process starts with the initialization of the partition matrix 1;;(0), at step k
the cluster centers are updated using Eqn. pi; (k) is updated using Eqn. , and
the FCM process is repeated until it converges or Eqn. holds.
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The following example demonstrates FCM clustering on an one-dimensional data vector

D.

Example: The FCM Clustering.
Let D={2,4,6,5,10,21,35,12,60} be a set, containing one-dimensional data points Dj.
Let the number of cluster centers be 3; thus, C=3 and N=9. For i €[1,3] and j € [1,9],

the partition matrix j;; of dimensions {3X9} is obtained as follows.

Hi1 M1z -+ H19

0 H21 H22 -+ H29
Mz('j) = | . S : (47)

H31 M32 0 H39

(0)

]

values. Eqn. is used to obtain the first set of cluster centers C;. Eqn. is used

The [FCM] clustering begins at Step 0. Partition matrix pu,; is initialized with random
to obtain the objective function J. Eqn. updates the partition matrix to pl(-;).
In Step 1, if || ,ug-) — ,ug-))H < €, the process terminates; otherwise, it continues until the
objective function J, converges. For the above data set D, the first iteration gives
J9=21032.7303194365. As the FCM process converges, the objective function is progres-
sively minimized and ceases to change. For the above data set D, the values of objective
function in the last two iterations are: Ji ~"=147.0620247842 and J$'=147.062016631.
At the end of process, the cluster centers obtained are: C1=6.5098 (5=59.8971
(C3=29.7020. The final values of membership assigned to the 9 data points are the fol-

lowing;:
0.9684562427 0.9885797311 ---  3.69X10700¢
uﬁf) = | 0.0058761572 0.0019931266 --- 0.9999847939 (4.8)
0.0256676001 0.0094271423 --- 1.15X1079%

For Dy = 2, p;; = 0.9684562427, implying that it is closer to center C.
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The notations used in this chapter are presented in Table [£.1]

Table 4.1: Notations and their Meanings

Symbols | Meaning

I Objective Function

m Fuzzification Factor

fij Membership Function

C Number of Cluster Centers

N Number of Data Points
1,9,k Iterators

D 1-Dimensional Data Set

X Data Object

T P-Dimensional Data Vector

4.1 Using FCM Clustering for Monitoring AANET

The FCM can be a very convenient tool for analyzing mobile networks. The perk of
this clustering process is that the objects can be analyzed by examining more than one
property. A membership value can be associated with every property.

If FCMI clustering is employed to cluster X data objects, then each object can be repre-
sented by a data vector “x”, where every data vector “x” represents a set of P properties
of a mobile node such that it can be represented in a P-dimensional space. For P < 3,

the objects can be represented in a space, of up to 3 dimensions (Fig. .
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P3

X[P1,P2,P3]

Figure 4.1: P Dimensional Data Vector

Let the set X;= { 1,72, ..., xn } represent the set of data vectors corresponding to
all the airborne nodes. Here, each data vector represents P properties of each airborne

node. For example, P can be 4 for an airborne node representing the following:

Elevation or the flight level.

Velocity and direction of flight.

Position with respect to latitude and longitude.

Congestion in the aircraft.

Using Network Simulator 3 (NS3), we obtained the mobility traces of a group of
aircrafts. The 3D Gauss-Markov mobility model [13] was utilized for generating realistic
position and velocity data vectors. The position and velocity data vectors are represented
using the 3D Cartesian coordinate system. The nodes were simulated with velocity range
up to 1200m/s. This velocity range fairly represents the high ground speed of the airborne
nodes. Commercial aircrafts have cruising speed in the range of 450 to 560mph while
military aircrafts fly with cruising speed of 1500mph and above. Our choice of velocity
for the airborne nodes encompasses this supersonic speed of the aircrafts. The nodes are
allowed to move in an area of 15km x 15km. The maximum height has been limited to
10km, to emulate the cruising altitude below the Stratosphere. The simulation setup is

listed in the Table [4.2]
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Table 4.2: NS3 Simulation Setup

oS Linux (Ubuntu 13.04)
Sitmulator Network Simulator 3
Mobilty M odel 3D Gauss-Markov
PositionAllocator | Random Box

SimulationArea 15km X 15km x 10km

To identify the mobility groups and observe the directional behavior a FCM clustering
analysis was done on the position and velocity data vectors. The FCM analysis has been
done using MATLAB R2013a. We imported the topology update of the network from
NS3 into MATLAB and then utilized MATLAB’s fcm function for doing FCM analysis

on the data vectors.
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Figure 4.2: Initial Cluster Centers for Velocity Vector.
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Figure 4.3: Cluster centers at t sec for Velocity Vector.

