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1. Introduction
1.1. Summary
Bluetooth standard allows the creation of piconets, with one node serving as its
master and up to seven nodes serving as slaves. Additional slaves must be parked, with
significant overhead involved for parking and unparking them. Although the standard
allows for the creation of a collection of connected piconets, called scatternet,, it does not
give any particular protocol for it. In a unit disk graph, two nodes can communicate with
each other if and only if the distance between them is at most R, where R is transmission
radius which is equal for all nodes. Given a set of Bluetooth nodes which are positioned
so that their unit disk graph is connected, the Bluetooth scatternet formation (BSF)
problem is to select piconets, and master and slave roles in each piconet, so that the
obtained scatternet is connected, has some desirable properties and with a good
performance with respect to some metrics. This chapter surveys the solutions proposed
so far in the literature for the BSF problem.

1.2. Related scheduling problem
When two Bluetooth devices establish communication, one of them assumes the
role of a master node while the other is a slave node. Two nodes in a scatternet can
communicate by finding a route between them, where each hop is a master-slave pair of
nodes from the same piconet. A node may serve as the master in at most one piconet, and
as a slave in unlimited number of other piconets. However, while it serves as slave in
other piconet, its own piconet (if it has master role in any of them) will be idle.
Obviously, there are problems of scheduling transmissions and the time division for each
master and slave node so that the overall operation is synchronized and the delay is
minimized. The scatternet characteristics will have a direct impact on performance of
scheduling protocols. Miklos et all [MRTVJ] concluded that piconet switching poses a
significant overhead and has a major impact on system performance. It is therefore
important for overall scatternet performance not only that scatternet topology is carefully
constructed, but also that piconet switching is scheduled as efficiently as possible. This
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chapter is concerned only with the Bluetooth scatternet formation (BSF) problem. The
scheduling problem is a non-trivial one and it is discussed elsewhere in the same book as
this chapter.

1.3. Preliminary taxonomy of BSF protocols
We will describe now a classification taxonomy for the most known Bluetooth
scatternet formation (BSF) algorithms. The main criteria used to evaluate these protocols
will be on how they achieved the main mission, of providing a connected and a degree
limited scatternet topology. Starting from a connected unit disk communication network
and assuming that each node is aware of all its neighbours within a communication range,
the algorithms will be classified into those that guarantee connectivity and those that do
not guarantee connectivity,. Obviously, there is tiny probability that two nodes will never
find each other, therefore connectivity cannot be guaranteed in that sense even for a
network consisting of two nearby nodes. Thus the assumption is natural, and connectivity
is judged subject to established neighbours knowledge.
The next classification is based on observing degree limitation. The protocols will
be divided into those that guarantee degree limitation for each created piconet (that is,
always no more than seven slaves for each master) and those that do not guarantee degree
limitation.
Existing protocols may also be divided into those that work properly and are
designed for the single-hop scenarios only, where each device is within communication
range of any other device in the network. In this case, and using the graph terminology,
the unit disk communication graph is a complete graph. More general protocols can be
applied for single-hop scenarios as well, but they are designed to work properly for
arbitrary type of unit disk graphs, that is, for multi-hop scenarios, where some nodes are
not within transmission range of each other, but are connected via other nodes in multihop fashion. This chapter will primarily classify the existing protocols into these two
categories, and describe them in separate sections.
The protocols can also be divided into those that require that each node learns
about all its neighbours for proper functioning, and those that decide about scatternet
links after learning about some of its neighbours. More classification criteria will be
listed in the sequel.

