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Abstract

A Bluetooth ad hoc network can be formed by interconnecting piconets into scatternet. Many
algorithms of scatternet formation have been proposed so far. However, these have a problem that
takes a long time to reform scatternet, especially for the case of master moving out. In this paper. we
propose a Fast-Recovery algorithm, which aims at reducing the time of scatternet reformation owing
to master moving out. In the algorithm, we select a slave with the weigh similar to its master as
Sub-Master from a piconet device table created by the master. When a master leaves its piconet is
detected by its slaves, the Sub-Master becomes the new master of the piconet instead of the old and
directly connect to other slaves and bridge(s) through piconet device table in page state.
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| . Introduction

Bluetooth (BT) wireless technology is a short-range
communication system intended to replace the cables
connecting portable or fixed electronic devices such as
cell phones, PDAs, laptops, MP3 players, etc. It
operates in the 2.4GHz globally available and
unlicensed Industrial Scientific Medical(ISM) band, and adopts
Frequency-Hopping (FH) scheme to minimize the inter-
ferences from other users in the same band. The key
features of Bluetooth wireless technology are robustness,
low power, and low cost (down to 5 USD/ Bluetooth
chip) (1.

According to BT specification, when two BT nodes
that come into each other's communication range
want to set up a communication link, one of them
of the
communication while the other becomes its slave.

must assume the role of master
This simple ‘one hop' is called a piconet (2,3). Each
piconet has only one master and up to 7 active
slaves. Piconets can also be interconnected via
bridge nodes to form a bigger ad hoc network known
as a scatternet.

So far, Bluetooth is still an open global specification
that has not described in detail the problem of
scatternet formation. Therefore, many algorithms of
scatternet formation and reformation have been
proposed in the literatures (4-10). However, Due to
mobility of Bluetooth devices or limited power supply, the
topology of scatternet may be changed occasionally. If the
moving device is a slave, the change of topology only
occurs in one or two piconet. Whereas, if the role of
moving device is either master or bridge, not only
piconet topology but also scatternet topology would
change. Although in the proposed papers a few may deal
with it, only few algorithms cope with master moving out
very well. Law et al (8) considered only the static
membership. Chang et al (11) executed of scatternet
reformation, which may cause unnecessary time cons-
umption and communication cost of scatternet reformation.
Sheng et al. (12] randomly selected a slave as the new

master from original piconet in optimization of algorithm,
which leads to worse performance owing to not consider the
suitability of playing the role of master.

Also In the paper, we propose a Fast-Recovery alg-
orithm, which focuses on reducing the time of scatternet
reformation caused by the master moving out. In our
algorithm, a piconet device table is created by each master
of piconets in the procedure of Sub-Master selection,
which stores the informations about identity, weight and
role of devices in the piconet. After scatternet formation
procedure, every master periodically sends it to all its slaves
or bridge(s).

A slave with the weight similar to its master is
selected from the piconet device table as
Sub-Master. When a master leaves its piconet is
detected by its slaves or bridge(s), the slave that
acts as Sub-Master goes into page state. On the
other hand, others in the old piconet enter page scan
state to wait for paging. In additional, we also have
considered how to solve the problem that some slave
is lost from the recovered piconet.

The rest of the paper is organized as follows.
Section 2 discusses the related work on Bluetooth
scatternet. Section 3 describes and analyses the
Fast-Recovery algorithm that we put forward in
great detail. Section 4 evaluates the performance of
the algorithm via simulation. Finally, section 5
concludes the paper and discusses further work

directions.

Il. Related Work

2.1 RDSF

Law et al. (8)
randomized distributed protocol for

presented and analyzed a
scatternet
formation. The main method is to merge pairs of
connected components until one component is left
(Fig. 1). In each round, a leader either tries to
contact another component or waits to be contacted.