We monitored three mobility groups (position, velocity, and congestion) using FCM
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clustering. Our primary aim here was to observe the network partition in terms of
instantaneous position of the airborne nodes and their direction of motion. By doing
repetitive FCM clustering on the position and velocity data vectors, we tried to observe
the change in topology of the network in x, y and z directions. The repetitive clustering
is equivalent to periodic data analysis done by a HAP H; in its cell V'C;. This essentially
emulates the monitoring of cell VC; by HAP H;. Fig. and Fig. are the 2D
plots of velocity data vector in x and y directions. The cluster centers found using FCM
clustering has been marked in each figure. The centers represent the group mobility
vectors of each group of nodes. The change in direction of a group of nodes can be
estimated by observing the change in direction of the vectors. The number of nodes
populating each group clearly demonstrates the partitions created in the network due to
the change in direction of motion of the nodes. It can be seen that, although the group
motion continues to be in the same direction the number of nodes moving in particular
direction changes. This validates our idea of monitoring the topology change in the cell

V.

Since an aircraft is oblivious to the network changes occurring globally in the cell, it
is the HAP’s responsibility to inform each node or aircraft about the changes occurring
in the network. In the cell VC;, the HAP H; is in charge of giving status updates to
the registered aircrafts. These status updates give every node the information about
network status in the cell. Given the status updates, every node can identify its status
with respect to other nodes or a group of nodes. The periodic registration messages
received by the HAP, contains the current position, velocity and congestion status of
every node. The FCM clustering proves to be handy for monitoring the changes in these
network statistics. The topology updates in a cell are accumulated by the HAP. A FCM
clustering run on the data vectors helps in identifying the group mobility vectors and the
congestion thresholds in every cell. This is done by finding the cluster centers. Since the

cluster centers represent the partitions in the network, they can be equivalently termed
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as the partition center PC. Thus, over a time period, the change in partition centers
reflects the change in network in the cell. The HAP can globally monitor the movement

of each mobility group and the number of nodes populating them.

For understanding the implications of FCM clustering on the registration messages in
a cell, we simulated a small group of nodes. The movement of nodes was observed for a
period of 1000 seconds. Table represents partition centers in a cell V' C; with respect
to aircrafts’ position and velocity in x direction of the coordinate axes. The partition
center for position is expressed in meters. The partition center for velocity vector is

expressed in m/sec.

Table 4.3: Partition of Node Position and Velocity in a Cell

Center | X Position Vector | X Velocity Vector
C1 7315.3288879168 | 206.4715298787
C2 2952.0141430816 | 342.9901238212
C3 13011.2889235821 | -142.5390132334

The relative displacement between the position partition centers gives an idea re-
garding the spread of the network. This displacement also helps in identifying groups
of nodes which are closely spaced to each other at any time instant. The maximum
distance between two aircrafts to support an air-to-air links can reach up to 200 and
400nmi (roughly 371km to 742km). For our simulated scenario, it appears that the 3
groups of aircrafts under consideration have clear potential to establish AANET links
amongst them. This can be used to decide whether a cross link between two sub-AANET
is permissible or not. The HAP in the cell can observe the directional groups and inform
each aircraft in the cell about its relative closeness to each directional group. This in-

formation is made available to the aircrafts in terms of the status update. The status
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update given to each aircraft by the HAP depends on the “proximity” of the aircrafts
with respect to each partition center. The proximity of aircrafts to a partition center is
decided by its “membership” to the respective partition center. The FCM clustering on
the data vectors return membership values for each vector. The membership value is the
measure of closeness or “association” a data vector to the centers. Thus, the proximity
of an aircraft to a partition center is a measure of its association to a group. When
an aircraft switches from one group to another, its proximity decreases with one group
and increases with another. The position partition center gives and idea of separation
between groups of aircrafts, and the velocity partition center gives idea regarding the
direction of the motion. Also, the difference in the relative velocities between groups
of aircrafts can be estimated. This information can be used by the aircrafts to identify
aircrafts moving towards them or away from them.

Table presents the membership values with respect to x position vector (Table

of an aircraft.

