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Abstract. Bluetooth is a wireless communication standard developed
for personal area networks (PAN) that gained popularity in the last
years. It was designed to connect a few devices together, however nowa-
days there is a need to build larger networks. Construction and mainte-
nance algorithms have great effect on performance of the network. We
present an algorithm based on Cube Connected Cycles (CCC) topology
and show how to maintain the network so that it is easily scalable. Our
design guarantees good properties such as constant degree and logarith-
mic dilation. Besides, the construction costs are proven to be at most
constant times larger than any other algorithm would need.

1 Introduction

In this paper we address the problem of network topology construction and
maintenance for a wide variety of networks. We require any two nodes to be
able to build a bidirectional communication link; for radio networks this can be
achieved by placing all the nodes within the communication range. Our topology
has a very low requirement for the maximum degree of a node. It is sufficient if
the node is capable of communicating with 7 neighbors simultaneously.

The requirements above make the Bluetooth protocol [I] a perfect candidate
for our network design. Bluetooth is one of the most recent wireless communica-
tion standards developed for Personal Area Networking. Its specification assigns
roles of masters and slaves to nodes. The structure consisting of one master
and up to 7 active slaves connected to it is called a piconet. Each piconet has
a specific frequency-hopping channel which is controlled by its master. For effi-
ciency reasouns it is profitable to minimize the number of masters (and thus the
number of piconets) and connect two masters not directly, but through a slave,
to which we refer later as a bridge. Such connection of piconets by bridges can
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establish a large network structure called scatternet. Furthermore, the frequency
hopping mechanism used by Bluetooth makes the situation, in which a bridge
participates in more than two piconets, very undesirable, since the probability
of collision between its masters grows very quickly.

An important property of a network is the possibility to maintain a simple
routing scheme in it. Neither large routing tables nor long lasting path-finding
routines should be used due to bounded network bandwidth and memory of the
devices. Last but not least, dynamic scalability of the network should be taken
into consideration. This means that nodes can join and leave the network at
their convenience without loosing the mentioned characteristics.

In this paper we present a topology which has all the properties mentioned
above. We start from the theoretical Cube-Connected-Cycles structure (CCC) [2]
and we model it using Bluetooth devices. Each node in the theoretical structure
is simulated by a Bluetooth master. Further, if we have a communication link
between two nodes in the theoretical structure, we join the two corresponding
masters by a bridge. Since in CCC each node has a degree of 3, each master will
have 4 spare links which can be used for connecting additional slave nodes.

Among the networks with constant degree, our structure has asymptotically
the best possible dilation of O(logn); the constant hidden in the O notation
is small. The scalability limits are set by the frequency hopping scheme used
by Bluetooth protocol rather than by our topology. The maintenance cost is
also optimal. We prove that for any sequence of nodes joining and leaving our
network, the cost of our algorithm is at most 18 times larger than the cost of
the optimal offline algorithm for the same sequence.

2 Scatternets: Related Work

The problem of scatternet formation for Bluetooth has been intensively stud-
ied in the last few years. The proposed algorithms can be categorized into two
broad clases. The first group includes those that assume that all devices are
in communication range of each other. The algorithms from the second group
form a connected network also when this condition is not fulfilled. Due to space
limitations we do not go into details for the second group. Check [BlELEL[6] for
more information.

