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Abstract

Bluetooth is a wireless communication standard developed for personal area networks (PAN) that gained popularity in
the last years. In its design it was meant to connect a few devices together, however nowadays there is a need to build larger
networks. Construction and maintenance algorithms have great effect on performance of the network. In this work 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 logarithmic dilation. Besides, the construction
costs are proven to be at most constant times more than any other algorithm would need.

1 Introduction

To simultaneously use the computing power of distributed devices, one has to join them with communication links into a
network. Studies of communication in networks of workstations (NOW) have shown that there are some key properties of
the network topology that have to be taken into consideration. Most notably, the routing has to be done efficiently, i.e. the
routing tables should be considerably small, and the distance between any pair of nodes should be as small as possible. What
is important in case of mobile ad-hoc networks, the topology has to be flexible and allow easy adding and removing of new
nodes. Therefore, the cost of nodes joining and leaving the network is also a subject to minimization. Last but not least, the
structure should be scalable, i.e. it should preserve its good properties when the number of hodes is growing.

In this paper we address the problem of network topology construction and maintenance for a wide variety of networks.
We require that all nodes can communicate directly with each other, and all links are bidirectional; for radio networks this
can be achieved by placing all the nodes within the communication radius. Our topology has a very low requirement for
maximum degree of a node, it is sufficient if the node is capable of communicating witighbors.

The requirements above make the Bluetooth protocol [1] perfect candidate for our network design. Bluetooth is one of
the most recent wireless communication standards developed for Personal Area Networking. The advantages of Bluetooth
systems can be enumerated as follows: low power consumption, operation on ISM band, support of both ASC and SCO
channels, small size, low price and robustness. Bluetooth makes it possible to communicate in short and middle range. It is
quite robust to interferences, since it uses frequency hopping (FH) spread spectrum. Thanks to the FH spread spectrum there
can be many nodes in the same area communicating without serious interference problems.

The Bluetooth specification assigns rolesnedistersand slavesto nodes. The structure consisting of one master and
up to 7 active slaves connected to it is calleghi@onet Each piconet has a specific frequency-hopping channel which is



controlled by its master. For efficiency reasons 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 latebasgig@aSuch connection of
piconets by bridges can establish a large network structure aégternet 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.

Very important property of the network is a possibility to make a simple routing in it. Neither large routing tables nor
long lasting path-finding routines schould 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 and still the algorithm responsible for joining nodes into a scatternet should preserve all the
mentioned characteristics.

In this paper we present a solution to the problems described above. We start from the theoretical Cube-Connected-
Cycles structure (CCC) [5] 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 degjreadaf master will havé spare links which can
be used for connecting additional slave nodes.

Among the networks with constant degree, our structure has asymptotically the best possible dil&firg af), which
is important since we want to make routing in our network. The constant hidd@miatation is also small, for nodes the
maximum possible distance in the networl idog n. Furthermore, unlike the previously proposed solutions like BlueCube,
the structure is scalable; the scalability limits are set by the frequency hopping scheme used by Bluetooth protocol rather than
by our topology.

The structure is also asymptotically optimal as far as cost for maintenance is concerned. We prove that for any sequence
of nodes joining and leaving our network, the cost of our algorithm is at Atostmes larger than the cost of the optimal
offline algorithm for the same sequence. To our best knowledge it is the first paper on Bluetooth topology, which applies
competitive analysis to the network maintenance problem.

2 Scatternets: related work and performance criteria

The problem of scatternet formation for Bluetooth has been intensively studied in the last few years. The proposed algo-
rithms can be categorized into two broad clases. First group includes those that assume that all devices are in communication
range of each other. The algorithms from the second group form a network also when this condition is not fulfilled. In both
cases the resulted network is connected, i.e. there is a path between any pair of nodes.

The performance of scatternet networks is strictly related to network topology used to create the network. A scatternet
must be designed so that each node has degree bounded by a cdhstahe(specification). Other important parameters
are the diameter of the network and possibility of efficient routing using only small routing tables. Another important issue is
that each slave should take part in at most two piconets. Participation in more piconets is possible but decreases performance
due to higher probability of collision between masters wanting to communicate with a slave in a given time frame.