Table 4.4: Node Membership to Partitions

Center | Membership Value

C1 0.0539341779
C2 0.0762900907
C3 0.8697757314

It can be observed that the aircraft belongs to partition center C3, due to its highest
membership to the center. Thus, if the motion of aircrafts are monitored along the x-axis,
it may be inferred that at the particular time instant the aircrafts position is closer to
13 km. At the same time, the velocity vector suggests that the aircraft is headed in the
opposite direction. The aircrafts which do not show any group behavior, i.e. the isolated

aircrafts, can also be associated with the group mobility vectors. The membership value
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can clearly indicate how far they are from the group mobility vectors.

Another responsibility of the HAP is to identify the congestion classes in the cell.
Concurrently, it has to relay this information to every aircraft. The congestion in each
aircraft is received by the HAP through the registration message. As congestion is
essentially packets queued in the aircrafts, to measure the congestion all queues in an
aircraft should be considered. Every aircraft is a multi-queue system. A multi-queue
system implies that, every active link is equivalent to a queue. The packet arrival rate
at every queue may be modeled as a Poisson process. The packet arrival rate A\, need
not be same for every queue. In this scenario, “traffic” or congestion Q in an aircraft
can be expressed as a sum of individual queue lengths L;. The queue length is number

of packets waiting to be delivered. Therefore, Q can be expressed as

Q= ZLi (4.9)

Every queue is assumed to have infinite buffer capacity. The queuing delay in each of
the multiple queue systems influence the number of packets waiting for transmission. To
emulate this varying congestion level in the aircrafts, we assume that a random congestion
level is infused in each aircraft to model the traffic in the network. This ensures that
some aircrafts are heavily congested and others are not. The congestion in the aircrafts
is varied in every second. Using FCM clustering, we divide the congestion in a cell
into three classes of high, low, and medium traffic. The membership of an aircraft to
each class gives the measure of its congestion level. An aircraft is highly congested if
its membership value to the higher congestion class is greater than that of the others.
Fig. [.4] shows the variation of the congestion class in the cell observed over a period of
1000secs. The congestion class is expressed in number of packets waiting in the buffer at

any time instance.
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Figure 4.4: Congestion Class in Cell VC;

The variation in the three congestion classes shows the level of traffic “hot spots” in
the cell. The record of the membership value of every registered aircraft is maintained
in the HAP. Therefore, if a group of aircrafts departs or enters a cell, the congestion
classes are updated accordingly. Similarly, the partition centers for position and velocity
data vectors are updated. The FCM clustering on aircrafts’ data vector complement the
dynamic nature of the AANET. This is because the change in the network parameters
are reflected back to the aircrafts. This is a continuous process. This is achieved by

encapsulating the network partition matrix in the status update received by the aircrafts.
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Figure 4.5: Membership Message

The format of the status update message is depicted in Fig. The status update
message will contain the current network administrator’s ID or the HAP ID. The time
stamp is used by the aircrafts to track the most recent status using update from the
HAP and update themselves accordingly. Since the status update message contain
the current partition centers and the membership of each aircraft with respect to them,
every aircraft is now aware of the changing network scenario. With this information
the aircraft can identify its status with respect to other aircrafts in the cell without
maintaining record about every aircraft in the network. When aircraft enters a new cell,
the HAP ID is changed in the status update message. The aircraft now receives updates

according to network scenario in the current cell.

4.2 Finding the Number of Mobility Groups
and Congestion Classes

The aim of our monitoring scheme is to identify an aircrafts status with respect to other
aircrafts in the cell. Since aircrafts status is measured with respect to its proximity
to mobility groups and the congestion classes, the HAP should be able to identify the
number of groups and classes in its cell. The partition of the velocity and position data
vectors of aircrafts in a cell is equivalent to finding the number of mobility groups. The

partitioning of the congestion values leads to the identification of congestions classes in

67



the cell. The number of mobility groups in a spherical region S, can be different. The
question is how to find the exact number of directional groups and congestion level in
each group as well as in the entire cell.

Fig. [4.6]is a 2D projection of velocity vectors plotted in Cartesian axes. The vectors
represent the motion of aircrafts flying at different [FLl in the x-y plane. Our primary
objective here, was to observe the accuracy of identification of the group mobility vectors.
On FCM clustering the centers of the mobility groups are identified and marked as seen
in the plots. Initially, with the number of clusters set to 3, three mobility groups are

distinguished from each other in the mobility projection.
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Figure 4.6: Group Mobility Vectors with Increasing Cluster Centers