1.4. Device discovery
A closely related problem is neighbour discovery (or device discovery), that is,
how two nodes find each other and establish communication. Almost all proposed
solutions assume that Bluetooth technology is used for both neighbour discovery and data
communication in the created scatternets. Most BSF protocols use the following device
discovery scheme which is described in [SBTL]. The device discovery is performed by
each node randomly entering into an inquiry or an inquiry scan mode (with equal
probabilities), and randomly selecting the time length for being in the mode repeatedly
until a timeout expires (the timeout should be carefully selected to enable one hop
information with high probability, but within reasonable time). Inquiry nodes select a
repeated pattern of 32 frequencies (out of a total of nearly hundred available frequencies)
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and send signal on selected frequency in given spot. Inquiry scan nodes also select a
frequency at random in each spot and listen to the transmission at the selected frequency.
The discovery (and establishment of master-slave relationship) occurs when both sender
and receiver nodes are at the same frequency. The timeout for overall device discovery
protocol (for finding sufficient number of neighbors) is experimentally determined to
have the best value of about 8 seconds. A different ‘recipe’ is proposed in [FMPP] where
each device executes the device discovery protocol until it is connected with c neighbors
(c is between 5 and 7). If the visibility graph (normally it is the unit disk graph) is
connected, then the resulting graph is experimentally shown to be connected with high
probability.
Basagni, Bruno and Petrioli [BBP5] studied the reasons for the Bluetooth based
device discovery being so inefficient. The overall connectivity is established fairly
quickly, but the full awareness of all neighbors is slow. By means of a thorough ns2
based performance evaluations the authors identified at least two major features of the
Bluetooth specifications that are responsible for this lack of performance. First the overly
long backoff intervals adds a considerable time to every handshake, and second the
impossibility of the node in inquiry mode to identify itself in the ID packet, resulting in
handshakes between nodes that have already discovered each other.
Joung and Huang [JH] proposed to modify device discovery protocol by using
node’s ID to decide a pseudo-random sequence, so that scan or inquiry state is decided
deterministically. When two nodes discover each other, smaller ID node replaces its ID
with the ID of the other node. They discussed timeout duration to guarantee the
connectivity, which depends on diameter, since one node with largest ID will propagate
its ID to all the other nodes in the network.
Bluetooth and Wi-Fi are two widely adopted technologies for wireless
communication between two nodes. They are competing and complementary at the same
time, since Bluetooth is more suitable for short communications and provides direct
communication between any two nodes, while Wi-Fi requires access point and generally
is applied on somewhat longer distances. Many equipments use both Bluetooth and Wi-Fi
as two independent applications, which may cause interference when both are running.
Some latest products allow them to be synchronized based on time slicing technique.
Further step would be to provide softwares that will further synchronize the two
technologies and allow, for instance, that two nodes discover each other using Wi-Fi
technology and then communicate by Bluetooth chips. This device discovery protocols
has been proposed in [LSW]. One of route discovery schemes for on-demand BSF
construction in [LLS] also uses single channel communication for broadcasting the
destination search packet. The use of WiFi or another single channel medium access
technology for device discovery is a predicable approach since Bluetooth based
neighbour discovery is proven to be slow, especially when each device is required to
discover all its neighbours before a good scatternet can be created. Therefore neighbour
discovery phase of scatternet formation can be classified as being Bluetooth or Wi-Fi
based.

1.5. Communication and time requirements
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A formation algorithm should not depend on a central component for otherwise it
will contradict the character of ad hoc networks. When Bluetooth is applied on a hybrid
ad hoc network, that is, a network attached to a fixed infrastructure (e.g. Internet) the
point of attachment may run a centralized algorithm and distribute master-slave decisions
to each node. A single node in ad hoc networks may also collect all the information and
run a centralized algorithm. A better approach is to design a formation algorithm in a
decentralized and distributed manner. Distributed algorithms can be further classified into
globalized and localized protocols. In a localized protocol, each node makes formation
decisions solely based on the information from its neighbours (possibly also 2-hop
neighbours). Localized protocols are further divided into local and quazi-local based on
maintenance cost. The algorithms should support mobile devices, and devices entering
and leaving the network. When nodes move, appear or disappear from the network, the
scatternet maintenance (or self-healing) protocol is required. If the changes made by a
single node have impact only on piconets associated with 1-hop and 2-hop neighbours
then the protocol is local. Otherwise (e.g. when local change may sometimes trigger
global updates, that is, cause a ‘chain’ effect) the protocol is quazi-local. An implicit
solution, as in [LSW], is to apply localized schemes that provide local maintenance,.
Further division can be made according to message complexity, time complexity
and memory requirements. In general, the protocols along these lines can be classified as
being constant and non-constant size with respect to the number of nodes in the network.
The message complexity is particularly important, since it is directly related to the energy
needs of the algorithm. The QoS requirements of the application may also be considered.
The topology could be set in such a way that the QoS requirements of the user
applications in the network are met. The scatternet formation problem appears very
difficult even without QoS considerations. Existing work on creating scatternets that
provide QoS guarantees appears either centralized or has considerable communication
overhead. Therefore QoS provision largely remains for future studies.

