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Abstract

Personal mobile communication is going to be more and more important. There are many
devices which provide users with connection to each other or to the global communication infras-
tructures like the Internet. The Bluetooth technology provides a short range radio connection
between devices. It can be used instead of different cables.

Bluetooth also enables ad hoc networking with the devices. In this case the devices are able
to form a network without an existing infrastructure. They forward the data for each other
over multiple hops. Such a Bluetooth network is called scatternet. The Bluetooth specification
enables to form scatternets from many devices but it does not specify a protocol for it.

In my thesis I present protocols which can be used for scatternet formation. The Bluetooth
scatternet formation problems can be split up into three parts: connection setup, scatternet
building and scatternet optimization. In my thesis I address the problems of scatternet building
and optimization. I suggest two methods to solve the scatternet building problem. One of the
methods uses limited broadcasting of alive messages. The other method is based on the routing
algorithm. I present an extension with messaging limitation to both methods.

The network building methods keep the network connected but they may not form an efficient
network topology. I developed a scatternet optimization protocol which reconfigures the existing
network topology to reach a more efficient one. Three simple rules are executed based on local
measured traffic information. The aim of every rule is to increase the local capacity of the
network and thereby increase the whole capacity.

To evaluate the protocols I extended the ad hoc Bluetooth simulator in the PLASMA en-
vironment. I present the implementation details of the protocols and a random walk mobility
model. Finally I show simulation results about the scatternet formation protocols. I present how

they form and optimize the scatternet and I point out which parameters affect these procedures.






Kivonat

A személyi kommunikdciés eszkozok egyre fontosabb szerepet toltenek be a mindennapi
életben. Ezek az eszkozOk Osszekottetést biztositanak az egyes felhasznalok illetve a felhasznald
és a globalis halézat kozott is. A Bluetooth technolégia egy kis hatésugari radids technoldgia,
amely a kiilonb6z6 vezetékes megoldasokkal ellentétben egy egységes csatlakozasi pontot biztosit
az eszkozok kozott. A Bluetooth segitségével azonban ad hoc halézatok is felépiilhetnek. Az ad
hoc hélézatban az eszkozok elore telepitett infrastruktira segitsége nélkiil alkotnak hélézatot.
Ez esetben az eszkozok egyben az itvonalvédlaszté szerepét is betoltik. A Bluetooth technoldgia
esetében ezt a halozatot scatternetnek nevezik. A Bluetooth szabvany lehet6séget ad a scatternet
felépitésére, de nem definidl rd konkrét mechanizmust.

Diplomamunkdmban bemutatom az altalam tervezett halézatépité mddszereket. A Blue-
tooth halézatépités harom részre tagolhatd: a fizikai kapcsolatfelépités, a scatternet épités és
a scatternet optimalizalas. Munkam soran a scatternet épités és optimalizdlds problémé&jara
fékuszaltam. A hélézatépités problémajanak megoldasara két modszert javasolok. Az elsé pro-
tokoll esetében minden eszkoz tizenetekkel jelzi a haldézaton az elérhetGségét. A masik mddszer
az Utvonalvalaszt6 algoritmusra tamaszkodva donti el, hogy egy adott eszkoz elérheté-e. Amen-
nyiben egy eszkoz radids hatosugaran belill talalhaté egy masik, de azt nem éri el, akkor a
két eszkoz kozvetlen kapcsolatot épit fel. Mindkét moédszerhez bemutatok egy kiegészitést
korlatozott lizenetkiildéssel.

Bar a scatternet épité modszerek biztositjak az Osszekotott haldzatot, de nem biztos, hogy
az adott halézat eléggé hatékony. Ennek megolddsira egy haldzat optimalizalé protokollt ter-
veztem, amely egy meglevé topologiat haszndl kiindulépontként. A protokoll lokalis forga-
lommérés alapjan hajt végre harom egyszerii szabalyt. A szabdlyok végrehajtdsanak célja a
halézat lokalis kapacitasanak novelése igy az Osszkapacitds novelése.

A tervezett protokollokat szimuldciés kornyezetben vizsgaltam. Ehhez kiegészitettem a
PLASMA szimuldtor Bluetooth ad hoc moduljat a hélézatépité protokollokkal és egy véletlen-
szertl mozgasmodellel. Dolgozatom utolso részében a protokollok miikodését mutatom be és azt,

hogy a miikédést milyen valtozékkal lehet befolyasolni.
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Chapter 1

Introduction

There is an important trend toward personal mobile communications. People use more and
more handheld devices to keep in touch with friends or business partners. These devices make it
possible to reach the global communication network and the services independent of the physical

location.

A typical device for personal data management is the Personal Digital Assistant (PDA) or
the mobile phone. Often there is a need for connecting the different devices. For example to
synchronize the stored data between our mobile phone and our laptop. There can be other
applications, for example, our mobile phone should be able to call the person whose number we

searched from the phone book of our PDA.

There are different methods to connect portable devices. We can connect devices with cables.
This method has the advantage that the cables enable a relatively high data rate transmission
between the devices but they have the disadvantage that we need different types of cables to
different connections. When one has a mobile phone, a PDA and a laptop then several cables

are needed to connect them.

Another method is to connect the devices via a wireless connection. The first solution was
the infrared technology [IrDAO01]. This technology provides connection between different devices
by the using only one infrared interface. However the infrared technology has some drawbacks.
First of all the transmission range is quite small (typically 1-2 m). Furthermore the devices need
to be in line of sight to communicate, which means that there can not be any objects between

the devices. Last but not least the infrared technology can connect only two devices so there is
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no opportunity for networking.

1.1 Bluetooth technology

We can use wireless radio technology to connect different devices. The emerging Bluetooth
technology [BTspec99, Haartsen98, Mikl6s00] is a possible solution to connect devices and it
enables networking, too. Firstly it ensures reliable short range radio connection between the
devices. This feature means that the Bluetooth technology can be used for “cable replacement”

(shown in Figure 1.1).

Figure 1.1: Cable replacement with Bluetooth

With Bluetooth we can form a wireless workstation by connecting the mouse, keyboard or
printer to the computer simultaneously. The Bluetooth interfaces can be used for networking in
the home environment where we want to connect and control several devices such as television,
music center or microwave. A similar configuration can be deployed in the car helping the driver
in the correct setting of the seat and the mirrors. Different applications could be developed
on the e-business area where the Bluetooth technology is a possible solution for realizing the
“electronic wallet”.

Bluetooth radios are small and cheap. Bluetooth technology is supported by more than
2000 companies all over the world. Furthermore, the Bluetooth specification is open and freely
available [BTspec99]. These features enable the widespread applicability of the Bluetooth tech-
nology.

Bluetooth technology also enables devices to form a larger network. In the area of networking

some problems need to be solved. At the same time it gives the opportunity to develop new
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applications. Bluetooth technology enables both connection to a core network (access to the

core network) and direct connection between devices (ad hoc connection).

1.2 Ad hoc Bluetooth networks

Ad hoc networks are networks where the devices do not need any infrastructure to communicate
with each other (as is the case with mobile telephony for example).

The problems concerning ad hoc networks are the issues of the IETF MANET [MANETO01]
working group. The working group currently focuses on the standardization of routing algo-
rithms for ad hoc networks. The two candidates for standardization are the Dynamic Source
Routing (DSR) [DSRO1] and the ad hoc On-demand Distance Vector (AODV) [AODVO01] algo-
rithms.

An important feature of the Bluetooth technology is that it enables ad hoc networking which
means that with Bluetooth capable devices we are able to build up a network without existing
infrastructure. Bluetooth technology provides a possible physical and link layer for ad hoc

networks.

1.3 Structure of the thesis

The structure of my thesis is the following. First, I give an overview of Bluetooth wireless
technology [BTspec99] in Chapter 2. The overview includes the description of the technology
itself and discussion about the open problems regarding ad hoc networking. In the next chap-
ter 1 present different publications about network formation in ad hoc networks especially in
Bluetooth scatternets (Chapter 3). I split up the scatternet formation problem into two parts:
scatternet building and scatternet optimization. The topics of the next two chapters are my
suggested methods to solve both of these problems (Chapter 5,6). I also performed simula-
tions to evaluate the performance of my methods. I present the simulation environment and
my implementation in Chapter 7. Chapter 8 shows simulation results regarding the developed

methods. In the last chapter I summarize my work (Chapter 9).



Chapter 2

Bluetooth wireless technology

2.1 Overview of the Bluetooth technology

The Bluetooth wireless technology operates in the 2.4-2.5 GHz Industrial, Scientific, Medicine
(ISM) frequency band which is license free. This means that users do not need to pay for the
licence of the usage of the frequency band. But it also means that other radio technologies
and other types of devices (for example the microwave oven) can also use the same frequencies
as Bluetooth. To reduce the interference caused by other devices Bluetooth technology uses
the Frequency Hopping Spread Spectrum (FHSS) [Imre00, WLAN99] method. The transmission
frequency is periodically changed. This feature of the FHSS method gives a robustness against

interference and fading.

Bluetooth standard defines 79 frequencies for communication. The devices use a pseudo-
random sequence to determine the series of the frequency hopping between the channels. The

length of the time slots is 0.625 ms, which means 1600 hops/s hopping speed.