In subsequent plots, the number of cluster centers is increased to 4 and 5. This helps in
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identifying an equivalent number of mobility groups respectively for the same mobility
projection of the aircrafts. The group mobility vectors identified in all the three cases
are widely spaced from each other, giving the impression that no merging of clusters is
required. However, on careful observation it can be noted that, when number of clusters
is increased, original cluster of data vectors are divided into new clusters. It can be seen
that clusters which are not closely spaced, are correctly identified as a mobility group.
But, clusters which do not have clear boundary separation are erroneously classified.
Therefore, for closely spaced clusters (with no clear boundary separation), it can be
concluded that data vectors at the edge of the clusters have higher chance of getting
misclassified. Therefore, aircrafts radially farthest from the group mobility vectors, will
be conspicuously identified if their radial distance from other group mobility vectors is
same. Increasing the number of clusters creates extensive partitioning. With extensive

partitioning, the cluster centers will eventually coincide with the data vector itself.

An extensive partition of the network in a cell, as demonstrated by Fig. [4.7, with
respect to congestion in the network was done. The increase in number of cluster centers
is plotted against the highest congestion class. The flat line indicates the actual number
of packets queued in the aircraft. It is evident that with the increasing number of cluster
centers, the value of highest congestion class tend to approach the actual congestion level
in the aircraft. This observation can be extended with respect to position and velocity
data vectors as well. It is indicative of the fact that with extensive partitioning of the data
vectors of registered aircrafts in a cell, the HAP can closely monitor individual aircraft.
However, monitoring of individual aircraft is not required, because the HAP maintains
the record of aircrafts’ data. Moreover, increasing the number of cluster centers implies
the increase in size of the network partition matrix. The network partition matrix is
reverted back to the aircrafts through the membership messages. Increasing the number
of cluster centers would increase the size of status update messages or the membership

messages. Hence, the number of mobility groups in S, can be modeled as a complex
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Poisson process, dependent on the aircraft density in the region, the arrival and departure
rates of the aircrafts in the region. Given this, the HAP can decide on the exact number
of mobility groups and congestion class for a registered number of aircrafts in the cell.
Designing this decision making algorithm is one of the future extensions of our current

research.
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Figure 4.7: Extensive Network Partition

Section 4.3 presents our discussion on how the HAP uses the network partition matrix
of the network to identify the directional group of aircrafts. The FCM clustering analysis
of the registered aircrafts is used by HAP to predict connectivity in the cell, as observed
by it in each spherical sector. We have assumed that exactly 3 mobility groups exist in
every cell at every time instance. Also, the congestion classes have been categorized as

high, low and medium.

70



4.3 Connectivity Prediction in a Cell

A cell can have varying aircraft density over a time period. The connectivity between
two aircrafts or a group of aircrafts is primarily influenced by proximity of the aircrafts
and congestion. Beyond the permissive LOS range of communication there is link break-
age due to attenuation of signals. Hence, it is the HAPs responsibility to identify the
group of aircrafts demonstrating a directional behaviour. The partition matrix of the
network obtained by HAP can be used to identify the directional group of aircrafts. Since
the congestion level in individual aircrafts decides its participation in the AANET, the
number of sub AANET or clusters in the cell depends on the directional groups and the
congestion level in the cell. In this section, we elaborate our analysis on identifying the
directional behaviour and congestion in the network for making connectivity predictions

using the network partition matrix. Table [4.5] lists the notations used in section

Table 4.5: Notations and their Meanings

Symbols | Meaning

mg Mobility Group

CL Congestion Level

DM Directional Mobility

C Connectivity

Ndm Number of Aircrafts showing Directional Mobility
Ne Number of Congested Aircrafts
Ppy Probability of Directional Mobility
Poy, Probability of Congestion Level
Pe Probability of Connectivity

N Number of Aircrafts
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4.3.1 Directional Mobility in a Cell

The “directional” behaviour of aircrafts in a spherical region S, can be identified by
estimating the number of closely spaced aircrafts in every mobility group. Let ng,
represent the number of aircrafts in a mobility group mg; and in acceptable range of
each other to form a network. ng, can be considered as a discrete random variable.
If all aircrafts populate the same mobility group, and are not dispersed far away from
each other then, mg; = 1 and ng,, = N. Given this, the “directional mobility” can
be expressed as probability of ng, aircrafts showing directional behaviour in a mobility

group mg;. Ppu,,,, can be found using Eqn. 4.10}

N mg;

Ppm,,, = (4.10)

Thus, for a region .S, populated with more than one mobility group, the directional

behaviour can be calculated using Eqn. [4.11]

mg
Ppu, = 2izt Mam; (4.11)