2.1 Formations for Devices In Range

One of the earliest scatternet formation algorithm studied by Saloatdi$ [10] is Bluetooth Topology Construction
Protocol (BTCP). It aims to minimize the number of piconets and works in three phases. In the first phase a leader is selected
through a leader election mechanism. In the second phase the leader assigns roles to other devices. The third and last phase
includes actual connections between proper nodes. The BTCP algorithm works only for at most 36 nodes and for larger
number proposes scheme that does not build a fully connected scatternet.

Ramachandrast al [9] concentrate on the aspect of choosing roles of masters and slaves for all nodes and connecting
them so as to minimize the number of piconets. They 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.

Baatzet al[2] propose a scheme based on composing the topologyldtctors (a 1-factor is a graph of maximum degree
at mostl, 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. The number of 1-factdrsnay be selected frorato 2n — 1. A single 1-factor graph is not sufficient to build a
connected graph but combinig — 1 properly chosen 1-factors obviously yields the complete graph. This topology has an
advantage of having multiple active piconets at the same time even if there is overlap between them. However, the roles of
masters and slaves are distributed equally which is not disarible for scatternets.



The tree scatternet formation (TSF) [12] is a self repairing structure, which organizes nodes into a tree. It allows nodes
to arrive and leave arbitrarily. The structure of a tree 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 communicatin.

Wanget al [13] define randomized 3-phased algorithm calBdenet Bluenet constructs the scatternet in a distributed
way without need to designate any leader node. In phase one, each node collects information about neighbors within radio
range, and randomly invites 7 slaves to become its slaves. In second phase, those nodes which are unconnected in phase one
begin to page all their neighbors, attempting to join one piconet. A node which is a slave in more than one piconet becomes
a bridge node. In the third phase piconets get connected to form a single scatternet. At this point the master of each piconet
instructs their slaves to set up outgoing links. When phase-3 is finished, the whole Bluetooth system becomes interconnected
with high probability. The main disadvantage of this topology is that it lacks any structure which would enable simple routing.

Lin et al introduced BlueRing[6] in which the scatternet is based on ring structure. In the first phase a leader election
algorithm is called and then the leader assigns roles all the other nodes. Each piconet can communicate in two directions:
clockwise and counterclockwise. The architecture has a simple routing and is easy to maintain, however it is scalable only to
medium size 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[4] which prdptisesnsional hyper-
cube 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 this places also an upper bound@rimiting the number of
nodes in the network to approximately.

The only truly scalable solution we are aware of is [3] which constructs a network of constant degree and polylogarithmic
diameter. 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.

2.2 Formation for devices not necessarily in range

I. Stojmenovic [11] proposes a topology based on Yao Graph, which is very well established in the area of ad-hoc networks.
Such topology profits from good properties of the Yao Graph like simple routing, low energy consumption, low degree (at
most6) but needs the assumption that all the nodes are on a plane and are equipped with GPS devices.

Zaruba, Basagni and Chlamtac defined two protocols for the formation of Bluetooth scatternets[14]. They assume that
nodes are placed randomly on a plane and that network has low node mobility. The first protocol builds a tree rooted at the
note initiating it. The second protocol speeds up the scatternet formation process by selecting more than one root for tree
formation and merging the trees.

C. Petrioli and S. Basagni describe an algorithm naBleeéMesli7]. It improves the previous topology and constructs a
mesh rather than a tree. This enables the routing procedure to choose one of a few possible paths between each pair of nodes
thus lowering the congestion in the network.

C. Petrioli, S. Basagni and |. Chlamtac proposed another mesh like topology which isRlakstiarg3]. This topology
also builds a mesh but is fully distributed, i.e. does not need any designated node to start the procedure. The algorithm does
not guarantee bounded number of slaves per master, therefore some of the slaves should be parked when number of slaves
exceeds seven causing undesired overhead.

3 Building and maintaining large scale Bluetooth scatternets

Our approach is based on a network topology called Cube Connected Cycles. We consider this topology in two aspects.
One is strictly taken from the graph theory and another one is an adjustment of this topology to the Bluetooth specification. In
subsection 3.1 we give a theoretical definition of the topology and show how it can be implemented using Bluetooth devices.