The devices can communicate using a master-slave method. The master role is signed to the
node which determines the frequency hopping scheme in the connection. Up to 7 active slaves
can connect to a master node. This formation is called piconet. Communication in the piconet
is lead by the master which means that the master determines the hopping sequence and the
slaves synchronize their clock to the master’s clock. These roles are only logical states. Any

device can become a master or a slave.

Connection setup is shown in Figure 2.1. First each node discovers its neighbourhood. This
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process is called inquiry. The execution of the inquiry procedure is not mandatory. It can be
done when a node wants to refresh the information about its neighbourhood. During the inquiry
phase one of the two nodes is in INQUIRY state, the other is in INQUIRY SCAN. The node in
INQUIRY SCAN responds to the INQUIRY of the other node. This way the node in INQUIRY
state notices the presence of the node in INQUIRY SCAN. When the devices want to build up
a connection they begin the page procedure. Similar to the inquiry there are two states: PAGE
and PAGE SCAN. When one of the nodes wants to build up a connection to the other node it
enters in the PAGE state. When the other node is in PAGE SCAN state then the connection

setup is done.

_ —

" INQUIRY

- -

Figure 2.1: Connection establishment in Bluetooth

Half-duplex data transmission between master and slave is based on a Time Division Duplex

(TDD) scheme (Figure 2.2).

0.625 ms

Figure 2.2: FHSS/TDD communication between master and slave

In the even numbered time slots there is a master to slave transmission and in the odd time
slots in the reverse direction. The master determines which slave can send in the next slave to
master slot. The slave which received a packet in the previous master to slave packet can send
data in the following slot. Each packet in a certain time slot is carried on a different frequency

according to the hopping sequence.
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2.2 Ad hoc networking with Bluetooth

Besides the point-to-point and point-to-multipoint communication Bluetooth provides the pos-

sibility to build up an ad hoc network of devices.

Several piconets can form a larger network, called scatternet (Figure 2.3).

master

dave

master and
dave

slave
in 2 piconets

o ® 0 @

Figure 2.3: Architecture of an example scatternet

In this case there are some nodes which participate in more than one piconet. These nodes
are called bridging modes. There can be bridging nodes which are slaves in both piconets.
Alternatively, they can be a master in one piconet and a slave in an other piconet. A bridging
node switches between the piconets on a time-sharing based method. During the switch the
bridging node has to synchronize its clock to the master’s clock of the piconet it actually switches

to. The node must wait till it can send data in that piconet.

2.3 Open problems regarding Bluetooth networking

The Bluetooth specification [BTspec99] enables the formation of a larger network from many
nodes but it does not define an exact method for scatternet formation. There are only a few
publications about how to form a scatternet [Raman01, Salonidis01]: which aspect must be taken
into account and which methods must be used to connect the nodes. Bluetooth technology was
originally optimized for establishing point-to-point connection between devices. The networking

point of view requires to solve new problems.
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2.3.1 Network topology building, maintenance and optimization

The first question is how to build up links between nodes. This means that the piconets must
be determined: the master and slave roles have to be chosen and the bridging nodes have to
be selected. [Ré&cz00] examines the aspects of scatternet formation from an abstract point of
view with statistical methods. It is important to define a procedure to solve the questions above
because the topology determines the available capacity and transmission time of the network

(Figure 2.4).

e e
7 /
N

(a) inefficient topology (b) efficient topology

A \SA

Figure 2.4: Different topologies from the A-B traffic point of view

The problem is more complex because an efficient topology is determined by the actual
circumstances (traffic characteristic, the connections between nodes). The efficient topology in
one moment can be inefficient in the other moment. Therefore the scatternet manager must
follow the change of the circumstances by changing the network topology. Because of this we
have split the problem into two parts: first we have solved the problem of scatternet formation
then we have developed a procedure which optimizes the existing topology. In Chapter 5 1
present two methods for network building and in Chapter 6 I introduce a network optimizer

method which maintains an efficient topology.

2.3.2 Routing algorithm optimized for Bluetooth

The standard Bluetooth address field is 3-bit long which enables the master to address its slaves.
The slave can only transmit to its master. Due to this restricted addressing Bluetooth packets

can only be forwarded in a single piconet. Each time when we want to forward a packet through
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many nodes we have to send the packet to the higher layers which decide where to send the
packet.

Different methods can be used to route the packets. The existing IP routing algorithms
can be applied for the Bluetooth environment, however they were not designed for the ad hoc
environment. The general ad hoc routing methods can also be used like DSDV [DSDV94], DSR
[DSRO1] or AODV [AODVO01]. The best solution would be to design a Bluetooth specific routing

algorithm but this task is out of scope of my thesis.

2.3.3 Scheduling the communication between nodes

In one single piconet the master decides which slave is allowed to send data in the next slave to
master time slot. To determine which slave can transmit we must use a scheduling algorithm
(intra-piconet scheduling) [NJohan99]. With the scheduling procedure the master of a piconet
determines when the slaves can transmit. This initiation is called polling. During the poll
procedure the master sends poll packets to the slaves.

The problem is more complex when we want to form a scatternet. Figure 2.5 presents an

example scatternet with the scheduling of the slave B during the piconet switch (Figure 2.6).

» O

Figure 2.5: Example scatternet

In this case the master of a piconet has to take the piconet switch of the bridging nodes also
into account (inter-piconet scheduling). The switching time is presented with a gap between the
activity intervals. The node can enter in power save mode (inactive mode). This inactivity is
marked with a longer gap in Figure 2.6. It means that the node must wait till it can send data
in a piconet. The slave assigns an amount of time to spend in a piconet of a master. During

this period the slave waits till the master enables it to send data. The time of the piconet
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switch and the waiting time depending on the scheduling determines the whole time which falls
out for communication. This interval means an overhead for the communication. There are
some approaches which realize both functionalities (intra- and inter-piconet scheduling) in one

method [Racz01].

S inthe piconet of A polling of
activity intervals for B B2 inthe piconet of C master A
polling of
communication intervals for B with A and with C master C T

Figure 2.6: An example for scheduling mechanism

2.4 Proposed architecture for ad hoc networking

A proposed networking protocol architecture using the Bluetooth as link layer technology is
shown in Figure 2.7.

The user plane shows that the general networking protocols (User Datagram Protocol, UDP
and Transmission Control Protocol, TCP [Tannen96, Stevens94|) operate over Bluetooth. Figure
2.7b shows my suggestion for the control plane.

I suggest the Bluetooth management to be realized by the scatternet manager layer in the
control plane. The main task of the scatternet manager is to build up a network and modify it
if necessary. The scatternet manager solves the problem how to connect a device to the network
and how to release the connection. Since we handle mobile wireless links, the scatternet manager

has to update the topology during the movements of the nodes. The scatternet manager may
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TCP UDP SCATTERNET MANAGER

(a) user plane (b) control plane

Figure 2.7: Architecture of Bluetooth networking protocol

realize a routing algorithm specific for Bluetooth network which can be more efficient than a
general ad hoc routing mechanism. It must also control the communication between the nodes
(scheduling). In the following chapters I am going to present these problems in details.

In my thesis I focus on the first problem, that is, how to build up a scatternet and how to
maintain the connection in an existing network. I do not address efficient routing specific for

Bluetooth or scheduling algorithms.



Chapter 3

Literature study

The importance of the problem of Bluetooth scatternet formation has increased in the recent
months. Because this is a new problem there are only few publications about ad hoc network
formation and especially about Bluetooth scatternet formation. In the next section I present a
published method for ad hoc network formation using IEEE 802.11 which is broadcast media
oriented. I give arguments why this method is unable to solve the Bluetooth scatternet formation
problem. In Section 3.2 I focus on some methods which solve the scatternet formation problem.

The problem of network formation includes several parts. First question is how to build up
a connection according to the link layer technology used. When a network is built up we have
to provide the possibility of communication in the network. This means we must handle new

members and link disconnections.

3.1 Ad hoc network formation using IEEE 802.11 technology

The ad hoc network formation problem is strongly dependent on which radio technology is used.
In the case of the IEEE 802.11 standard [Imre00] the communication uses the broadcast radio
medium which means that the devices use the same radio frequency for the communication. In
one moment only one device can use the radio frequency. The devices use the Carrier Sense
Multiple Access with Collision Avoidance (CSMA/CA ) protocol [Imre00] to allocate time on the
transmission channel.

The communication is connectionless which results that there is no need for connection

setup. In spite of the lack of connectivity information every node may need to know which other
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nodes are reachable through the network. This problem can be solved with a group membership
mechanism.

The authors of [Roman01] suppose that there is a broadcast medium for the communica-
tion. [Roman01] presents an approach for maintaining group membership information in ad hoc
networks using broadcast media for communication (for example 802.11). The method uses the
coordination information to determine a logical connectivity graph. This graph is a subgraph
of the physical connectivity graph. In every connected network part there is a leader which is
elected through a three-phase leader election mechanism. The leader determines the members
of a group (the members of the logical connectivity graph). The leader knows the speed and
location of every node in the group. The algorithm uses the value of a secure transmission area.
Whenever a node is out of this area it is assigned by the leader as detached from the group.
This way the leader logically disconnects the member from the group before the physical link
teardown. The approach gives a solution for merger and partitioning of the groups. Furthermore
there is a solution for leader election, too.