1.6. Scatternet design criteria
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Figure 1. A scatternet consisting of four piconets
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Figure 1 illustrates a scatternet with four piconets. Master nodes are labelled M1M4 and the slave nodes have indices that correspond to the piconet numbers (for example
S14 is a slave of piconets 1 and 4). Common slave S23 serves as a bridge to connect
piconets 2 and 3. In order to connect piconets 1 and 2, a (new) piconet 4 is created. Node
M4-S2 is its master, and plays also the role of a bridge node for two piconets and serving
as slave node in piconet 2.
The bridges participate in piconets on time division basis. It is therefore
anticipated that scatternet formation protocols should have (at least) the following goals
in mind:
- minimization of the number of piconets, and therefore the number of master nodes;
- minimization of the number of slave roles for each node (a rough division is into
protocols with constant and non-constant maximum number of slave roles for
each node);
- minimization of the number of master-slave bridge nodes; a rough division is into those
that do not have master-slave bridges (bipartite graphs) and those that allow
master-slave nodes).
There are various metrics that can be used for evaluating scatternets. For example,
Melodia and Cuomo [MC1] favoured scatternets with maximum capacity, scatternets
with maximum residual capacity or minimum average load, and metrics associated with
path lengths (average path length, average path capacity). Capacity related metrics may
require a priori knowledge of traffic demands. Persson, Manivannan and Singhal [PMS]
listed the following criteria for constructing scatternets: complete scatternet connectivity,
maximized aggregate bandwidth, minimized average routing path length, maximized
average node availability, minimized bridge switching overhead, communication group
clustering, self-healing, multi-hop node participation, and on-demand scatternet
formation. This survey concentrates on traffic independent measures when evaluating the
performance of scatternets. Hodge and Whitaker [HW] listed the following such
measurements: number of piconets, average number of slaves per piconet, average
number of roles per device, average number of bridges per piconet, average number of
bridges between piconets, number of master-slave bridges, average shortest-path length,
bottleneck and average path latency.

2. BSF in single-hop networks
In a single-hop ad hoc network (or a complete unit disk graph), all wireless
devices are in the radio vicinity of each other, e.g., electronic devices in a laboratory, or
laptops in a conference room. In this section, we only focus on designing scatternet
formation algorithms for single-hop networks. Note that the initial single-hop network,
after creating scatternet, is converted into a multi-hop scatternet.
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2.1. Centralized BSF protocols for complete graphs
2.1.1. Traffic and capacity based scatternets
Miorandi, Trainito, and Zanella [MTZ] investigated the relationship between the
network capacity and the topology for Bluetooth scatternets. They started by considering
the intrinsic capacity limits of a scatternet structure, and showed that limiting capacity
may be achieved for very local traffics and under specific conditions on the scatternet
structure. Then, they provided a description of the performance achievable with two basic
scatternet configurations, namely star and closed–loop topologies, and then showed the
role played by inter–piconet interference in the choice of efficient configurations. Finally,
they presented some efficient topologies, based on Platonic solids structures. A
centralized BSF solution for single-hop networks, where the traffic between any pair of
nodes is known a priori, is described by Miorandi and Zanella [MZ].

2.1.2. Super-master election for central decisions
Bhagwat and Rao [BR] described an efficient technique for enumerating all
feasible Bluetooth scatternet topologies as well as several constrained subsets of
topologies. These results are useful in the design of optimization algorithms for Bluetooth
networks.
Salonidis, Bhagwat, Tassiulas, and LaMaire [SBTL] proposed a BSF topology
construction algorithm which first collects neighborhood information using an inquiry
procedure, where senders search for receivers on randomly chosen frequencies and the
detected receivers reply after random backoff delay. In the process, one leader , for each
connected component is elected. Then the leader collects the information about the whole
network, decides the roles for each node, and distributes back the roles. Since it is a
centralized approach this the solution is not scalable, and not localized. Moreover,
[SBTL] did not elaborate in their paper how to assign the roles in. And they also assumed
that the network could have up to 36 nodes.
Huang, Chen, Sivakumar, Kashima, and Sezaki [HCSKS], argue that Bluetooth
characteristics preclude the formation of very big network, and propose a centralized
scatternet formation scheme that is optimized for conference scenarios. Only one node,
super-master, will do inquiry continuously while all the other nodes will be continuously
in an inquiry scan mode. The super-master makes topology decisions based on a load
metric instead of the hop count metric, and communicates them to the other nodes. It
needs to now the number of nodes in the network (and enter it at the beginning of the
protocol) to create scatternet.
Tree structure is not a desirable scatternet topology since there is exactly one path
between any two nodes, and failure of a single node on the path will disconnect the
network, moreover the root node is likely to be a bottleneck.