In the following subsections 3.2 and 3.3 we present two maintenance algorithms for Bluetooth scatternets based on CCC
topology. The first (smooth) changes the structure instantly when nodes are joining or leaving the system and assures that
the number of changes is constant in each step. The second one tries not to change the topology as long as it is 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.
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Figure 1. 3-dimensional Cube Connected Cycles

3.1 Cube Connected Cycles Topology

Definition 3.1 The d-dimensional Cube Connected Cycles network #a®? nodes. The nodes are represented by two
indices(i, j), where0 < i < d and0 < j < 2¢. The connectivity is:

. (i,5 @2 0<i<d0<j<2?
(i:5) =9 (/)7 P
’ (i+£1) modd,j) 0<i<d,0<j<2?

whered represents the bitwise xor operation. The first set of edges are the cube edges; the second set of edges are the cycle
edges. A 3-dimensional CCC is shown in Figure 1.

Observation 3.2 Thed-dimensional Cube Connected Cycles network has the following properties:
1. The number of nodesis= d - 2.
2. The degree of each nodedigor smaller ford < 2).
3. The number of edgesiis = 3 - n =3 -d- 2%~ (or smaller ford < 2).

4. For any two nodea andb we can compute a path fromto b of length at mos$ - d.

The proof of this observation can be found for example in [5].

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 I€ast! - 2! nodes ¢ - 2¢ masters and - d - 2¢~! slaves). It is possible for each
master to have additional slaves, thus the upper bound on the number of nodedimensional network i$3 - d - 29~ 1.

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

Therefore we introduce an intermediate network topology betweedi-themensional CCC and thil + 1)-dimensional
CCC. Thed-dimensional intermediate CCC network, or in shédimensional iCCC network, is defined as follows:

Definition 3.3 Thed-dimensional iCCC network hag + 1) - 2¢ nodes. The nodes are represented by two indjces,
where0 < i < dand0 < j < 2%. The connectivity is:

(i,f) — (i,7 ©2%) 0<i<d0<j<2¢
J ((i+£1) mod (d+1),j) 0<i<d0<;j<2d

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 additional ringingd®r each ring of the CCC.
This additional ring node is connected to the noftés- 1, ) and(0, j). Lacking the existence of a nodé, j + 2(¢+1)),
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 3.4 Thed-dimensional iCCC network has the following properties:
1. The number of nodesis= (d + 1) - 2¢.
2. The degree of each node3igor smaller for each ring nodéd, j) or in case wherel < 2).
3. The number of edgesiis = (3 - d + 2) - 29~ (or smaller ford < 2).

4. For any two nodea andb we can compute a path fromto b of length at most - d.

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

To get from a nodéi, j) to a node(u, v), the following path selection strategy can be used. The first part of the path is to
get from nod€i, j) to node(0, j), which takes at most/2 steps. Then a standard routing scheme for the CCC network can
be used which does not consider iCCC specific nddes). To do so, almost any dimension-order routing scheme can be
used, involving no more thah d steps. The last part of the path selection is to get from riode) to node(u, v), incurring
at most thanl/2 steps. This finishes the proof of Observation 3.4.

For ease of explanation, we assume that@heC and:CCC networks have got a dimension of at least 3. Similar to
the lower and upper bounds for Scatternets using the CCC as network topology, the upper and lower bounds®ar an
network are as follows:

min't¢C = (5-d+4)-2¢1 d>3 maziCC¢ = (13-d+14)-2%71 d>3

3.2 A smooth way to maintain the CCC topology

In this subsection we will introduce a maintenance scheme that will involve a smooth transition fratiimansional
CCC network over @-dimensional iCCC network to @ + 1)-dimensional CCC topology or vice versa. The different steps
of this scheme are displayed in Figure 2. 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 growsud bds does not cause any problems,
since the Bluetooth specification allows a degre@.of

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

At first we only extend each cycle by an additional master numbeéiggttl transform into an iCCC network. Therefore,
each time if a new node enters the system and can not become a loose slave, it extends one of the rings by an additional
masterd (see fig. 2.b). To connect to the master nodlesdd — 1, two bridge nodes are required. As one bridge we can use
the slave node that has formerly connected the nod@esid — 1. As the second bridge we have to take one of the slave nodes
of that ring. This transition can be done locally inside each ring. After this step has been done for all rings, the transition to
ad-dimensional iCCC has been finished.