However this solution made such assumptions which were hard to realize. First of all the
solution uses the location information to determine the secure transmission range for the nodes.
This assumes that the device is able to determine its location. The Global Positioning System
(GPS) [Parkinson95] can be used but this needs a very exact positioning of the device. A local
positioning system can also be used in the indoor environment. Otherwise the procedure has
another disadvantage because of its coordinated nature. When a leader of a group disappears

then the procedure does not work well.

3.2 Published methods for Bluetooth scatternet formation

The Bluetooth technology defines a connection-oriented communication between the nodes which
means that the link must be set up before the communication can begin (paging). This means
that the nodes must begin the configuration of the network only based on the visibility infor-

mation (inquiry) without communicating with each other before.

The differences between Bluetooth networks and other networks are emphasized in [Raman01]

as follows:
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e Spontaneous network: This means the Bluetooth networks are ad hoc networks. The nodes
do not need an infrastructure to form a network. They forward the packets of each other.

The nodes must also maintain the membership information.

e Isolation: The Bluetooth nodes can not rely on infrastructure based services such as

Domain Name Service (DNS) [Tannen96]. They must operate with distributed methods.

o Simple devices: The devices are planned to be cheap. They have low computational and
battery resources. This means that every approach must take the power save as a strong

requirement into account.

o Small multi-hop networks: The Bluetooth networks should be small networks. There
should not be more members than about some hundred nodes. The packet forwarding is

done by the nodes themselves.

o (Connection-oriented technology: Each link which is used for communication must be built
up before. This means that a cost of the active link is relatively high from the power
resources point of view. A solution should make an effort on reducing the number of

active links needed.

[Raman01] suggests an application-based method. The algorithm is an on-demand approach
which means that it builds up links only when they are needed for a specific application. The
authors do not require the connectivity of the network each and every moment. They define a
service caching method instead. During the operation every node stores the information when
its links are needed and makes them active only at these timepoints. The nodes execute a
proposed service discovery procedure to get information about the services of other nodes.

This proposal focuses on the scatternet formation from the services point of view. It has the
advantage that it suggests a method which saves the energy resources of the nodes. However
this approach needs to define the services in each of the nodes before the communication. It is
efficient only in the case of services which need a periodic messaging in predictable timepoints.
The method could be inefficient in the case of unpredictable on-demand communication between

different nodes.
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Another method is published in [SalonidisO1] which is a solution focusing on scatternet
formation. The authors propose a protocol which realizes a coordinated approach. In the
coordinator election phase the nodes make a competition to determine the coordinator in the
scatternet. After the coordinator is chosen it determines the configuration of the scatternet. It
forms a temporary piconet for the masters of the later scatternet. It sends the list of the slaves
of that master to each of the nodes. Next the coordinator terminates this temporary piconet
and the master nodes page its slaves. This way the scatternet is formed.

This method addresses the problem of scatternet formation however it has some disadvan-
tages. Firstly it is a centralized approach and shares the drawbacks described in the previous
section. The method needs to be repeated whenever a new node enters or a link tears down.
There is no efficient method how to recalculate the network topology. It means that the proposal
does not address the problem of scatternet maintenance, only the scatternet building. Another
shortcoming of the protocol is that it assumes a network conference scenario where every node

is in the radio range of all others. This limits the usage of the method in general cases.



Chapter 4

Problem formulation

4.1 Definition of the scatternet formation problems

I found that each of the solutions in the previous section solves only a part of the Bluetooth
network formation problem. This is why I have considered new solutions. I have split up the

problem of scatternet formation into the following 3 parts (shown in Figure 4.1):

Bluetooth Scatternet Formation

e

Bl uetoo“h%%ﬂgﬁf;g” Setup Bluetooth Scatternet Optimization

Bluetooth Scatternet Building

Figure 4.1: Open questions regarding scatternet formation

e Connection setup mechanism: Since Bluetooth is a connection-oriented technology
there is the question how to build a connection as fast as possible. The connection setup
procedure includes the inquiry and page procedures (described in Section 2.1). The Blue-
tooth specification describes methods for building up connections with neighbouring nodes.

Connection setup time could be reduced which is still a research topic.

e Bluetooth scatternet building: We want to build up a network and keep it connected

so that every node can communicate with another when it is possible. We must assign the
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master and slave roles and we must determine which nodes bridge between piconets.

Due to the movement of the nodes the existing links can be broken. In this case we must
maintain the network topology to prevent the network from being split into two parts. So
we must replace the broken link with an alternative path. To ensure the reachability of
each node in the network it is sufficient to provide the reachability of every visible node.
This means when a node can reach its visible neighbours then it can reach the visible

neighbours of these nodes, too, and so on.

e Bluetooth scatternet optimization: The network building procedure ensures a fully-
connected scatternet. However this topology can be inefficient in some cases (see Figure
2.4). The scatternet builder modifies the topology only when a link failure occurs. To reach
a more efficient topology I have given an additional feature to the scatternet formation: this
is the scatternet optimization. The scatternet optimization procedure makes the existing
topology more efficient. The traffic carried by the network is forwarded on a shorter path

which increases the capacity of the whole network.

4.2 Approach to the scatternet formation problems

4.2.1 Establishing a connection

The node can explore which other nodes are in visibility range. This procedure is called inquiry
(see Section 2.1). When the node knows its visible neighbours then it is able to choose which
nodes to connect with. This decision is made by the scatternet building procedure which is
described in Chapter 5. In my thesis I use these general methods to build up a connection. I do

not focus on how to improve the connection establishment procedure.

4.2.2 Check reachable neighbours

When the node has built up connection to its neighbour nodes in radio range then it has to
maintain the information whether these nodes are reachable through the network links or not.
If the node can reach its visible neighbours and its neighbours can reach other nodes then the
node can reach other nodes out of its radio range through its neighbours. This way the node is

able to reach all nodes in the network.
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The power up case is a special case for the scatternet builder methods. It means the node
can not reach any visible neighbours at all. In this case the node schedules a page for all the
visible nodes for a random time. After that time is elapsed the node checks the reachability of
the visible neighbour once more. When the node has become reachable then the node stops the
paging. Otherwise it pages the visible neighbour.

I have developed two methods for scatternet building. In case of Alive Broadcasting Scat-
ternet Builder (ABSB) method the node uses alive messages to inform other nodes about its
presence. The node broadcasts these messages with a scope which is defined in the protocol im-
plementation. The other method is called Routing Based Scatternet Builder (RBSB). Here the
nodes maintain the reachability information based on the information of the routing algorithm.
My solution uses a link state routing algorithm to store the topology in a pre-defined radius.

These methods are described in Chapter 5.

4.2.3 Optimization of the scatternet

To make the scatternet more efficient I suggest a scatternet optimization method called Traffic
Dependent Scatternet Optimizer (TDSO). The TDSO method is based on the idea that the topol-
ogy optimization should take place in a distributed way. Each of the nodes initiates topology
modification according to local measured traffic information. The TDSO procedure is presented

in Chapter 6.

In contrast to the methods [Roman01, SalonidisO1] I have developed distributed solutions
for both methods where there is no global coordination between the nodes. A local decision
is made by some nodes together. Each node executes the maintenance and optimization pro-
cedures based on local information without knowing the whole network topology. This feature
makes the solutions robust against the sudden disappearance of a node. The reconfiguration
messages are sent periodically which results in methods that are robust against packet loss.
Whenever a control packet is lost then the maintenance or optimization step will be repeated in
a certain period. In contrast to the idea in [Raman01] my solution provides a connected network
continually. This way there is no need for service discovery and programming of services in each

node.



18 CHAPTER 4. PROBLEM FORMULATION

In my thesis I will use various terms to describe the neighbourhood of a node. I use visible
nodes or uvisibility neighbours for the nodes which are in radio range. The nodes which are
not connected with a direct link but are still reachable through the existing network are called

reachable nodes. The nodes that have a direct link with the node are the neighbour nodes or

simple neighbours.



Chapter 5

The network building procedure

In this chapter I present a procedure that builds up the Bluetooth network. This is achieved by
the reachability check algorithms. I suggest two methods which are able to coordinate the link
setups between the nodes. In the first section I give an overview (see Section 5.1) of the Alive
Broadcasting Scatternet Builder (ABSB) method with examples. Section 5.2 provides a detailed
description of the method. In Section 5.3 I present an overview of the Routing Based Scatternet
Builder (RBSB) protocol. This is followed by the detailed description of the method in Section
5.4.

5.1 Overview of the ABSB method

In the following I describe the alive broadcasting scatternet builder method (Section 5.1.1). I

also present its variants with signaling limitation in Section 5.1.2.

5.1.1 Periodic broadcast of alive messages

We can check the reachability of the visible nodes by sending periodically refresh messages which
we call alive messages. When the node has periodically refreshed information about all the nodes
in its neighbourhood then it can react to link failures.

The basic rule is that when a node does not receive alive messages from a visible neighbour
then it builds up a link with it (that is, it pages the visible node).