2.1.3. Ring topology
Lin, Tseng and Chang [LTC] described a ring topology for scatternet formation in
single-hop networks. A ring is created by the master nodes and the slave-slave bridges.
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Each master can have further slaves outside the ring. The protocol uses park mode, and it
is centralized. Therefore it is not scalable and the park mode introduces long message
delays. Foo and Chua [FC] presented a similar ring structure consisting of master-slave
bridges only, which simplifies the routing and offers larger fraction of bandwidth to each
device. Ring structure for Bluetooth has the simplicity and the easy creation as an
advantage, but it suffers from a large diameter (i.e., the maximum number of hops
between any two devices) and a large number of piconets.

2.2. Distributed BSF protocols for complete graphs
2.2.1. Tree scatternet structure
Law, Mehta and Siu [LMS] described an algorithm that creates connected degree
bounded scatternet in single-hop networks. The final structure is a tree like scatternet,
which limits efficiency and robustness.
Sun, Chang and Lai [SCL] described a self-routing topology for single-hop
Bluetooth networks. Nodes are organized and maintained in a search tree structure, with
Bluetooth ID’s as keys (these keys are also used for routing). It relies on a sophisticated
scatternet merge procedure with significant communication overhead for creation and
maintenance. The procedure in [SCL] generates maximally filled piconets.
Tan, Miu, Guttag and Balakrishnan [TMGP] proposed a method for multi-hop
networks and which is restricted to single-hop scenarios and where every node is active
in at most two piconets. This method is similar to the one proposed in [ZBC] (described
below),

2.2.2. Mimicking known topologies
A single-hop Bluetooth scatternet formation scheme based on 1-factors is
described by Baatz, Bieschke, Frank, Martini, Scholz and Kuhl [BBFMS]. However,
piconets are not degree limited in that scheme.
Barriere, Fraigniaud, Narajanan, and Opatrny [BFNO] described a connected
degree limited and distributed scatternet formation solution based on projective geometry
for single-hop networks. They assume that only slave nodes can act as bridges. They
described procedures for adding and deleting nodes from the networks and claimed that it
uses O(log4 n log4 log n) messages and O(log2 n log2 log n) time in local computation,
where n is the number of nodes in the network. The degree of the scatternet can be fixed
to any q + 1, where q is a power of a prime number. However, in their method, every
node need to hold the information of the projective plane, and the master node who has
the ”token” needs to know the information of the projective scatternet (i.e. which label
should be used for the new coming master and which existing nodes need to be connected
to it). In [BFNO], the authors did not discuss in detail how to compute the labels for the
new master and its slaves, and what will happen when the number of nodes reaches the
number of nodes of a complete projective scatternets. Also, notice that the method has
large overhead for construction and maintenance.
Daptardar [D] proposed to use cube structure in two and three dimensions for
creating scatternets in single-hop scenarios. The author [D] argues that the structure
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provides higher connectivity, lower diameter, less node contention, multiple paths between
any two nodes, in-built routing, easy inter-piconet scheduling and the ability to reconfigure
for dynamic environments.
Song, Li, Wang and Wang, [SLWW] adopted the well-known de Bruijn graph
structure to form the backbone of Bluetooth scatternet, called dBBlue, such that every
master node has at most seven slaves, every slave node is in at most two piconets, and no
node assumes both of the master and slave roles. Their structure BBlue also enjoys a nice
routing property: the diameter of the graph is O(log n) and there exists a path with at
most O(log n) hops for every pair of nodes without any routing table. Moreover, the
congestion of every node is at most O((log n)/n), assuming that a unit of total traffic
demand is equally distributed among all pair of nodes. In the same paper, the authors
[SLWW] discuss in detail a vigorous method to locally update the structure dBBlue using
at most O(log n) communications when a node joins or leaves the network. In most cases,
the cost of updating the scatternet is actually O(1) since a node can join or leave without
affecting the remaining scatternet. The number of nodes affected when a node joins or
leaves the network is always bounded from above by a constant. To facilitate self-routing
and easy updating, the authors design a scalable MAC assigning mechanism for piconet,
which guarantees the packet delivery during scatternet updating. The dBBlue scatternet
can be constructed incrementally when the nodes join the network one by one. The
proposed method therefore has a number of desirable characteristics.