After the length of each ring has been increased by one, each master acts as two nodés-of-ttiemensional CCC but
still has degre@. 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. 2.c and 2.d). When a master has doubled all of its connections,
it wants to split itself into two nodes, so that each of them takes 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 numbe(d, j + 2%) and the other becomes a bridge betwééyy) 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 conriécjedlfahe node
(0, 7) has not split yet we simply use the edges to confiégt) to (0, j) and(d, j + 2%) to (0, 5). If it has, we connectd, 5)
to (0, 7) and(d, j + 2%) to (0, j + 2¢) (see fig. 2.e).

Fori # d, a maste(i, j) 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 mésten- 27) (there will be no connection betweén j) and (i, j + 2%)).

One edge from each pair of edges stays connectéid tpand the other is connected o j + 2¢). To decide which edge is



Figure 2. Transition froma d-dimensional CCCto a d + 1-dimensional CCC.

connected to which master, we use the same procedure agdpj)anaster. 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 connectigng) with (i, j & 2°), ((i + 1)

mod d, j), (i —1) mod d, j); and(i, j + 2%) with (i, j ® 2! +29), ((i+1) mod d,j+2%), ((i—1) mod d,j +2%) (see

fig. 2.e and 2.1).

After all the masters have split, we increase the dimengion1.

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 sugh< i < d and0 < j < 2¢-! that node numbei, j +2¢-1) still exists and is independent
from node(i, j). We remove the nodg, j + 2¢~!) and attach all of its slaves to the nogej). It will now perform the
roles of both of these nodes. We could 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 3nslaies each.

If we cannot find either loose slaves or independent masters with nuimber 2¢-1), 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 that have numbers- 1, j) for 0 < j < 2¢ — 1 one by one, thus finally decreasing the dimension flom

tod— 1. When we remove such a node, we use one of the slaves that connectet-t2gj) and(0, j) to conneci{d — 2, j)

and(0, j) and the other one can become a loose slav@.9f).

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

3.3 Stepping from ad-dimensional CCC to a(d + 1)-dimensional CCC by using the iCCC as intermediate
topology

In subsection 3.2 we have presented a maintenance scheme for a scalable Bluetooth topology that only induces very few
changes if a node enters or leaves the network. In this subsection we will introduce a maintenance scheme that can cause
a large number of updates for a single change in the network topology but can ensure that these large changes occur very
seldom and that each update can be organized locally for each part of the network.

The idea is to update the network at once fromd-dimensional CCC to d@-dimensional iCCC (or vice versa) or from
the d-dimensional iCCC to théd + 1)-dimensional CCC (or vice versa) without substeps if the number of nodes exceeds



(falls below) a certain threshold. To describe the maintenance algorithm we have to define the number of nodes that lead to a
change in the network topology:

o If the network topology is @-dimensional CCC and the number of nodes falls below- 2¢-1, the network topology
changes into & — 1)-dimensional iCCC.

o If the network topology is al-dimensional CCC and the number of nodes increases to morel6hada - 2471, the
topology changes into @dimensional iCCC.

o If the network topology is d-dimensional iCCC and the number of nodes falls betow- 2¢-1, the network topology
changes into @-dimensional CCC.

o If the network topology is @-dimensional iCCC and the number of nodes increases to moré thad + 14) - 241,
the topology changes into(d + 1)-dimensional CCC.

To check that a transition is always feasible it is sufficient to check both following inequalitigsfar

mingflc < maxficcc
minflccc < maccgcc

In the following we will explain in more detail, how our algorithm copes with new nodes and leaving nodes.
A node enters the network:

o If the network does not have to change its topology, the new node can be inserted as a loose slave of an arbitrary,
existing master node.

o If the network transits from d-dimensional CCC network into&dimensional iCCC network, the length of each ring
has to be increased by one. Therefore, one additional master node and one additional bridge node are required for each
ring. Having3 - 2¢~! loose slave nodes in the network and the network consistiag ohgs, each ring has gay2 - d
loose slave nodes on average. Therefore all communication and reconstruction inside the network can be done locally
for each ring, when the network transits from-@limensional CCC to d-dimensional iCCC.

o If the network transits from d-dimensional iCCC network into &+ 1-dimensional CCC network, each ring of the
iICCC network has to be doubled, and from each ring of the original iCCC network an additional connection to its
doubled ring has to be created. Therefdfe; d + 4) - 2¢~! nodes are required to double each node 2thtiridge
nodes are required to build one connection from each new ring to its correspondent old ring. After the doubling of all
the rings, there are stifi - d - 2! loose slave nodes in the network.