Figure 5.1a shows an example scatternet where the nodes B and E are visible neighbours to

each other. They do not build up a link because they can reach each other through the nodes
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Figure 5.1: Steps of the link setup rule

In Figure 5.1b the alive messages of the nodes B and E are emphasized. Assume now that
C-D link breaks (Figure 5.1)c. This causes that the nodes B and E do not receive the alive
messages from each other anymore. After a certain time (which depends on the implementation
of the timeout interval) one of the nodes notices that the other node is visible but not reachable
and initiates a connection establishment with the other node. In our case E builds up a link to

B as shown in Figure 5.1d and the network is fully-connected again.

5.1.2 Limited alive broadcasting

We can limit the broadcasting of alive messages (the limit called scope).With the scope value

we can tune the hop distance of the reachability advertisements of the node.
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In the scatternet in Figure 5.2 the scope is limited to 2. I show only the alive messages of

the nodes B and F in the figure. The nodes are in the visibility range of each other.
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Figure 5.2: Limited broadcasting in ABSB

Still, they build up a direct link to each other (Figure 5.3) because the alive messages of B

can not reach F and vice versa.

C D
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-

Figure 5.3: Multiple connected scatternet

The scope of the messaging can be set arbitrarily. The algorithm builds up a new link even
to nodes which are already reachable, but not in the limited scope. Thus a low scope value leads

to a certain redundancy in the network. I examine this effect in Section 8.1.3.

5.2 Detailed description of the ABSB protocol

In this section I describe the alive broadcasting algorithm presented in Section 5.1 including
messages and tables. I focus on the method how to build up a network when the nodes know

which other nodes are in visibility range. I suppose that the nodes get the address and clock
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offset information of every visible node during the inquiry phase. Based on this information the
node is able to build up a new connection to any visible neighbour (paging).
I present the limited version of the method. It is obvious that the broadcasting of messages

in the whole network is a special case of the limited method (limitation is infinity).

I use the example scatternet in Figure 5.1a once more to give a detailed description of the

ABSB protocol (Figure 5.4).

C D
e

A F

Figure 5.4: Example scatternet to present the limited alive broadcasting method

Every node sends alive messages to its neighbours (Figure 5.5). In this case the messaging
limitation is 2 which is determined by the HL (hop-limit) value. The HL value is written in
the TTL field of the alive message. This TTL field is decreased at every node till 0 is reached.

When TTL becomes 0 the node does not forward the message anymore.

Source

BT Address Timeto Live

Figure 5.5: Alive message

The interval between two sending is fixed in the Ty (sending period) parameter. Whenever a
node does not receive alive message from a visible node for a T}, timeout period then it tries to
build up a direct link to that visible neighbour. This fact is checked every T, (checking period)
seconds. The node pages every visible neighbour that is out of the scope (as shown in Figures
5.2 and 5.3). The implementation of the procedure is presented in Section 7.3.

Let us consider the alive messages of B. C receives the message and processes the reception
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by setting the Cy. bit to one in the reachability table (shown in Table 5.1).

Visible neighbours | Cree | Cho
A 0 0
B 1 0
D 0 0

Table 5.1: Alive message of node B received by node C

Next, C checks if the hop-limit of the message is reached (in our case not yet) and decreases
the TTL value by one and forwards the message on every link except the one from which the

message was received.

When D receives the alive message of B it executes the same mechanism as C above, but

without sending the message further (see Figure 5.6).

C G:?\ //'QG
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Figure 5.6: Alive message of B reached hop-limit

Due to the scope value E does not receive the alive message of B. It increases the Cy, counter
at every reachability table check. After the T}, value is reached as shown in Table 5.2 node E

builds up a connection to B (Figure 5.7). In this case the maximum value for Cy, is 4.

Visible neighbours | Chrec

O O O =
5

0
1
1
0

PN wlive

Table 5.2: Maximum timeout counter reached at node E

Figure 5.7 shows that the nodes B and E have built up a redundant link in the network
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/

Figure 5.7: Direct connection between B and E

because they can not reach each other. This was caused by the low scope value. Additional links

provide shorter communication routes in the network which enables faster traffic forwarding.

5.3 Overview of the RBSB method

In this section I explain the routing based method for scatternet building. I introduce a link

state method (RBSB) and its variant with message sending limitation.

We can use a proactive distance vector (for example DSDV [DSDV94|) or link state (for
example OLSR [OLSRO00]) routing algorithm to explore the topology. With the help of this
knowledge we can react fast to topology changes because the nodes are able to decide whether

a new link is needed or not.

The link state routing algorithm maintains the whole network topology and can calculate the
route to every destination. Every node periodically sends hello messages on its links with the
list of its neighbours. The neighbour nodes store this information and send the message further.
This way every node explores the whole network topology. The Dijkstra-algorithm [Dijkstra59]
can be used to find the shortest path and route the data packets to a destination. The link
failure is detected by one of the end nodes and the information is spread in the network with the
broadcasting of topology refresh messages. When a node refreshes the topology information and
does not find an alternative route instead of the previous route, it builds up a new connection

to one of the unreachable nodes.
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5.3.1 Routing based scatternet building

I suggest RBSB as a routing based solution. This algorithm uses a link state routing algorithm
to maintain the reachability information.

The same example scatternet is used as by the ABSB method to present the working of the
RBSB algorithm. The arrows represent the routing information sent by the nodes C and D,

respectively (shown in Figure 5.8).
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Figure 5.8: Topology stored at every node

The link between C and D breaks. Both nodes spread this information in the network as

shown in Figure 5.9.

Figure 5.9: The link failure is spread by the nodes at the end of the broken link

Every node in the network notices the link failure and calculates whether it has to build up a
new link to restore the connectivity of the network. Node B finds that it can do the restoration
with the link setup to E. This way the fully-connected network is restored (Figure 5.10).

As an alternative the routing based method can also be realized with the help of a distance

vector routing algorithm. In the distance vector algorithm every node stores the next hop and
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Figure 5.10: Node E restores the fully-connected topology

the distance to each node in the network. When a link failure occurs then a route error is sent to
all of the nodes which are using the link to reach another nodes. This method has the advantage
that the algorithm does not send messages to all of the nodes only to the subset of nodes which
has used the broken link. When these nodes receive the route error message then begin to search
an alternative route to the lost destination. An existing distance vector routing algorithm can

be used, for example Ad-Hoc On-Demand Distance Vector Routing (AODV) [AODVO01].

5.3.2 Limited routing information based method

We can make a restriction for the routing based algorithm to reduce the control message over-
head. In this suggestion the node does not explore the whole topology, only its neighbourhood
with a certain ezploring radius (here the exploring radius means a hop number). This means
the topology knowledge by the exploring radius in the case of the link state algorithm and the
storage of the nodes which are in the exploring radius in the case of the distance vector algo-
rithm. Figure 5.11 shows a scatternet with limited link state routing information. The exploring
radius is 2.

The limited spreading of topology information implies a direct link setup between B and F
(Figure 5.12).

The exploring radius is tunable and this way we can make a tradeoff between the control
message overhead and the redundancy of the network. When a node does not reach another
visible node through a route whose length is within the exploring radius it builds up a connection
to that particular node. In the example other connections can be also built up. For example

when B and E or C and E are in radio range of each other.
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Figure 5.11: Limited link state routing in RBSB

Figure 5.12: The scatternet becomes multiple connected

This method is similar to the principle of the Intra-zone Routing Protocol (IARP) [Haas01]
idea which is an extension of the Zone Routing Protocol (ZRP) [Pearlman99]. [Pearlman99]
describes a protocol which is proactive in a certain exploring radius (called zone). As a possible
solution for this protocol [Haas01] is suggested. Outside the zone the ZRP protocol is extended
with an on demand part which realizes reactive search for the destination. The TARP has the

same mechanism as the RBSB protocol with limitation.

Another limited discovery solution is the Fisheye State Routing algorithm (FSR) [Pei00]
where we can set different radius values. In case of the FSR method every node spreads the
neighbour information as usual. The difference between a general link state algorithm and FSR
is that FSR send the the topology information less frequently for the nodes which are more hops
away. For example the node sends the list of every neighbours with the limitation of one in
every second (it means to the neighbours). In every third second it sets the limitation to three.
This way the node sends the topology information to the more distant nodes, too, however with

a lower frequency.
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5.4 Detailed description of the RBSB method

Let us consider the example scatternet from Figure 5.8 with a limited messaging. Every node
has a limited knowledge of the topology with the exploring radius 2 (Figure 5.13). The nodes
periodically send the topology information in table update messages (Figure 5.14) with the period
Ts. The table update messages of the nodes B and E are shown in Figure 5.13. The table update

message contain the address of all neighbouring nodes.
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Figure 5.13: Limited topology stored at every node

Source

BT Address Timeto Live

Neighbour 1 Neighbour N

Figure 5.14: Table update message

When a node (for example B) receives a topology update message from a neighbour node (C)
then it updates its topology table (shown in Table 5.3) according to the neighbour information
received from the source node. Afterwards it forwards the message to its neighbours except for

the node from which it has received the message.