22121 Nong,
> Ngm, gives the total number of aircrafts in proximity to each other for a given
number of mobility groups. Y % N, gives the total number of aircrafts populating
a region S, for a given number of mobility groups in the the region. Fig. shows
a plot of the directional mobility, observed in the spherical regions over a period of
1000 seconds. A zero directional mobility implies the absence of mobility groups or
any aircraft in the particular region. This is because, the FCM clustering ensures that
every aircraft necessarily belongs to at least one mobility group (Eqn. . Hence,
zero directional mobility can be used to identify the absence of aircrafts in a region.
The directional mobility is 1 during majority of the observed time period. This signifies
that aircrafts in the mobility groups are in required proximity to form a network. A
directional mobility less than 1 implies that, aircrafts in the mobility groups are not in
proximal range, but dispersed in the airspace. Since zero directional mobility implies the

absence of mobility group in the region, it can be concluded that spherical region three
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has undergone more topology change than the other two regions. This is because the
instance of zero directional mobility in the region are more as compared to other two

regions.
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Figure 4.8: Directional Mobility in Spherical Sectors

4.3.2 Congestion in a Cell

On a given time instant, the aircrafts belonging to the high congestion class are highly
congested. Therefore, for a given number of aircrafts, the probability of n. aircrafts being
congested can be found using Eqn. [£.12] where n, is the number of aircrafts belonging
to the highest congestion class and N is the total number of aircrafts in the cell.

Ne

Pcongestion - N (412)

Fig. depicts the variation of congestion level in the cell observed over a time period
of 1000 seconds. Within the observed time window, the maximum congestion in the cell
occurs when 45 percent of the aircrafts in the cell belong to the highest congestion class.

It is also observed that the congestion in the cell is time variant.
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Figure 4.9: Congestion Class in Cell VC;

Similarly, n. represents the number of highly congested aircrafts in a mobility group
mg;. Thus, n. can be considered as a discrete random variable. Given this, the “conges-
tion level” CL can be expressed as a probability of n. aircrafts in a mobility group mg;,

being congested. Thus, Pcy,,, can be found using Eqn. 4.13

Tei
PCngi = ngi (413)
For mg > 1, in region S, the congestion level is found using Eqn. |4.14]
D i Mei
Per,, = L (114)
! Zz:gl N mgi
where Y™ n.; represents the total number of congested aircrafts and > " Ny, rep-

resents the total number of aircrafts populating a regionsS,. Fig. shows a plot of
congestion level in the network monitored over a period of 1000 seconds. The congestion
level as seen by the HAP H; in cell V C; is plotted for each spherical sector. Since FCM

clustering is used for deciding congestion classes, every aircraft in the cell V' C; necessarily
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belongs to a congestion class (Eqn. [4.4). Hence, a zero congestion level indicates the

absence of aircrafts or any mobility group in the region at the particular time instance.
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Figure 4.10: Congestion Level in Spherical Sectors
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4.3.3 Connectivity in a Cell

The connectivity C' in any region S, of the airspace can be expressed as a function of
directional mobility DM (Eqn. and congestion level CL (Eqn. . That is,
C = f(DM,CL). The connectivity in a group of aircrafts showing high directional
behaviour depends on the congestion level in the group. The HAP has to identify the
number of congested aircrafts in a mobility group showing directional behaviour for mak-
ing connectivity prediction. The aircrafts which can form a network can be represented
using Fig. [4.11] The directional behavior is shown by aircrafts belonging to the inner-

most circle.

[] Aircrafts in same mobility group
[] Aircrafts in same mobility group showing directional behaviour

[] Aircrafts in same mobility group, showing directional behaviour and not congested

Aircrafts forming AANET
Figure 4.11: Directional Behaviour

Therefore, the HAP needs to find the probability of aircrafts not being congested.
The probability of aircrafts not being congested in each mobility group can obtained

using Eqn. (4.15) where Pcy,,, is the congestion level in respective mobility groups.