A node leaves the network:

e The network topology does not change if there are still loose slaves inside the network. If the leaving node is one of
these loose slaves, nothing has to be done. Otherwise, the role of the leaving node can be exchanged with the role of
an arbitrary loose slave.

o If the topology of the Scatternet is based od-dimensional CCC network and there are no loose slaves left, the
topology changes into @ — 1-dimensional iCCC network. Therefore, all master nodeg) with j > 2¢ have to be
merged with their corresponding master n¢dg — 2¢). The bridge nodes formerly connected to this master node and
the master node itself now join masteér;j — 2¢) as loose slaves.

o If the topology of the Scatternet is based od-dimensional iCCC network and the number of nodes falls below
6-d-2971, the topology changes intodadimensional CCC network. Therefore, all master nqdeg) become slaves
of their neighbor nod€0, j). The former bridge node between the nodgs) and(d, j) becomes a new bridge node
between the nodesl — 1, j) and (0, j). The former bridge node between the no@és- 1, j) and(d, j) becomes a
loose slave node of the master ndde- 1, j).

The steps between the different network topologies can lead to a large number of connections that have to be changed.
Therefore it is important to bound the number of events that can cause such a transition. In the following we will show that

if the algorithm changes the dimension carefully it does not have to do it too often. These intuitions are formalized in the
following theorem.



Theorem 3.5 If the dimension of the netwotkwith d > 3 has just changed and the current number of nodestisen at
least§ nodes have to join or leave the network for the dimension to change again.

Proof. We have to consider the following four cases:

1. The network topology of the Scatternet changes frafrdamensional CCC to d-dimensional iCCC network. In this
case, the number of Bluetooth nodes 10 - d - 2¢~! + 1. The topology will change again if the number of Bluetooth
nodes falls belové - d - 2¢~1 or increases t913 - d + 14) - 2¢~! + 1. In the first case, at least

n—(min’f°“ -1 = 10-d-2'+1-6-d-2771 +1
4-d-29714+2>n/3
Bluetooth nodes have to leave the network. In the second case, at least
(mazif¢C +1)—n = (13-d+14)-27'+1-10-d-2¢7 -1
= (3-d+14)-2¢" >n/4
have to enter the network.

2. The network topology of the Scatternet changes froh & 1)-dimensional CCC to d@-dimensional iCCC network.
In this case, the number of Bluetooth nodeis 5 - (d + 1) - 2¢ — 1. The topology will change again if the number of
Bluetooth nodes falls below- d - 29! or increases t¢13 - d + 14) - 2¢=1 + 1. In the first case, at least

wwee ) 5-(d+1)-2¢—1-6-d-2971 +1

= (4-d+10)-2¢71 >n/3

n — (min

Bluetooth nodes have to leave the network. In the second case, at least
(maziPC“+1)—n = (13-d+14)-2" ' +1-5-(d+1)-2¢+1
= 3-d+4)-2'+2>n/5
have to enter the network.

3. The network topology of the Scatternet changes frafrdamensional iCCC to &d + 1)-dimensional CCC network.
In this case, the number of Bluetooth nodeis (13 - d + 14) - 2¢=1 4 1. The topology will change again if the number
of Bluetooth nodes falls belo®- (d + 1) - 2¢ or increases ta0 - (d + 1) - 2¢ + 1. In the first case, at least

n — (ming&° — 1) (13-d+14)- 27 41 -5-(d+1)-29 -1
= (3-d+4)-2771>n/5

Bluetooth nodes have to leave the network. In the second case, at least
(maz§°° +1)—n = 10-(d+1)-2¢41—-(13-d+14)-2471 1
(7-d+6)-277"1 >n/3
have to enter the network.

4. The network topology of the Scatternet changes frairdanensional iCCC to @-dimensional CCC network. In this
case, the number of Bluetooth nodes 6 - d - 29~ — 1. The topology will change again if the number of Bluetooth
nodes falls belovs - d - 21 or increases ta0 - d - 2¢ + 1. In the first case, at least

n—(min§°“—-1) = 6-d-271—-1-5.4-2¢71 +1
d-2%1>n/6
Bluetooth nodes have to leave the network. In the second case, at least
(maz§°° +1)—n = 10-d-2941-6-d-2971 +1
= 4.-d-271 +2>n/2
have to enter the network.