Node | Neighbour 1 | Neighbour 2 Neighbour N
A B - -
C B D -
D C E -

Table 5.3: Topology table of node B

Due to the limited topology knowledge the nodes B and E do not reach each other. If they

are visible neighbours, they build up a direct connection as shown in Figure 5.15.
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Figure 5.15: Node B and E build up a direct link

The same network configuration is reached as in the example of the ABSB protocol. This

network contains redundant links.
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The network optimization procedure

In this chapter I describe the Traffic Dependent Scatternet Optimizer (TDSO) procedure. First
I present an overview of the network optimization procedure in Section 6.1. In the next section
I present two examples for the optimization procedure: an optimization of the piconet and an
optimization of a scatternet (Section 6.2). This is followed by the detailed description of the
TDSO protocol in Section 6.3.

6.1 Overview of the TDSO method

The network topology optimization algorithm is a distributed method. In the case of the dis-
tributed method there is no need for global coordination. It means that the nodes periodically
execute the rules independently from each other. This operation of the nodes is based on local
traffic information measured at the node. The aim with the execution of the rules is to increase
the network capacity in a local environment and so increase the whole capacity of the network .

I developed a method which optimizes the existing network topology with the execution of

3 basic rules. These rules are executed by every node periodically.

e The first rule builds up new links to reduce the path length of the communication.
e The second rule tears down an unnecessary link when the nodes on both end agree.

e The third rule allows a slave to initiate a master-slave switch. When it is accepted by the

master then the roles are changed.
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Every node attempts to change topology according to one of the above rules. In case of
failure, the node re-tries it after a certain period of time. Whenever a link modification step
is accepted the node executes the next step. When a step is not accepted then the node does
not do anything. This means that the steps do not need any acknowledgment, which makes the

procedure robust against packet loss.

6.2 Two examples of network optimization

This section presents two example network optimization series. The aim of showing the examples
is to show how the nodes can cooperate with the execution of the optimization rules. The first
example is a simple piconet of three nodes where the master node forwards traffic between its
two slaves. The second network is more complex involving two piconets. In both cases I suppose
that all of the nodes are within radio range to each other so there is the possibility to build up

a direct link between the nodes which communicate.

6.2.1 Example 1: A simple piconet

Traffic:

/\ A~ C =B: 100 kb/s
Ne g

Figure 6.1: A simple piconet

In the example piconet shown in Figure 6.1 there is a master node which forwards traffic
between its slaves. When the slaves are in visibility range to each other it would be more efficient
to connect these slaves with a direct link. The master measures the traffic between the nodes
A and B and decides to initiate a link setup between them. When both nodes accept the link
setup (and they are visible to each other) the direct link will be set up (Figure 6.2).

I suppose that the packets are redirected from the route through C to the new link. After

the link setup node A must switch between two piconets even though it forwards traffic only in
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Figure 6.2: Connection setup

one piconet. To change this situation it initiates a master-slave switch with C. Since C does not

send traffic, it accepts the switch request (Figure 6.3).

C

-

A B

Figure 6.3: Master-slave switch

In the next step there is no traffic on the connection between C and B and switching means
a bridging overhead for B. This causes B to initiate a link teardown (Figure 6.4). In this case C

accepts the teardown request.

A

Figure 6.4: Connection teardown

Finally a more efficient piconet is formed (Figure 6.5).
In this formation the traffic goes on the direct link and none of the nodes has to switch
because there is only one piconet. This enables to carry twice as much traffic as on the initial

network.
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A B

Figure 6.5: A more efficient topology

We saw that the network optimization is done by executing simple rules. The rules reformed
the piconet to reach a more efficient traffic forwarding. Every topology reconfiguration rule

modifies the network topology locally in a distributed manner.

6.2.2 Example 2: Optimization of a scatternet

In the following I present the optimization procedure of a scatternet shown in Figure 6.6.

B G

Figure 6.6: A scatternet of two piconets

In this network there are two node pairs which communicate. Node A communicates with
node F and node B with G. Both traffic flows are forwarded by node D. Node D presents a
bottleneck for the communication because both traffic flows go through this node. Furthermore
the node has a capacity reduction because of the switching between the two piconets.

Node C notices that it forwards two traffic flows and it initiates a link setup between A and
D. When it is accepted by both nodes they build up a direct link to each other. The same link
setup procedure occurs between C and E initiated by D (Figure 6.7.a). The routing algorithm
relays the traffic to the new links.

The links between A and C and between C and D can be torn down (Figure 6.7.b) because
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these links are no longer used. The link teardown rule is executed in both cases.

(a) Link setup between A-D and C-E (b) Tear down the links A-C and C-D

Figure 6.7: The first modifications in the scatternet

Now node E has to forward both traffic lows and it initiates two link setup: a link setup
between C and G and another between D and F. Supposing that these setups are beneficial for
every node the new links will be set up (Figure 6.8.a). The traffic is forwarded on the new links
and this causes that one of the endpoints of the C-E link initiates to tear down the link. The

same teardown procedure occurs at the D-E link (Figure 6.8.b).

A

(a) Link setup between C-G and D-F (b) Tear down the links C-E and D-E

Figure 6.8: Further link modifications

The link setup rule builds up the direct links between the communicating pairs of nodes
(Figure 6.9.a). The unnecessary links between C and G and between A and D will be torn down
(Figure 6.9.b).

As a last step some of the master-slave roles are changed (B-C,A-F,D-F E-F) to reduce the
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(a) Link setup between A-F and B-G (b) Tear down the links A-D and C-G

Figure 6.9: The last modifications in the scatternet

bridging overhead in the network. Finally a network is formed with a higher capacity and a

shorter path for the traffic flows (Figure 6.10).

Figure 6.10: The final topology is formed

These figures present a possible sequence for the topology reconfiguration procedure. Since
the executions of the network reconfiguration rules are independent from each other different
topologies can be formed. Every step increases the local network capacity and so the whole

network capacity.

The procedure may end in a sub-optimal network topology because of the distributed nature
of the method. In Figure 6.10 we can see that it would be more efficient when the upper and
lower network part would be connected through the C-D link and not through the E-G link. In
this case there would be more capacity for the B-G traffic because in this case node G is member

in only one piconet. It would enable G to receive more data.
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6.3 Detailed description of the TDSO protocol

There are several parameters which determine the speed of the link setup or teardown. The
TTminsetup value determines the amount of traffic forwarded to initiate a link setup.

Let us check the example presented in the previous section once more (Figure 6.11).

C
Traffic :

/\ A— C —-B: 190 kbit/s
Ne g

Figure 6.11: A simple piconet

6.3.1 Link setup rule

The nodes have the same motivation as before. Node C wants the other nodes to communicate
through a direct connection. C periodically checks its forwarded traffic table (see Table 6.1)

where the forwarded traffic values are stored. The execution period is T,y ec.

Between Travg Tract Tsetup Bsetup
A-B 190 32.65 | 39.862 | 2

Table 6.1: Forwarded traffic table of node C

When the forwarded traffic crosses the Try,insetup value it solicits the link setup between A
and B with a LinkSetupSol message as shown in Figure 6.12a.

The link setup messages are presented in Table 6.2.

To initiate the direct connection setup node C sends a LinkSetupSol message to one of
the communicating nodes (in our case to A). When A accepts the the link setup it send a
LinkSetupReq message to B. If the link setup is beneficial for B, too, then it answers with a
LinkSetupAck.

The traffic is measured with moving average calculation. The actual value of (T}.;) the traffic
is periodically added to the average value (Tf,4). The exact mechanism is described in Section

7.4.
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B A B
(a) LinkSetupSol message (b) LinkSetupReq message
C
C
A B
(c) LinkSetupAck message (d) Setup of the new link

Figure 6.12: Steps of the link setup rule

The WINNET field of the setup initiation characterizes the amount of capacity increase in
the network. This value is the double of T'r4,, since the link setup removes the traffic from both
links of C. It is the traffic of both links which would be relieved by the link setup. WINMASTER
and WINSLAVE are the amount of capacity change of the certain node when it becomes a master
or a slave on the new link, respectively. TRAFF shows the whole traffic at the node. It includes
both forwarded and own traffic. The M/S field marks the role recommended by the node for
the other. In the acknowledge the final M/S role is fixed for the setup requesting node (in
the example A). It is mandatory for it to accept the role. The INFO field contains additional

information. It can be optional information to speed up the connection establishment procedure.

The execution of the link setup initiation has an exponential backoff scheme to reduce the
control message overhead if the initiation is unaccepted. According to this the backoff counter is

set: Bgetup = min(Bgetup * 2, Bmazsetup). The next execution will be scheduled in Pyetyp * Bsetup



38

CHAPTER 6. THE NETWORK OPTIMIZATION PROCEDURE

Order Source | Destination | Type of message | Parameter name | Parameter
value

1 C A LinkSetupSol BETWEEN A-B
WINNET 380

2 A B LinkSetupReq TRAFF 190
M/S S
WINNET 380
WINMASTER -50
WINSLAVE -50

3 B A LinkSetupAck M/S S
INFO

Table 6.2: Messages of the link setup

seconds where Psesyp is a minimum interval between two initiations. The Tiesyp value will be set

to the actual time T'.

When node A receives the LinkSetupSol message it checks whether T — Ticardown < Tdown-
Tyown is the time which must elapse between two link setups. It avoids the oscillation of the
link which means the fast setup and teardown of a link periodically. Here A checks if this time
is elapsed since the last link teardown.