Pyor,,, = (1 = Per,,) (4.15)

The connectivity in each mobility group can be expressed using Equ. 4.16| Ppy,,,, and
(1 - Por,,,) represent the directional mobility and the non-congested aircrafts in the

mobility group, respectively.
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When region S, is populated with more than one mobility group, the connectivity in
the region can be found using Eqn. [£.17] Here, ng,y,, is the number of aircrafts showing
directional behaviour in a mobility group. n.; represents the number of directionally
mobile congested aircrafts in the mobility group. The total number of aircrafts populating
the region can be obtained as the sum of aircrafts in each mobility group using Y "% N,

B

4.3.4 1Ideal Connectivity Surface

A spherical region S, in the cell may be populated with varying densities of aircrafts.
Since the number of distinct mobility groups of aircrafts in the region is time variant,
the connectivity of the network changes with topology change. Eqn. generates an
ideal connectivity surface (Fig . The connectivity of the network at every time
instance can be mapped on to this surface. A group of aircrafts showing high directional
behaviour will have less connectivity if the congestion level is high. Thus, over a time
period T if connectivity points lie towards upper area of the surface, intuitively it can be
said that an AANET between the aircrafts will be sustained for a longer duration. The
four corner points on the surface can be used to make the following predictions regarding

the connectivity of the AANET formed by a group of aircrafts or sub-AANETS.

e Zero connectivity represented by zero directional mobility and congestion level

indicates the absence of mobility groups or any aircraft in the region.

e A connectivity value of one represented by directional mobility of value one and
the congestion level zero. It implies that the aircrafts in the proximity are not
participating in the AANET. These aircrafts may be in ideal state as depicted in
Fig. (Chapter [3)). During this time, new AANET links can be easily established.

e A zero connectivity represented by directional mobility of value one and congestion

level one. This indicates that all the aircrafts in the region are highly congested.
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Intuitively, it can be concluded that the sustainability of the AANET will be low

in the region.

e A zero connectivity represented by directional mobility of value zero and congestion
level one. This represents the situation where aircrafts in a mobility group are
dispersed from each other such that no AANET link can be established between
the sub-AANETSs. At the same time, the congestion level of one indicates that

aircrafts in the sub-AANETS are highly congested.

Ideal Connectivity Surface
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Figure 4.12: Ideal Connectivity Surface

For a given time period T and a region S,, if the connectivity mapping on the ideal
surface fluctuates very often, then it is evident that the sustainability of the AANET in
the region is low. For a stable network in the region, the connectivity mapping at every

time instant should be same or show minimum amount of variation.
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Figure 4.13: Connectivity in Spherical Sectors

Fig. [4.13] shows the connectivity plot of the spherical regions obtained from our
simulation. We map the connectivity of the three spherical regions on the connectivity
surface. For majority of the time period the connectivity in the regions are limited to 80
percent. This is because the congestion level in the mobility groups limit the connectivity.
There are some points showing zero connectivity, implying the drift of mobility groups
from one region to another in the cell. We observe that the variation in the connectivity
of third spherical region (denoted by blue markers) is more than the first and second
regions in the cell. This is mainly due to the frequent variation of directional mobility
(Fig. and the congestion level (Fig. in the region. This suggests that during the
observed time period spherical region three of the cell underwent more topology change
as compared to the other two regions (due to frequent change in number of mobility

groups in the region).
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Section presents a brief discussion on routing strategy that can be realized using

our network model.

4.4 Routing Strategy

The Voronoi space tessellation creates a cellular service architecture in the airspace. Fig.

represents the tessellated airspace. A possible arrangement of aircrafts is also de-

Airspace tessellation

.

5

|
Group Mobility V‘ector

Cell 2 : Cell 3

Figure 4.14: Network Topology

picted. Such mixed topology of clusters and mesh of aircrafts can exist within a cell, or,
it can be spread across many cells. A cluster of aircrafts can be connected to a mesh
of aircrafts, as seen from connection between aircraft 2 and aircraft 5, where aircraft 2
can be a cluster head. The disconnectivity that might occur due to topology change is
depicted using the dashed lines.

Aircraft Address: As an aircraft moves from one cell to another, their should be no con-

flict in the address of data packets originating from the aircraft. That is, the address
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should be dynamically configured with aircrafts’ motion. Therefore, in event of inter-cell
routing (source and destination aircrafts in the same cell) or intra-cell routing (source
and destination aircrafts are in different cells), the identification of address should be
consistent. Thus, aircrafts should dynamically configure their address as they move from
one cell to other. The unique addresses can be obtained by clubbing the 24 bit identifier
address of each aircraft with the HAP ID. Thus, when an aircraft changes its cell, the
HAP ID will change, generating unique address.

Neighbor Discovery: An aircraft can discover its neighbors by listening to “Hello” mes-
sages. Therefore, the neighbor table of each aircraft can be populated. A hello message
is issued with the latest network partition matrix of each aircraft and a flag status, indi-
cating an aircraft’s membership to a cluster or mesh.