The theorem follows.



4 Comparison of the maintenance of the CCC 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 interruption of the current communication traffic. To compare our strategy with the best possible strategy, we
introduce the following, simple cost model:

Definition 4.1 Each insertion or removal of a connection costs one cost unit.

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

4.1 Analysis of the smooth maintenance scheme

In the following theorem we 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 4.2 The smooth maintenance scheme for the CCC scatternet construction is 6-competitive for the insertion and
20-competitive for the removal of nodes compared with a best possible strategy.

Proof. To prove the theorem we have to show that every insertion or removal of a node only induces a constant number of
connection updates.

The proof is divided into two parts. In the first part we will show that the insertion of a new node can cause at most six
connection updates. In the second part we will show that the deletion of a node can only cause at most 20 changes in the
interconnection structure.

Lemma 4.3 Each insertion of a new node can cause at most six connections to change.
Proof. If a new node is inserted into the scatternet, the following cases can occur:

1. The new node becomes a slave node of an existing master. The new node becomes a slave of one master and we create
exactly one new connection from the master to the slave.

2. The new node becomes a new ring ndddo connect nodd to the ring noded — 1 and0, the former bridge node
between nod€ — 1 and nodd) disconnects from nodé— 1 and connects to node Furthermore, one slave node has
to disconnect from its master and connect as new bridge node to the ringdiedesndd. Therefore, five connection
updates occur.

3. The new node becomes a bridge node to form a double ring connection. As a bridge node, the node has to connect to
two master nodes of the ring. No existing connection has to change.

4. The insertion of a new node causes a n@tlg) in a doubled! dimensional network to split and the new node becomes
the CCC nodéd, j + 2%). To connect to the nodgl, j), one of the loose slave nodes of ndde;) becomes a bridge
node and connects t@l, j + 2¢). Furthermore, two of the double ring connections have to be connected to node
(d,7 + 29). They have to disconnect from nodé j) and to connect to nodgl, j + 2¢). In total, two connections
have to be removed and three new connections have to be formed.

5. The insertion of a new node causes a n@dg) with ¢ # d to split and the new node becomes the CCC node
(1,7 + 2%). Three of the slaves, that have formed the doubled connections from(ngdénave to disconnect from
their former master and to connect to the new CCC node. Therefore, three connections have to be removed and three
new connections occur, leading to six connection changes.

Lemma 4.4 Each deletion of a node can cause at most 20 connections to change.



Proof. If a node leaves the CCC network, our maintenance algorithm works inversely to the situation that a node joins it.
The main assumption of this process is that any node can take over any role in the alternative CCC network and therefore the
position of the leaving node can be arbitrarily chosen by moving any node to its former position.

The leaving node can have at most seven connections if it is a master node in the Bluetooth environment and at most two
connections if it is a slave node. Therefore, at most seven connections have to be removed from the leaving node and seven
connections have to be build by the node overtaking its role. Thus, the replacement of the leaving node can induce at most
14 connection changes.

Besides the number of connection changes induced by the role exchange, we have to consider the changes induced by
removing the replacement node from its former positions:

1. If the replacement node was a loose slave, the node can be removed from its master node in the Bluetooth network.

2. If the replacement node was a master ring node with node nufbgrfor 0 < j < 2¢, the replacement node has to
be removed from the ring and its bridge nodes have to reconnect. Therefore, both of its slave bridge nodes disconnect
from the replacement node and the bridge node, formerly connecting(dodé, ;) with the replacement node, has
to connect to nod€y, j), leading to three connection updates.

3. If the replacement node was a bridge node between two master nodes forming a double ring connection, the removal
of this node leads to two connection removals.

4. If the removal of a replacement nogie; + 2¢) causes two nodes in the CCC network to merge, all of the slaves of the
replacement node have to be attached to the merged node. Due to the fact that the replacement node has got at most
three slave nodes, at most six connection changes can occur, three connections being removed ftom-nade
and three connections being attached to nodg).