The scatternet formed by this protocol has the
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following properties (1) any device is a member of at
most two piconets. (2) the number of piconets is
close to be optimal. These properties can prevent
overloading of any free nodes and reduce the
interference between piconets. However, the two
protocols only assume static memberships which do
not arrive or leave the existing scatternet.

g 1. oidE HEHE gist
Fig. 1. Connected components merging

2.2 Long-lived Scatternet Formation Protocol

Chang et al.(10) proposed a new scatternet formation
protocol to construct a long-lived scatternet(Fig. 2).
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Fig. 2. Scatternet formation
It consists of three algorithms: device discovery,
scatternet construction and scatternet recovery algorithm. In
device discovery algorithm, a symmetric mechanism is

adopted, which is that each device does inquiry scan first
then inquiry. In scatternet construction algorithm,
some backup bridges are designated by the masters with
the highest weight. The scatternet recovery algorithm is
designed to deal with the change of scatternet topology
due to the moving of devices and exhaustion of power.
There are three cases considered in this section:

(1) a slave moves out of communication range of its
master. When a slave has not received the polling packet
from its master for a polling time, they assume that it moves
out of its piconet.

(2) a bridge moves out of the communicaion range of its
master. When a master fails to communicate with the
master of neighboring piconet, they assume that it moves
out of its piconet.

(3) a master moves out of communication range of
its slaves. When a master polls its slave without a
respond, they assume that the slave leaves its
poconet.

However, in the case of 3, the proposed scatternet
recovery algorithm only resets nodes and executes scatternet
formation phase, which leads to unnecessary time consumption

on reforming scatternet.

Ill. Fast-Recovery Algorithm

In this section, we describe Scatterenet Fast-
Recovery algorithm proposed in this paper. The main aim of
our algorithm is to reduce the time of scatternet
reformation owing to the master moving out. It mainly
consists of four procedures: device discovery, scatternet
formation, Sub-Master selection and scatternet re-
formation. We adopt the symmetric mechanism similar to
introduced in (10) for device discovery procedure. A
weight is assigned to each node, which represents the
suitability for playing the role of master or bridge.

3.1 Device Discovery

In the device discovery, each device is allowed to
independently alternate between inquiry and inquiry
scan state, remaining in each state for a time
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selected randomly and uniformly in a predefined
time. The special operation is performed as follows:
each device does inquiry scan state first, and waits
Ting(16 time slot). If a node does not hear any IAC
packets from others for Ting, then it switches to
inquiry state, sends IAC packets and waits for 1024
time slot to collect responses from its neighboring
devices by receiving FHS packets. As mentioned in
(4], to allow each pair of neighboring devices to
achieve a mutual knowledge of each other ID and
weight, the scheme requires that, whenever a device
in inquiry (inquiry scan) state receives(sends) an
FHS packet, a temporary piconet is set up by means
of a page phase and devices exchange their ID and
weight together with the synchronization informations
required for furtther communication.

As soon as this information has been succes—
sfully communicated, the piconet is disrupted. In
addition, a random back-off mechanism is used to
prevent devices from entering the same state at the
same time.

3.2 Scatternet Formation

Scatternet formation is composed of two phases:
piconet formation and piconet interconnection.

In the phase of piconet formation, the role
(master or slave) of each device depends on the
value of weight which is gathered in the device
discovery. That is, when the weight of a device is
greater than weight of any its nearby devices, it
goes into page state as master to connect to its
neighboring devices. Otherwise, the device enters
page scan state as slave to wait for paging. If a node
has been in page scan state for Tp without being
paged into a piconet, then the device switches the
role to master and enters page state to try to page
its neighboring devices with different PID (Piconet
Identity). Each piconet in our scheme is assigned
with a unique PID, which is an integer and used to
identify devices in the same group. The PID is used
to avoid constructing too many links.

After forming the piconets successfully, a proper

bridge is designated in the view of weight. If a slave
has been paged by more than two masters, the slave
informs the master with the highest weight to select
a bridge. The the master designates the slave with
As a result, a
piconets that

the highest weight as bridge.
scatternet is constructed by the

interconnect via bridges.

3.3 Sub—-Master Selection

To solve the case of the master moving out, a
simple approach proposed in (9] is to select a slave
randomly in the piconet as the new master in the
scatternet reformation. It has the lowest cost, but
worse performance due to not consider suitability of
playing the role of master well.