A calculates the GAINMASTER = WINMASTER + WINNET and
GAINSLAVE = WINSLAVE 4+ WINNET values. The gain is the whole network gain and the
WINMASTER and WINSLAVE values are the wins of A if it would be a master or a slave on
the new link, respectively. In this case the topology modification means a capacity loss for both
A and B. The value of the loss is equal to the bridging overhead at every node. If any of the gain
values is positive then A accepts the link setup initiation and sends a LinkSetupReq message to
B (Figure 6.12b).

The LinkSetupReq contains the whole traffic of A (TRAFF) and all the win values (WIN-
NET, WINMASTER, WINSLAVE). The M/S bit indicates whether A wants to be a master or
a slave in the new link. It is set according to the greater positive gain value.

When both gains are non-positive then the link setup procedure fails.

Node B receives the LinkSetupReq and calculates its own gain values according to the fol-

lowing sums: GAINMASTER(B) = WINNET + WINMASTER(B) + WINSLAVE(A) and
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GAINSLAVE(B) = WINNET + WINSLAVE(B) + WINMASTER(A). B notices similar to A
whether one of the gains show that the link setup is beneficial for the network. If one of the
gains is positive then it answers to A with a LinkSetupAck message (Figure 6.12c). The M/S
value shows the role of node A in this case (which is mandatory for it). In this example the M/S
is set to M which indicates A to be the master.

At the end the new link will be set up as shown in Figure 6.12d.

6.3.2 Link master-slave switch rule

The next step of the reconfiguration will be a master-slave switch. In the previous situation the
traffic finds a shorter path and the packets will be forwarded on the new link. In this case the
packet forwarding is not efficient because A has to switch between two piconets.

It causes that A requests the role change with C in the next table check period. This decision
is based on the neighbour traffic table of A (Table 6.3).

Node Role Travg Tract Tsince Tteardown Bteardown Tswitch Bswitch
B M 190 84.67 | 65 - 1 - 1
C S 120 0 5 - 1 76 2

Table 6.3: Neighbour traffic table of A

As an additional information we can see in the neighbour traffic table of A that the packets
are now sent to B on the direct link. The average traffic measured on the link with C will
decrease with the time.

Node A requests the role change only for link where it is a slave. It calculates its WIN as if
it would be a master. When WIN is positive then A sends a LinkMSSwitchReq message to C
as presented in Figure 6.13a. Table 6.3 shows that the last sent switch is set to the actual time
(which is 76 seconds in the example) and the backoff counter is doubled.

The messages of the master-slave switch rule are shown in Table 6.4.

The LinkMSSwitchReq message contains the WIN value and the whole traffic of the node A
(TRAFF).

Then A sets the backoff counter of the master slave switch to Bgyiten = min(Bswiteh * 2,

Brazswiten). The Tgyiten time is set to the actual time 7. The next switch initiation will be in
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BA B

(a) LinkMSSwitchReq (b) LinkMSSwitchAck (¢) The roles are
message message changed

Figure 6.13: Steps of the link master-slave switch rule

Order in the | Source | Destination | Type of message Parameter name | Parameter
example value
4 A C LinkMSSwitchReq | TRAFF 100
WIN 50
5 C A LinkMSSwitchAck | INFO

Table 6.4: Messages of the master-slave switch

Pewiteh * Bswiten seconds where Pyyiten 1S the minimum time interval between two executions of

the master-slave switch rule.

When C receives this message it calculates its WIN (in this case its capacity loss), too. When
WIN(A) + WIN(C) > 0 (which means that the switch is beneficial for the network) it answers
with a LinkMSSwitchAck message. This answer is shown in Figure 6.13b.

At the end of the role switch procedure the roles are changed (Figure 6.13c).

6.3.3 Link teardown rule

Now the link between B and C is unnecessary because there is no traffic on it. It reduces the
available capacity for communication.

Node B checks its neighbour traffic table (Table 6.5) and notices that the traffic on the B-C
link decreased to 0. The switch between two piconets reduces the opportunity of B to receive
packets from A (bridging overhead).

First B checks whether the minimum time between setup and teardown determined by T3,
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is spent (Tsince + Tup < T).

Then it calculates if the link teardown is beneficial for it. The exact calculation is as follows.
B calculates the whole capacity loss of the network WINNET= —L - Trq,,. Here B supposes
an alternative route with the length of 2 (L = 2). The gain of B is also calculated: GAIN
= WINNET + WIN(B) If GAIN is positive then node B sets Bicardown = Min(Bieardown * 2,
Biazteardown) backoff counter and the time Tieqrdown t0 T Tieardown Marks the time when the
last teardown request is sent.

To initiate the link teardown B sends a LinkTeardownReq message to C (see Figure 6.14a).

Node Role Travg Tract Tsince Tteardown Bteardown Tswitch Bswitch
C S 0 0 5 83 2 - 1
A S 190 26.43 | 65 - 1 - 1

Table 6.5: Neighbour traffic table of A

C
A B
(a) LinkTeardownReq (b) LinkTeardownAck (¢) The final piconet
message message topology
Figure 6.14: Steps of the teardown switch rule
The link teardown messages are shown in Table 6.6.

Order in the | Source | Destination | Type of message Parameter name | Parameter
example value
6 A C LinkTearDownReq | WIN 50
7 C A LinkTearDownAck | INFO

Table 6.6: Messages by link teardown

The link teardown rule will be executed in B in Piegrdown * Bteardown seconds where Pieqrdown
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is the minimum time between two teardown requests similar to the other rules.

When C receives the LinkTeardownReq message it searches for an alternative route to B.
In the example the alternative route is through A. Node C recalculates WINNET= —L - T'rq,,4
with the real L value which is 2 in this case. It also calculates GAIN = WINNET + WIN(C) +
WIN(B). When GAIN is positive it answers with a LinkTearDownAck message.

In the end a more efficient piconet is formed due to a simple reconfiguration procedure (see

Figure 6.14c).



Chapter 7

Simulation environment

I examined the methods described in Chapter 5 and 6 in simulation environment. To be able
to do measurements I modified and completed the ad hoc simulator in the PLASMA network

simulation environment [Plasma0l] at Ericsson Traffic Lab.

7.1 The Bluetooth ad hoc module

The PLASMA ad hoc simulator is built up of many modules. This means that different modules
realize the base functions, the TCP /IP network protocol family or a user which generates WWW
traffic.

The ad hoc module implements a packet level simulator of the Bluetooth technology. It
includes the base functions described in the Bluetooth specification [BTspec99] like the consti-
tution of the time slots, the types of packets or the ARQ mechanism. The packet forwarding is
done by the AODV ([AODVO01]) ad hoc routing protocol which operates in the IP layer. The
frequency hopping nature could lead to collisions of the packets when two piconets have the
same transmission frequency at the same moment. The physical layer contains an analytical
model to determine the packet collisions and losses. The analytical model takes the number and
traffic of the interfering piconets into account. It calculates the probability for a packet loss for
every packet.

The architecture of the ad hoc module is shown in Figure 7.1.

e The TCP object is marked with white color because I did not need to do any changes in
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A TCP TCP

Measure Measure ||

Scatternet
Manager

Randomwalk

Figure 7.1: Architecture of the PLASMA ad hoc module

this object.

The IPSwitch implements the IP functionality in the network layer. I modified the
IPSwitch object to be able to connect it with the MANET AODYV protocol implementa-
tion. All the objects filled with green (dark grey) were modified to include the scatternet
formation functions. The packet forwarding is implemented per packet which means that
the IPSwitch object sends every packet to the AODV object which determines the next hop
for that packet. Whenever the destination is unknown for the AODV object, it stores the
packet and begins a route search according to [AODV01]. When a route found message

comes from a node the AODV forwards the packet towards the next node.

The BluetoothLL object implements the Bluetooth link layer functionalities such as logical
link setup and detach. The object includes a round-robin scheduling mechanism for intra-
piconet scheduling and a simple mechanism for inter-piconet scheduling (Section 2.3.3).
The BluetoothLL object does the segmentation and reassembly of the IP packets into
Bluetooth packets and vice versa. The object supports all packet types defined in the

specification.

e The physical layer information about the nodes are stored in the Space object. The Space
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object calculates the packet losses caused by the frequency hopping radio channel. But as
noted in [PJohan99, Ziirbes00] the effect of these losses are negligible compared to other
losses during the scatternet formation and scheduling [Récz01, NJohan99]. The radio range
of the nodes are also stored in the Space object. I assumed that there are devices with
the same radio transceiver. The Space object stores the simulation area and the positions
of the nodes and calculates the visibility for each node. These positions can be changed
due to movement which is described below. The inquiry procedure is implemented in an
abstract way. Simply every device periodically ask its visible neighbours from the Space

object.

e [ implemented a random walk mobility model in the RandomWalk object. Section 7.2

explains the mobility model implementation.

e [ also implemented the scatternet formation protocols in the objects Scatternet Manager
and Measure filled with light blue (light grey) color. The Scatternet Manager object
contains the implementation of both methods and the Measure object does the packet
measuring which is needed for the optimization procedure. The Scatternet Manager
implements the scatternet formation algorithm using limited broadcast of alive messages.
The object stores every connection of the node; builds up and tears down links when it is

necessary due to movement.