Formations for Devices In Range. One of the earliest scatternet formation
algorithm studied by Salonidis et al [7] is the Bluetooth Topology Construction
Protocol (BTCP), which works only for at most 36 nodes. For a larger number
of nodes it proposes a scheme that does not build a fully connected scatternet.
Ramachandran et al [§] give two distributed algorithms (one randomized and one
deterministic) which build optimal topologies consisting of stars. The issue of
choosing bridges to connect the stars is left open. Baatz et al [9] propose a scheme
based on composing the topology of k 1-factors (a 1-factor is a graph of maximum
degree at most 1, i.e. consisting of independent edges). In each 1-factor one node
of an edge is treated as a master and the other as a slave. This topology has an
advantage of having multiple active piconets at the same time even if there is
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overlap between them. However, the roles of masters and slaves are distributed
equally which is not desirable for scatternets. The tree scatternet formation
(TSF) [10] is a self repairing structure, which organizes nodes into a tree. It
allows nodes to arrive and leave arbitrarily. The tree structure guarantees that
there are no loops in the network and thus that routing between any pair of nodes
is unique. It succeeds in minimizing the number of piconets in the network but is
not suitable for larger networks due to high delays in communication. Wang et
al [I1] define an algorithm called Bluenet which aims at constructing a random
connected graph. The main disadvantage of this topology is that it lacks any
structure which would enable simple routing. Lin et al introduce BlueRing[12]
in which the scatternet is based on a ring structure. The architecture has a simple
routing and is easy to maintain, however it is only scalable up to a medium sized
networks (50-70 nodes). It is unusable for larger networks because of an average
dilation and congestion being linear in the size of the network. One of the most
advanced approaches in the design of scatternets is BlueCube[I3] which proposes
a d-dimensional hypercube as a theoretical basis of the network formation. It has
a logarithmic dilation, but is only defined for a certain number of nodes. Since
the degree of a Bluetooth node is limited to 7, this places also an upper bound
on d, limiting the number of nodes in the network to approximately 27. The
only truly scalable solution we are aware of is proposed in [14], where a network
of constant degree and polylogarithmic diameter is constructed. The network
is based on a backbone that enables routing based on virtual labeling of nodes
without large routing tables or complicated path-discovery methods. The scheme
is fully distributed and dynamic in the sense that nodes can join and leave the
network at any time.

3 Building and Maintaining Large Scale Bluetooth
Scatternets

Our approach is based on a network topology called Cube Connected Cycles.
We consider this topology on the basis of the graph theory and adjust it to the
Bluetooth specification. First we give a theoretical definition of the topology and
show how it can be implemented using Bluetooth devices. Then we present a
maintenance algorithm for Bluetooth scatternet based on CCC topology. The
algorithm changes the structure instantly when nodes are joining or leaving the
system and assures that the number of changes is constant in each step. In the
full version of the paper we present another algorithm, which tries not to change
the topology as long as possible; the resulting topology updates are large but
happen very rarely. The amortized number of changes is even lower than in the
case of the smooth maintenance scheme.

Cube Connected Cycles Topology.

Definition 1. The d-dimensional Cube Connected Cycles network has d - 2%
nodes. The nodes are represented by two indices (i,j), where 0 < i < d and
0 < j < 2%. The connectivity is:
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. (i,7 @ 2%) 0<i<d,0<j<24
(Z])—> ) , J
’ (i+£1) modd,j) 0<i<d0<j<2?

where ® represents the bitwise xor operation. The first set of edges are the cube
edges; the second set of edges are the cycle edges.

Observation 1. The d-dimensional Cube Connected Cycles network has the fol-
lowing properties:

The number of nodes is n = d - 2¢.

The degree of each node is 3 (or smaller for d < 2).

The number of edges ism =2 -n=3-d-29"1 (or smaller for d < 2).

For any two nodes a and b we can compute a path from a to b of length at
most 3 - d.

™o o~

The proof of this observation can be found for example in [2].

If we want to use the CCC topology as a basic interconnection network for the
Bluetooth Scatternet formation, we have to be careful and consider the roles for
masters and slaves. We propose that nodes in the CCC network are represented
by masters in the Scatternet network. Each link from the CCC network will be
implemented by a slave (called also a bridge) belonging to two masters and no
slave slave will be connected to more than two masters. We can observe that for
simulating d-dimensional CCC we need to have at least 5 - d - 2471 nodes (d - 2¢
masters and 3-d- 297! slaves). It is possible for each master to have 4 additional
slaves, thus the upper bound on the number of nodes in d-dimensional network
is 13-d- 2471,

When the number of devices participating in the network exceeds this num-
ber, we have to start a process which will rebuild the network. The easiest way
would be just to increase d by 1. However, this solution would not work due to
the lower bound on the required number of nodes in a d 4+ 1-dimensional CCC
network.