1. o7yl ZX| Hols
Table 1. Piconet device table

In the paper, to overcome the drawback of the
simple approach, we present an algorithm of
Sub-Master selection. The main method is that
following scatternet formation, each master in the
scatternet creates a piconet device table, which
stores the informations about identity, weight and
role of devices in its piconet (master self included).
The table is made with the device weight by decreasing
order. Therefore, each device gets a pseudo sequence
number. A slave with the similar weight to its master is
selected as Sub-Master from the piconet device table. In
other words, a slave which has greater weight than any
other slaves in the piconet device table is used as
Sub-Master. Therefore, the role of this slave is set to be
‘SUB’ as shown in Tablel. Then master periodically
transmits the piconet device table to all of its slaves and
bridge(s).

The approach not only saves time but also
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reduces communication cost for reconstructing a new
master. Figure 3 shows flow of Sub-Master selection.

Piconet
device table
creation

Sub-Master
designation

T able
transmission

l

12| 3. Sub-Master A8 5T
Fig. 3. Flow of Sub-Master selection

3.4 Scatternet Reformation

Due to mobility of devices or limited power, the
topology of scatternet may be changed on occasion. If
the moving device is a slave, the topology change
only occurs in the two piconets. However, if the role
of moving device is either master or bridge in the
scatternet, not only the piconet topology but also the
scatternet topology would change. Thus, a Fast-Recovery
mechanism is essential for scatternet reformation.

Figure. 4 shows that the flow of scatternet
reformation. The first step is device movement
detection, which is responsible for detecting the
master that loses connections to its piconet.
According to BT Specification, a master periodically
polls its slaves in the piconet. Let period of the
master polling any device in the piconet be Tpoll, if
a slave or bridge has not received any polling packets
from its master for Tidle, the slave or bridge knows
that its master has moved or powered off. Note that
the value of Tidle would set be to satisfy Tidle >
nTpoll. The average time required to detect the
master moving out relies on the above parameters.

Moreover, the value of parameters can be adjusted

for different device mobility to detect the moving of
device quickly.

Master
movement
detection

Sub-Master enters
page state

Dtherslaves and

bridg e(s) in the

ariginal piconet

enter page sean
state

Lostslave switches
to page state to try
to connectwith a
slave in the
original piconet

Recovered
iconet status

complete
recavery

recaveny
failure

S catte rmet
reconstruction

2] 4. 291 XM 55
Fig. 4. Flow of scatternet reformation

If a master is detected by its slaves and bridge(s),
according to the stored piconet device table A slave
with the role of Sub-Master designated in the
previous phase of Sub-Master selection goes into page
state. On the other hand, other slaves and bridge(s)
of the original piconet enter page scan state to wait
for paging. Therefore, the Sub-Master acts as the
new master instead of the old to connect with other
slaves and bridge(s) of the original piconet. Then
after the page process the piconet is recovered.

However, we notice that the communication range of the
new master may not cover the same communication
range as the old covered. Let the communication range of
the original piconet be Ar. AAr is set to be the
communication range that the new does not cover
(Fig. 5(a)). Therefore,

cases on the status of recovered piconet and adopt

we also consider about two

different approaches to deal with them respectively.
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T2l 5. madl J
Fig. 5. Piconet reformation

(1) Piconet Complete recovery. If all of the slaves
and bridge(s) of the old master are in communication
range of the new, then the new in page state may connect
with them completely. In other words, the recovered
piconet consists of all of the slaves and bridge(s) of the
old. Then a new Sub-Master is designated by the new
master according to its updated piconet device table.

As figure 5(b) shows, Sub-Master M became the new
master, which connected with S1, S2, B1, B2 completely.

(2) Piconet Segment recovery. If some slave in
page state is not in communication range of the new
master, then Sub-Master could not connect with it.
In other words, the original piconet is partitioned
due to the lost slave. Sub-Master updates the original
piconet device table. Then a new Sub-Master is
designated by the new master according to its updated
piconet device table and sends it to its slaves and
bridge(s) after piconet recovery. On the other hand, the
lost slave keeps page scan state for Tp. If it is not paged
into piconet during the Tp, then the lost slave switches to
page state.

According to its stored original piconet device table, it
tries to connect with slaves of the original piconet in
sequence till a connection is constructed(considering the
degree of bridge, Sub-Master only connects with a slave in
the original piconet). Then the lost slave updates its
piconet device table as well as. As figure 5(c) shows, S1 is

out of the communication range of the new master.
After keeping page scan state for Tp, the lost slave
enters page state and established a connection link with S2.