Disconnectivity: An aircraft is disconnected if it cannot establish a link to a cluster of
aircrafts or a mesh of aircrafts. The connectivity analysis shows that our network moni-
toring scheme can predict the connectivity regions in the AANET. When an aircraft gets
disconnected, it can request the HAP for network information. The HAP should direct
the aircraft to regions of high connectivity. On receiving network information from the
HAP, an aircraft broadcasts a “Join Request” containing its network partition matrix.
A neighbor aircraft receiving join requests from more than one aircraft at a time can
“accept” all the requests or accept some of them. This can be decided by comparing its
network partition matrix with that of an aircraft sending join request. The probability
of getting accepted will be high if, both the aircrafts are in same mobility group and in
same congestion class, or if the congestion threshold of aircraft receiving join requests is
lesser than that of aircraft sending join request. Aircrafts joining a cluster with a mesh,
form the gateway nodes in the network.

Fig. [4.15 outlines the event of disconnectivity in the AANET.

Routing: For any source-destination pair of aircrafts, the routing begins with the broad-
casting of Route Request (RREQ) request by source aircraft. The latest network par-

tition matrix of source aircraft is included in the RREQ. The network partition matrix
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Figure 4.15: Aircraft Disconnectivity

is the essence of our class based routing. When a RREQ is issued, a source aircraft can
set a priority for routing of the packets. That is, it can select aircraft position, velocity
or congestion as a means to identify the next relay aircraft or the intermediate aircraft.
Giving priority to the routing according to a property, makes the routing multi-objective.
The routing can be prioritized in three ways: (1) packets can be progressively forwarded
to aircrafts moving in same direction, (2) packets can be forwarded to aircrafts flying
with less difference in relative velocities, and (3) packets can be forwarded along the least

congested path (the latter can be coupled with other two former modes of routing).
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For example, if aircraft 1 wants to reach aircraft 7, it sets the priority of route
selection. First, the neighbor table is searched for the destination aircraft. If destination
aircraft exists in the one hop neighborhood then an immediate RREQ is sent to the
aircraft. The destination aircraft should respond with a Route Reply (RREP) message.
If destination aircraft is not found in the one hop neighborhood but exists in range,
then RREQ is broadcasted to those aircrafts which are moving in the direction of the
destination. This can be done by choosing aircrafts which are in the same mobility
groups as that of aircraft. The closeness of the aircrafts to the required group mobility
vector can be estimated from their membership values. Therefore, mobility is the primary
objective here. When destination aircraft is not found in neighbor table at all, the RREQ
is broadcasted to the aircrafts positioned closer to the aircrafts issuing the RREQ. This
way, RREQ is forwarded until destination aircraft is discovered in the neighborhood.
Here, position of the aircrafts is given higher priority. Every time a RREQ is forwarded,
the previous network partition matrix is replaced by the network partition matrix of the
forwarding aircraft. This ensures that receiver knows about the status of the sender.
Also, when route is spread across different cells, the network scenario of the new cell is
immediately encapsulated in the RREQ. A cost is added to the RREQ packet each time
is forwarded. When destination aircraft finally receives a forwarded RREQ, a RREP is
unicasted back. If RREQ messages are forwarded via multiple paths (e.g. path marked
green and path marked red), the path with least cost is chosen. The cost function
can be modeled as a function of association with the position partition centers, group
mobility vectors and congestion thresholds. The cost function is expected to inform the
destination aircraft regarding spread of the route and the congestion along the path. A
timeout parameter can help in detecting route failures. The timeout should be tracked by
the source aircraft, if a route is not established within the permissible timeout range, it is
indicative of the fact that destination aircraft could not be reached. We anticipate that
inclusion of local network information in the routing of packets will produce less local

maximas during packet forwarding. Also, in case maximas occur the priority routing can
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help in mitigate the delay of finding the relay aircrafts, by switching the priority between
the multiple objectives. The routing is essentially a hybrid of reactive and proactive
routing schemes. This is because inspite of being table driven, end to end routes are not
maintained in the aircrafts. The neighbor table are dynamically built depending upon the
“listening” range of each aircraft. Although, the route discovery phase appears to emulate
basic AODV and GPSR routing schemes, the criteria for identifying intermediate nodes
along the route makes our strategy different. Our routing strategy is not a position based
scheme. It is an association based strategy, where class based association of aircrafts to

the group mobility vectors and congestion thresholds governs the route discovery process.