The Measure object measures the traffic of the node and the traffic forwarded by the node
and sends the traffic information to the Scatternet Manager object. The Scatternet

Manager object stores this information and executes the optimization rules accordingly.

An important question is how to broadcast the alive messages in the network. Since the ad
hoc routing algorithm can be implemented over the IP layer, we can exploit the properties of
the IP layer. We can send broadcast IP packets. Furthermore the usage of the IP packet format
enables us to set the TTL field of the messages. This way the limited method can be realized
easily.

In the implementation every control message is included in an IP packet and is forwarded
like a normal IP packets. This is useful because these control packets can be lost like normal IP

packet and we can observe the robustness of the scatternet formation and optimization methods.
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7.2 Implementation of the random mobility model

In the implementation of the movements of the nodes every node chooses a random number and
waits for the time defined by this number. Then it draws another random number for the speed
and random coordinates in the area and begin to move to these positions with that speed. When
a node arrives to the destination coordinates it repeats the procedure. The object refreshes the
positions frequently (defined in the implementation) so that the Space object can notice when
a link is torn down due to movement.

An additional feature of the implementation is that the random numbers can be read from
a file. It enables us to reproduce the measurement with the same random input. In this case

the configuration and movements will be the same.

7.3 Implementation of the network building method

As a network building model I implemented the alive broadcasting (ABSB) method with limi-
tation.

The inquiry procedure is modeled as follows. The Scatternet Manager (SM) object pe-
riodically asks the Space object for its neighbours. This frequency is high enough to provide
up-to-date information about the visible neighbours.

If a new visible neighbour appears the node schedules the page for a random interval within
a maximum page interval after it did not received alive message form the node (Figure 7.2). The
check interval for alive messages was 0.1 second. The timeout is four times the check interval.
The random number is within the six times check interval for every node.

The maximum is a multiple of the alive message received check interval. In the implemen-
tation this is fixed to 6 times the check period.

After the random time is elapsed the algorithm checks whether the another node has become
reachable during the random interval. When an alive message was received from that node the
page procedure is not executed. Otherwise the link setup is initiated immediately.

This method enables a node to page the other nodes in a random order at power up (shown
in Figure 7.3a-7.3c).

First the node schedules the page for A and C (for 0.326 and 0.502 seconds) as shown in the
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Figure 7.2: Timing of the page procedure
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(a) Node N powers up (b) Page of A (c) Page of C

Figure 7.3: Random paging mechanism at power up

first figure. With the first page it connects to the network and receives the alive messages of
all nodes including C (see Figure 7.3b). Because C is reachable the page procedure to C is not
executed (Figure 7.3c).

The timeout is implemented as four times the alive received check period. After the fourth

check the node pages a visible neighbour when no alive message is received.

7.4 Implementation of the network optimization procedure

The TDSO protocol is implemented in two different objects. I separated the measurement tasks
and put it into the Measure object. The topology reconfiguration rules are executed by the

Scatternet Manager object.
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The Measure object captures every packet at the node and stores the amount of data sent
since the last averaging. Every T,j.. seconds the actual measured data is added to the average
measured traffic value with moving average calculation. The addition is done according to the

following equation:
. Tract

Tropg =P -Trag + (1= P) T
The T'rq,g and T'rye values are the average and actual measured traffic values, respectively. P
parameter determines the weight of the old average traffic value in the new average. When P is
low the average quickly follows the actual traffic value. When P converges to 1 then the average
traffic follows the actual traffic slower. T" means the time when the averaging is executed.

The reaction speed of the algorithm is affected by the P and T,y parameters. I set P near
to 0.01 to make the protocol reactions fast. In this case the reaction speed depends only on the
Teneck value. I investigate this dependence in Section 8.2.1.

The protocol executes the rules independently from each other. The rules are executed for
every link periodically. The execution time is determined by the T ecution Parameter. This is
presented in Section 8.2.2.

The link setup is affected by the parameter Ty insetup, the minimum traffic needed for link
setup. In my implementation I fixed this parameter to 200 kbit/s. This is an arbitrarily chosen
value. Further investigations are possible in the future.

The bridging means an overhead for the communication. I used a simplified model for the
bridging overhead. The Boyerhead value was 50 kbit /s which marks the capacity reduction for ev-
ery additional piconet membership . The B,yerhead Value is strongly dependent on the scheduling
algorithm (my scheduling algorithm implementation is presented in the next section). According
to this scheduling algorithm or the traffic of the neighbouring piconets the bridging overhead

could be calculated more accurately. This is an important topic for future investigations.

7.5 Scheduling implementation

I implemented a simple scheduling algorithm in the ad hoc module.
According to the algorithm every node spends an amount of time in its own piconet when it
is a master. During its residence it allows every slave to send data to it.

When the node is member of more then one piconet then it switches to a foreign piconet
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after all of its slaves were solicited. In the foreign piconet the node waits till the master of that
piconet allows it to send data.

Afterwards it switches back to its own piconet and begins to poll its slaves again. When
the node is member of more piconets then it changes to every piconet based on a round-robin
scheme.

This scheduling mechanism is a simple solution for Bluetooth scheduling. A more efficient

method is presented in [Racz01].



Chapter 8

Results of the simulation

In this chapter I present simulation results related to the limited ABSB and TDSO protocols.
First I give examples for the piconet and scatternet building procedures (Section 8.1). Then I
explain how the protocol works when the nodes tune the limitation for the alive message sending
(Section 8.1.3).
After the investigations of the scatternet building methods I present initial simulation results

of the TDSO protocol in Section 8.2.

8.1 Investigations of the ABSB protocol

To evaluate the correct working of the alive broadcasting method I built up a scatternet from 3

and 5 nodes.

8.1.1 Piconet building with ABSB

First there were 3 nodes which were located in a fixed area. The simulation area was a square
with a side length of 12. This length provides an area where there is a great chance for the
nodes to form a scatternet. It is also possible for links to break which is necessary to the ABSB
protocol evaluation.

To measure the capacity of the network I used a TCP flow between the nodes A and B. The
TCP traffic used the maximum available capacity of the network. The TCP traffic was modeled

as a sending of a infinitely long file.
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Figure 8.1: Throughput of a 3-node scatternet

Figure 8.1 shows the throughput of the network in case of three nodes.

We can see that the throughput of the network depends on the actual configuration of the
network. This is determined by the movements of the nodes. The reconfiguration steps can be
followed in Figures 8.2a-f. The lines are the links between the nodes. The dashed lines show the

possible links which are not necessary because the nodes can reach each other.

First of all the direct connection is set up between the communicating nodes A and B (8.1a).
The other link between A and C is built up immediately to make the network fully-connected
((8.1b). The piconet is efficient because nodes A and B do not have to switch between piconets.
Due to the movement of the nodes node A leaves the radio range of C and the link between the
nodes breaks. For one moment there is higher capacity for the communication ((8.1c). Because
C is a visible neighbour of B and they build up a connection to restore the connectivity ((8.1d).
In this case B has to switch between the piconet of A and its own piconet which reduces the
capacity available for the communication. Node A moves further and its link with B breaks
((8.1e). Fortunately A is now in radio range of C again. They build up a new link and the
length of the route for the traffic increases to two ((8.1f).

From the capacity point of view the first configuration (Figure 8.2b) is the best topology
because none of the communicating nodes has to switch between piconets. In this case the

throughput is about 300 kbit/s.
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(a) time = 0.42 s (b) time = 0.55 s (c) time = 28.48 s
C C C
A B A B A B
(d) time = 29.29 (e) time = 65.48 s (f) time = 66.29 s

S

Figure 8.2: Topology reconfigurations in the 3-node scatternet

There are three aspects which determine the maximum throughput.

e TCP/IP overhead: The throughput measured is the user throughput of the TCP com-
munication. The whole TCP/IP throughput which is carried on the Bluetooth network
includes the TCP and IP packet headers, too. It includes the acknowledgments of the
TCP packets.

e Polling of the other node: Despite the lack of communication with the node C node A has

to poll node C as well. It has to check whether node C has to send something.

e Whole bridging overhead along the communication path. This value is determined by the
single bridging overhead values at each node as described in Section 2.3.3. The whole

bridging overhead also depends on the length of the path.

At 28.48 seconds the link between A and C breaks which enables a little more capacity for
the traffic (see Figure 8.2¢). This is because A does not have to poll the node C. After that the

new link reduces the throughput with the bridging overhead of B (as shown in Figure 8.2d).
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When the direct link breaks and the communication path increases to two, the throughput
reduces further (Figure 8.2f) to about 130 kbit/s. This can be explained with the increase of
the communication path and the fact that node C is a slave in both piconets. Node C has to

wait in both piconets to be polled.

8.1.2 Scatternet building with ABSB

The similar throughput is shown in Figure 8.3 however with a scatternet of 5 nodes.
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Figure 8.3: Throughput of a scatternet with 5 nodes

The simulation area was 20x20 square in this case. The exact topology reconfiguration
procedure is shown in Appendix A. The scope of the ABSB protocol was 4.