(3) Piconet Recovery failure. If the piconet recovery
is unsuccessful, all devices in the original piconet are
reset, then the scatternet is reconstructed.

The algorithm of Fast-Recovery is described as
figure 6.

1Fast—Recovery 0
K
set Tige be average time of detecting master
moverment;
while (Tige > T
for (i=0; i<picol.number-1; i++}{
if (the role of a slave is 'SUB’)
then slave enters page state;
else other slaves and bridge(s) in the
original piconet enter page scan state; }
if (state is complete recovery )
then returr;
elsef{if (state is segment recovery)
then lost slave enters page state
and tries to connect with a slave in the
recovered piconet;}
elselif (state is recovery failure)
then update devices;
execute scatternet reconstruction; }

22| 6. Fast-Recovery YIEIE
Fig. 6. Fast-Recovery algorithm

IV. Simulation

In this section, we conduct simulation study to

compare the proposed algorithm called NEW with
Constructing Long-lived Scatternet called CLLS in
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the time of scatternet formation and scatternet
reformation. A simulation model is presented and the
simulation result is discussed.

4.1 Environment

The algorithm proposed in the paper has been
implemented by using C++ and UCBT (13)(stands for
University of Cincinnati-Bluetooth), which is a ns-2
based Bluetooth network module that simulates the
Bluetooth network operations in great details. UCBT is
operated based on Cygwin.

We assume the radio range of the Bluetooth devices is
10m, Bluetooth devices are randomly deployed in a
square region of 10mx10m. The total number of
nodes is 50. The maximum number of active
slaves is 5 in piconets. A piconet model of simulation is
shown in figure 7.

T8 7. T3yl 2oy ngl
Fig. 7. A piconet simulation model

A master called M is located at the old of the
circle. All of the slaves called S1, S2 and bridge(s)
called Bl, B2 that are two outermost slaves with
respect to the origin are randomly dispersed in the
circle area.

4.2 Simulation Results
The proposed algorithm aims at reducing the time of

scatternet reformation caused by the master moving
out. The table 2 shows the comparison of procedures
during running scatternet formation and reformation
procedures between CLLS and NEW respectively. Note that
the connection is only considered as page process in our
algorithm.

E 2. CLLS vs. NEW A2| u|@
Table 2. Comparison of CLLS vs. NEW procedure

*device discovery *connection
*connection *master
CLLS . . .
master selection selection
*device discovery
*connection . .
NEW *master and connection
Sub-Master
selection

Figure 8 shows that the time of scatternet
formation in NEW is a few higher than CLLS. After
scatternet formation procedure, Sub-Master selection
procedure is run. The simulation result indicates the
Sub-Master selection has no great influence on the time of
scatternet formation.

Scatternet Formation Time
10
8 ]
= M
Z 6 /
£
° —a—CLLS
—i— NEW
0 . . .
10 20 30 40 50
Device Number

T8 8. AFHEU M ARE
Fig. 8. Scatternet formation time

Figure 9 shows that our algorithm takes less time than
CLLS with respect to the time of scatternet reformation.
Note that CLLS more and more increases with the
number of devices. However, NEW increases slowly.

The reason is that a Sub-Master is designated in

advance in NEW. When the master moves out from its
piconet, the slaves and bridge(s) of the original piconet
may connect with the Sub-Master directly according to the
original piconet device table. Therefore the time of scatternet
reformation is reduced.
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Scatternet Reformation Time
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Fig. 9. Scatternet reformation time

V. Conclusion and Future Work

In the paper, we have presented an algorithm of
Scatternet Fast-Recovery in Bluetooth Networks. A
sub-algorithm of selection Sub-Master is designed to
select a backup master for scatternet reformation,
which not saves the time of scatternet reformation but
also reduces communication cost for reconstructing a
new master.

The simulation results have shown that sc-
aternet formation is constructed as fast as CLLS.
The time of scatternet reformation is much lower
than CLLS. For the future work, we will go on the
study of device mobility and take into account the
"quality” of the resulting topology.
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