4.5 Summary

In this chapter, we have examined how FCM clustering can be used for monitoring 3-
dimensional AANET. The FCM clustering is used by the network administrator (HAP)
for monitoring the network activity. The class based maintenance of network status
helps in identifying every aircrafts status globally in a cell. The network partition matrix
obtained using FCM clustering is used to generate the status updates for the aircrafts in
the cell. The connectivity in the cell can be observed by the HAP. This priori knowledge
of the network proves useful in the event of disconnectivity. A disconnected aircraft from
the network can retrieve information regarding higher connectivity regions in the cell,
reducing its period of disconnectivity from the AANET. The network partition matrix
can also be used for making routing decisions. Table summarizes our connectivity
analysis in a cell in terms of directional mobility, congestion level and stability of the

AANET.
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Table 4.6: Connectivity Prediction in Cell

Case | Directional | Congestion | Connectivity | Change in Stability
Mobility Level Connectivity

1. Low Low Low Low High

2. Low High Low Low High

3. High Low High Low High

4. High High Low Low High

D. Low Low Low High Low

6. Low High Low High Low

7. High Low High High Low

8. High High Low High Low

Therefore, case 3 seems to be the most preferable condition for forming an AANET.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

In this research, we proposed a network monitoring scheme for AANET using a quasi
stationary layer of HAPs in the airspace. We also proposed the use of FCM data cluster-
ing for tracking network changes in AANET. The following can be concluded regarding

network monitoring of AANET using quasi stationary HAP layer in the airspace.

1. The quasi stationary layer of HAPs using Voronoi space tessellation provides a sta-
ble monitoring structure in the airspace. Such a structure can be realized to cover
the airspace over both, terrestrial masses and oceanic surfaces through strategic

placements of the HAPs.

2. As amonitoring agent or network administrator, the HAPs can observe the network
in terms of connectivity. It can identify the traffic hot spots. This knowledge is
useful for identifying events of router displacement and disconnectivity. At the
same time, disconnected routers can be connected to the network again without

much delay, restoring the connectivity of the AANET.

3. The quasi stationary layer of HAP creates a cellular service architecture in the

airspace. This can be used to develop a MANET-IP centric architecture for the
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AANET, so that end-to-end paths between aircrafts can be maintained across the

airspace. Such architecture can be useful for transferring voice, data and multime-

dia traffic across the AANET.

The FCM clustering is an integral part of our monitoring scheme. The following can

be concluded about the FCM clustering for network monitoring in AANET.

1. FCM complements the dynamic nature of the AANET. It helps in translating the
physical geometry of the network into relevant network statistics in the HAP’s

database. This makes our monitoring system intelligent.

2. It is understood that the connectivity in the AANET is uneven and subjective to
topology changes. The “clustering” helps in tracking the network partitions, by
tracking the group mobility vectors and congestion classes in the cells. Given this
the “directional behaviour”, the “congestion level” can be identified. Therefore,

FCM data clustering can help in monitoring the uneven connectivity of the network.

3. The “ideal connectivity” surface obtained from our mathematical analysis demon-
strates that FCM clustering accounts the connectivity of the network irrespective
of an aircraft’s state (idle, mesh, clustered and migrating). The soft clustering not
only keeps track of group switches of the aircrafts, it also associates every aircraft
to a group mobility vector and congestion class. This helps in keeping track of

isolated aircrafts in the network.

4. The network partition matrix, encapsulated in the “membership messages”, helps
an aircraft identify itself with the current network status. Therefore, an aircraft has
to depend only on the HAP in a cell to obtain network information. This reduces
the flooding of network with join request messages in events of disconnectivity.
Also, aircrafts are not overloaded with frequent topology updates from neighboring

aircrafts, since they are “aware” of the network scenario.
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5.2 Future Work

We now list some possible extensions to our work.

e FCM data clustering effectively associates the aircrafts with partition centers (group
mobility vectors and congestion thresholds), by assigning membership to them.
This tracks the directional behavior and congestion classes in the network. Identi-
fying the exact number of partition centers in a cell is imperative. But, for incorpo-
rating FCM clustering, the number of clusters should be known to the HAP. This
is a drawback for our monitoring scheme. Because the number mobility groups and
congestion class are not constant, the latest number of partition centers should be
available to the HAP, and only then FCM analysis can be done. Designing an algo-
rithm for this purpose can be considered in future. The decision making algorithm
can be modeled as a complex Poisson process, dependent on the aircraft density in

the region, arrival and departure rates of the aircrafts in the region.

e Design and implementation of a multi-objective routing protocol based on the

proposed routing strategy that can be implemented in the network layer for the

AANET.
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