Accumulating the number of connection changes induced by changing the roles of the leaving node with its replacement
node and the number of connection updates induced by removing the replacement node from its former position, at most 20
connection changes can occur. O

The proof for the theorem follows from lemma 4.3 and lemma 4.4. O
4.2 Overhead of the stepping algorithm

The disadvantage of the smooth maintenance scheme is that the topology of the Scatternet is in a steady transformation.
Using the stepping scheme to maintain the CCC topology, it is possible to keep the topology constant for a longer time. The
disadvantage is that a single insertion or deletion of a node can cause many changes at once. In the following theorem we
will show that the (amortized) overhead of the maintenance scheme can be bounded by a constant:

Theorem 4.5 The amortized overhead of the stepping from a CCC topology to an iCCC topology or vice versa can be
bounded by 12 connection changes per insertion or deletion of a node.

Proof. In theorem 3.5 we have shown that after the stepping from a CCC to an iCCC topology or vice versargtdeast
nodes have to enter or leave the system before another stepping occurs.
The number of connections that have to be changed in this case can be bounded by the following lemmata.

Lemma 4.6 If the Scatternet changes fromiadimensional CCC topology to &dimensional iCCC topology, at mosf5
connections have to be changed.

Proof. All changes during the transition fromdadimensional CCC to d-dimensional iCCC topology can be done locally
for each ringj. Therefore, one of the loose slaves inside each ring has to disconnect from its master and become a new ring
master, leading to one connection change. Furthermore, one loose slave node from masgterrogeand one loose slave
node from master nod@, j) have to connect to the new master nédgy).

Having 2¢ rings inside the network, the transition requifes2? connection changes. Comparing this to the number of
nodesn = 10 - d - 24! of thed-dimensional CCC shows, that each transition frosdimensional CCC to d-dimensional
iCCC can only lead ta/5 connection changes far> 3. O
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Lemma 4.7 If the Scatternet changes fromiadimensional iCCC topology to @&dimensional CCC topology, at mast3
connections have to be changed.

Proof. All changes during the transition fromdadimensional iCCC to @-dimensional CCC topology can be done locally
for eachringj. Therefore, each mastgf, j) has simply to disconnect from its bridges and to connect to one of the remaining
masters inside the ring. Furthermore, one of the loose slaves of(dodd, j) has to become a bridge node to the node
(0, 7), leading to 3 connection changes in each ring.

Having 2¢ rings inside the network, the transition requifes2? connection changes. Comparing this to the number of
nodesn = 6 - d - 297! of thed-dimensional iCCC shows, that each transition frohdimensional CCC to d-dimensional
iCCC can only lead ta/3 connection changes far> 3. O

Lemma 4.8 If the Scatternet changes fromdadimensional iCCC topology to @+ 1-dimensional CCC topology, at most
2 - m connections have to be changed.

Proof. The stepping from @-dimensional iCCC topology to &+ 1-dimensional CCC topology requires that each node in
the network has to be doubled. Therefarose slaves have to disconnect from their master nodes and to become masters
themselves.

Furthermore, each new master nadgj) with 0 < ¢ < d has to connect to three new master nodes. The bridge nodes
between these new masters formerly have been loose slaves, requiring 3 connection changes for each bridge node. The new
master nodegd, j) have to connect to two new masters and one master in the former iCCC topology, requiring on average
less than 3 connection changes per bridge node.

Therefore, the number of connection changes can be boundedH/- n/4 <2 -n O

Lemma 4.9 If the Scatternet changes fromdat- 1-dimensional CCC topology to @&dimensional iCCC topology, at most
2 - n connections have to be changed.

Proof. The stepping from @ + 1-dimensional CCC topology to @&dimensional iCCC topology requires that half of the
master nodes in the network and all of their slaves have to become loose slaves of the remaining masters.

This leads to 4 connection updates for each changing master and 3 connection updates for each slave that connects two
changing masters. Therefore, the total number of connection updates can be boutdegdby- 2 - n. O

The previous lemmata have shown that there are at thoat connection changes to step from the iCCC to the CCC
topology or vice versa. Taking into consideration that there have to be atléastsertions or deletions of nodes to require
the next stepping, the amortized additional number of connection changes required by the stepping per insertion or deletion
can be bounded by 12.

In the analysis above we took into consideration only the cost of the reconstructions in the network caused by global
topology changes. However, if a node joins or leaves the system and this does not cause the topology to change, the number
of connection changes can also be bounded by a constant. O
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