Therefore we introduce an intermediate network topology between the d-
dimensional CCC and the (d + 1)-dimensional CCC. The d-dimensional inter-
mediate CCC network, or in short d-dimensional iCCC network, is defined as
follows:

Definition 2. The d-dimensional iCCC network has (d + 1) - 2¢ nodes. The
nodes are represented by two indices (i,7), where 0 <i < d and 0 < j < 29, The
connectivity is:

o (i,§ @ 2%) 0<i<d,0<j<24
(4,9) —
’ (i£1) mod (d+1),j) 0<i<d0<j<2¢

The first set of edges are the cube edges; the second set of edges are the cycle
edges.

Compared to the standard CCC definition, the iCCC topology contains an ad-
ditional ring node (d, j) for each ring of the CCC. This additional ring node is
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connected to the nodes (d — 1,5) and (0,7). As node (d,j + 2(4*1) does not
exist, node (d, j) does not have a cube edge.

The properties of the iCCC network are very similar to the properties of the
CCC network topology:

Observation 2. The d-dimensional iCCC network has the following properties:

1. The number of nodes is n = (d + 1) - 2.

2. The degree of each node is 3 (or smaller for each ring node (d,j) or in case
where d < 2).

3. The number of edges is m = (3 -d + 2) - 291 (or smaller for d < 2).

4. For any two nodes a and b we can compute a path from a to b of length at
most 4 - d.

The properties 1 to 3 directly follow from the definition of the d-dimensional
iCCC network. Observation 4 can be derived from the properties of a d-
dimensional CCC network.

To get from a node (i, 7) to a node (u, v), the following path selection strategy
can be used. The first part of the path is to get from node (i, j) to node (0, j),
which takes at most d/2 steps. Then a standard routing scheme for the CCC
network, which does not consider iCCC specific nodes (d, j), can be used. To
achieve this, almost any dimension-order routing scheme can be used, involving
not more than 3 - d steps. The last part of the path selection, incurring at most
than d/2 steps, is to get from node (z,v) to node (u,v). This finishes the proof
of Observation 2

For ease of explanation, we assume that the CCC and iCCC networks have
got a dimension of at least 3. Similar to the lower and upper bounds for Scat-
ternets using the CCC as network topology, the upper and lower bounds for an
1CCC network are as follows:

min't¢C = (5-d+4) 2471 maziCCC = (13-d + 14) - 2471

A Smooth Way to Maintain the CCC Topology. Below we introduce a
maintenance scheme that will involve a smooth transition from a d-dimensional
CCC network over a d-dimensional iCCC network to a (d+ 1)-dimensional CCC
topology or vice versa. The different steps of this scheme are displayed in Fig.
[[ During the transition, for some time each master will have to simulate the
behavior of two nodes in the CCC network. Therefore the degree of a master can
grow up to 6. This does not cause any problems, since the Bluetooth specification
allows a degree of 7.

The transition from a d dimensional network to a d + 1 dimensional network
involves several steps:

At first we only extend each cycle by an additional master numbered d and
transform the network into an iCCC network. Therefore, each time if a new node
enters the system and cannot become a loose slave, it extends one of the rings
by an additional master d (see Fig. [lb). To connect to the master nodes 0 and
d — 1, two bridge nodes are required. As the first bridge we can use the slave
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Fig. 1. Transition from a d-dimensional CCC to a d + 1-dimensional CCC

C

node that has formerly connected the nodes 0 and d — 1. As the second bridge
we have to take one of the slave nodes of this ring. This transition can be done
locally inside each ring. After this step has been made for all rings, the transition
to a d-dimensional iCCC is finished.