In case of a scatternet with more nodes the chance for link break is higher. We can see in the
figure that the communication stops many times. The building algorithm is able to reconnect
the nodes when they are in visibility range to each other. We can also see that the throughput
is about 120 kbit/s for the most time. This is caused by the great chance for bridging overhead
and the long path of the data flow.

8.1.3 Increasing the limit of the messaging

Let us examine how the value of the scope affects the TCP throughput.
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I simulated a network with 6 nodes in an area of 15x15 meters. I increased the scope of the

limited ABSB protocol from 2 to 5 (Figure 8.4).
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Figure 8.4: The throughput and alive message overhead increasing the scope

In the figure the line shows the trend of the change of TCP throughput. As we can see the
carried traffic of the network decreases with the higher scope value.

This can be explained with the fact that in case of a low scope value more redundant
connections will be built up. This redundancy enables the routing algorithm to find a shorter
path in the network between the communicating nodes. The fewer is the redundancy the longer
is the path of the communication. A longer route means more bridging in the network which
decreases the TCP throughput. This problem can be solved with the TDSO protocol.

We can also point out that the average control message overhead generated by the alive
messages does not increase with the limit value. When there are fewer links in the network
the nodes have to send fewer alive messages. It decreases the total amount of alive messages
sent. The other effect is that the higher the scope value the further are the alive messages sent
in the network. This effect increases the amount of alive messages in the whole network. The
two effects are in balance with each other. This can be a possible explanation for the results of

Figure 8.4.

As a consequence it is useful to choose a low limit value for the building protocol when there
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is no scatternet optimization. However we must also take other aspects into account such as

scheduling and routing in a redundant connected network.

8.2 Simulation results of the TDSO protocol

In this section I describe my initial investigations regarding the TDSO protocol. In the following
I present the algorithm reaction speed which depends on the parameters T, pect and Tezecution-
To be able to examine the features of the TDSO protocol I separated it from the ABSB

protocol. I simulated a simple piconet configuration which is presented in Figure 8.5.

C
Traffic:

/\ A~ C =B: 100 kb/s
Ne g

Figure 8.5: A simple piconet topology

I simulated a simple reconfiguration procedure according to the example in Section 6.2.1.
The TCP source was the same as in the case of the scatternet building procedure. The
execution of the rules began at 60 seconds. This was needed to let the TCP mechanism stay at

a constant average transmission rate.

8.2.1 Effect of the 7, value

I first examined the effect of the Tpjecr parameter which determines how often the nodes refresh
the measured traffic information (Section 7.4). The more frequent the refresh procedure is the
faster the node can react to traffic changes. I measured the TCP throughput by two different
Tohecr values. The results are presented in Figures 8.6a and b. The begin and end of the piconet
reconfiguration is presented with an arrow in the figures.

The value of the Teyecution parameter was 1 second in both cases.

When we choose a low value for T,pe.;, then the rules will be executed according to an actual

traffic value. In Figure 8.6a this value is one which means a relative frequent averaging. In this
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Figure 8.6: Influence of T,pc, on the throughput

case the reconfiguration takes place within 3 second. Every rule needs one second to execute
the according reconfiguration steps.
In Figure 8.6b the reconfiguration needs more time because the protocol notices the traffic

change later. In this case the topology modification is done within 7 seconds.

8.2.2 Effect of the T,,.cuiion value

As a second simulation I set the value of the Tpyecution parameter. This parameter determines
how often the rules try to reconfigure the existing network topology. When the parameter value
is low then the rules send request messages more frequently. This means a higher control message
overhead for the network. In case of a higher T, ccution value the control message overhead is
less but the topology modification procedure needs more time.

I set the Tepecution value to 1 and 4 seconds and measured how fast the reconfiguration takes
place. The throughput of the network is shown in Figures 8.7. The T, et value was fixed to 1
in both cases.

The first figure shows the measurement with the basic parameter values. In this case both
parameters were set to 1 second. Figure 8.7b presents the result of a simulation with Tepecution =
4. In this case it needs more time for the nodes to reach the more efficient topology. The
three topology modification rules need 12 seconds to reconfigure the at the beginning inefficient

piconet.
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Figure 8.7: Influence of Ty ecution On the throughput

There is a correspondence between Tipeck and Topecution. When we choose a high value for
Teheck, it is not useful to choose a lower value for the T, ecution Parameter. The explanation is
when the refreshment of the traffic table is less frequent then the rules do not return different

verdicts. This means it is unnecessary to execute them more frequently then the frequency of

the traffic averaging.



Chapter 9

Summary

In my thesis I have presented the Bluetooth wireless technology. This short-range radio technol-
ogy is able to replace the cables between the devices. In addition, the Bluetooth specification
enables the formation of larger networks. This network is called scatternet.

However the Bluetooth specification does not define how to form a larger network. I have

considered this problem and split it up into 3 different parts.
e connection setup mechanism
e scatternet building and maintenance
e scatternet optimization

In my thesis I addressed the problems of scatternet building and scatternet optimization.

I have designed two alternative protocols for the scatternet building and maintenance prob-
lem. One of the solutions uses periodic broadcasting of alive messages (ABSB method). The
messages advertise the presence of the node in the network. When a node does not receive any
alive message from another node which is within radio range then it builds up a direct connec-
tion. The other protocol is based on the topology information messages of the routing algorithm
(RBSB method). When a node does not find a route to another node then it builds up a direct
connection when they are visible to each other. I have presented an extension to both methods
which uses limited message sending.

The suggested methods solve network building and maintenance, but the traffic may be

forwarded in an inefficient route. It is useful to reconfigure the fully-connected network topology
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into a more efficient one. I have designed a scatternet optimizer protocol (TDSO) to solve
this problem. This procedure reconfigures the topology according to local measured traffic
information. Based on this information every node executes 3 simple rules to build up and
release connections and change the master-slave roles if it is useful. Each rule increases the local
efficiency and so the whole network capacity is improved.

All three protocols are distributed solutions. Every node executes rules according to local
information. The rules are executed periodically and independently from each other.

I have implemented the methods in the ad hoc simulator of the PLASMA simulation envi-
ronment. I implemented the protocols in the Scatternet Manager object. Furthermore I have

implemented a random walk mobility model.

The simulation results of the alive broadcasting method showed that the protocol is able to
build up a fully-connected network and keep it connected during the movement of the nodes.
When I increased the scope of the protocol the throughput decreased. This occured because the
traffic was forwarded on a longer route. The increasing of the limit does not affect the average
amount of overhead generated by the alive messages.

I simulated the scatternet optimizer method from the scatternet builder. The simulations
pointed out that the protocol is tunable by two main parameters T pecr and Tegecution. Lhe
lower were the parameter values the faster was the reconfiguration of the network.

The simulation showed that the network formation protocols were able to form a Bluetooth

ad hoc network and reconfigure it into a more efficient one.
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Dynamic scatternet building with 5
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In the network node A communicates with B. The TCP communication uses the maximum
available capacity.

As a first step the nodes build up the full connected network. Node C is out of range till the
10*" second. At about 30 seconds the communication stops because node A moves out from the
range of D. To reconnect node B builds up a link to A. However there is a direct link between the
communicating nodes. Now the throughput does not increase because node B is member in 3
piconets. The bridging overhead decreases its capacity to about 100 kbit/s. The communication
can continue from 51 seconds. The configuration is similar to the one at the beginning one.
Node A moves out from the range of all network members during the interval from 70 and 83
seconds. The communication continues at 130 seconds and the throughput will be higher when
unnecessary link of A break.

The link modification log file of the program is shown below:

0.31285 .scatman2 (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 1,64,66 oooo
0.48148 .scatman0 (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 3,62,64 oooo
0.49014 .scatmanl (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 5,63,66 oooo
10.58843 .scatman2 (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 8,64,65 oooo
30.38216 .scatman4 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 5,63,66 oooo
31.29000 .scatmanl (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 10,63,64 oooo
32.81088 .scatman2 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 10,63,64 oooo
43.37250 .scatman3 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 8,64,65 oooo
44.29000 .scatman3 (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 11,65,66 oooo
46.30065 .scatman4d (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 11,65,66 oooo
49.62628 .scatman3 (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 13,65,64 oooo
51.02427 .scatmanl (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 15,63,66 oooo
67.47086 .scatman2 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 13,65,64 oooo
68.29000 .scatman0 (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 16,62,65 oooo
70.85032 .scatman4 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 15,63,66 oooo
71.93126 .scatman3 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 16,62,65 oooo
79.44898 .scatman3 (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 17,65,62 oooo
83.26891 .scatmanl (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 19,63,66 oooo
91.09126 .scatman2 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 3,62,64 oooo
91.89000 .scatmanl (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 20,63,62 oooo
91.89000 .scatman3 (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 22,65,66 oooo
102.27062 .scatman4 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 1,64,66 oooo
130.69284 .scatmanl (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 24,63,64 oooo
156.55319 .scatmanO (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 17,65,62 oooo
163.00208 .scatman0 (ScatBuilderBroad): oooo Flow Release(flowid,between[0,1]): 20,63,62 oooo
195.58463 .scatmanO (ScatBuilderBroad): oooo Flow Setup(flowid,between[0,1]): 25,62,64 oooo
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