After the length of each ring has been increased by one, each master acts as
two nodes of the d + 1-dimensional CCC but still has degree 3. From now on,
each master wants all of its connections to be doubled. This can also be done
gradually as new nodes come and join the network as loose slaves (see Fig. [dlc
and [[1d). When a master has doubled all of its connections, it wants to split
itself into two nodes, each of them taking over one of the connections from each
pair. At this point we distinguish between two types of masters.

A master (d, j) splits itself as soon as it has two loose slaves and both of its
edges are doubled. One of its slaves becomes master (d,j + 2¢) and the other
becomes a bridge between (d,j) and (d,j + 2%). Both pairs of cycle edges are
treated in the same way. We describe the procedure for the edges which were
both originally connected to (0, 7). If the node (0, j) has not split yet, we simply
use the edges to connect (d,j) to (0,7) and (d,j + 2%) to (0,7). If it has, we
connect (d, j) to (0,75) and (d,j + 2¢) to (0,7 + 29) (see Fig. [Mle).

For i # d, a master (i,7) splits itself as soon as it has a loose slave and all
three of its edges (two cycle edges and one cube edge) are doubled. It uses the
slave to create master (i,j + 2¢) (there will be no connection between (i, j) and
(i,5 +2%)). One edge from each pair of edges stays connected to (4, ) and the
other is connected to (i,7 + 2¢). To decide which edge is connected to which
master, we use the same procedure as for master (d, j). If a node on the other
side of the edges has not yet split, we do it arbitrarily. If it has, we do it so that
we achieve the following connections: (i, j) with (4,7 @ 2%), ((i + 1) mod d, ),
((i —1) mod d,7); and (i, + 2¢) with (i,5 @ 2° +24), ((i + 1) mod d,j + 2%),
((i —1) mod d,j + 2%) (see Fig. [lle and [IIf).

After all the masters have split, we increase the dimension d by 1.

If a node wants to leave the network, our algorithm works in general inversely
to the situation when a node joins the network. The main assumption is that
we can exchange the leaving node with any other node in the network. Thus, we
can decide which node actually leaves.

Reduction of the network proceeds in three phases. If there are any loose
slaves, they are removed in the first place. If there are none, we try to find such
0<i<dand0 < j < 2% that node (i,j—|—2d_1) still exists and is independent
from node (4,7). We remove the node (i, + 2971) and attach all of its slaves
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to the node (7,7). It will now perform the roles of both these nodes. We were
allowed to attach all the slaves from one node to the other due to the fact that
there were no loose slaves at any of those nodes, so they both had at most 3
slaves each.

If we cannot find either loose slaves or independent masters numbered (i, j +
2‘1_1)7 we remove double connections, i.e. if we are able to find a pair of masters,
that have two bridges between them, we remove one of the bridges. Last of all
we can remove nodes (d — 1,5) for 0 < j < 2¢ — 1 one by one, finally decreasing
the dimension from d to d — 1. When we remove such a node, we use one of the
slaves that connected it to (d — 2, ) and (0,7) to connect (d — 2, ) and (0, j)
and the other slave can become a loose one of (0, j).

At the same time as removing the double edges, i.e. after all the masters have
been merged in pairs, we decrease the dimension d by 1.

4 Comparison of the Maintenance Scheme with the Best
Possible Strategy

If a node enters or leaves the network, the topology of the network changes.
Each change of the topology causes costs in terms of interruptig the current
communication traffic. To compare our strategy with the best possible strategy,
we introduce the following, simple cost model:

Definition 3. Fach insertion or removal of a connection costs one cost unit.

In the following theorem, we assume that the best possible strategy has only to
change one connection for each insertion or removal of a node.

It is possible to show that even in this cost model the additional costs induced
by our smooth strategy compared to the best possible strategy can be bounded
by a constant factor.

Theorem 3. The smooth maintenance scheme for the CCC scatternet construc-
tion is 6-competitive for the insertion and 20-competitive for the removal of nodes
compared with a best possible strategy.

The proof is available in the full version of the paper.
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