2.2.3. Minimal spanning tree based scatternets
Wang, Stojmenovic and Li [WSL] addressed the problem of scatternet formation
for single-hop Bluetooth based personal area and ad hoc networks, with a minimal
communication overhead. The scatternet formation schemes by Li, Stojmenovic and
Wang [LSW] (described below) are position based and were applied for multi-hop
networks. These schemes are localized and can construct degree limited and connected
piconets, without parking any node. They also limit to 7 the number of slave roles in one
piconet. The creation and maintenance require small overhead in addition to maintaining
location information for one-hop neighbors. In [WSL], the authors apply this method to
single-hop networks, by showing that position information is then not needed. Each node
can simply select a virtual position, and communicate it to all neighbors in the neighbor
discovery phase. Nodes then act according to the scheme [LSW] using such virtual
positions instead of real ones. In addition, [WSL] used Delaunay triangulation instead of
partial Delaunay triangulation proposed in [LSW], since each node has all the
information needed. Likewise, [WSL] applied minimum spanning tree (MST) as the
planar topology in their schemes. The experiments [WSL] confirm good functionality of
the created Bluetooth networks in addition to their fast creation and straightforward
maintenance. If MST is used as the scatternet topology, some long edges can be added to
provide shorter routes, following the suggestions given in [S1].

2.2.4. Loop scatternet structure
Zhang, Hou and Sha [ZHS] proposed a BSF scheme for single-hop scenario. The
new loop scatternet structure [ZHS] preserves connectivity and maximum node degree,
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and minimizes number of piconets. Additionally, it incurs a much smaller network
diameter and much smaller maximum node contention. The main idea in [ZHS] is to
create smaller scatternet structures, and to make some changes in master-slave relations
whenever two such scatternets merge into one. The goal is to create a loop rather than a
tree like structure. The final structure has a form of a loop, with a number of additional
slave nodes attached to loop masters. In the first phase, piconets are created, with at most
six slaves each. In the second phase, a slave from each piconet is explicitly selected and
shared with another piconet to reduce the diameter. The protocol creates only slave-slave
bridges. The authors did clearly show, theoretically and experimentally, the advantages of
this new method.

2.2.5. On-demand scatternet formation and maintenance
Sivakumar, Chen and Huang [SCH] proposed a framework for continuously
optimizing the network topology in order to produce the best suitable one for current data
streams. The optimization process also takes care of the network maintenance to
accommodate the node mobility. A high level description of a protocol is designed for
single-hop networks to follow the framework (however a precise protocol description is
missing).

3. BSF in multi-hop networks
3.1. Centralized algorithms
Ajmone-Marsan et al. [ACNCG] described a centralized solution for finding a
Bluetooth topology (for multi-hop case) that provides full network connectivity, fulfills
the traffic requirements and the constraints posed by the system specification, and
minimizes the traffic load of the most congested node in the network. The solution is
based on a linear optimization formulation, and the formulation leads to an NP-complete
problem suited only for small and stationary networks.
Sreenivas and Ali [SA] described a centralized BSF protocol based on a genetic
algorithm, which selects random groups of nodes as an initial population. Each group
corresponds to a combination of masters, slaves and bridge nodes and is represented by a
string. The goal is to minimize the number of piconets created. The protocol is described
on a half page without sufficient details on the population coding (master-slave relations
are apparently not coded according to given description), crossover, mutation, and fitness
function used. Genetic algorithm approach to scatternet formation is also suggested in
[HW].
Mehta and El Zarki [MeZ] outlined an approach, centered on the Bluetooth
technology, to support a sensor network composed of fixed wireless sensors for health
monitoring of highways, bridges and other civil infrastructures. They present a topology
formation scheme that not only takes into account the traffic generated by different
sensors but also the associated link strengths and buffer capacities. The algorithm makes
no particular assumptions as to the placement of nodes, nor the assumption that nodes
need to be in radio proximity of each other. The output is a tree shaped scatternet rooted
at the sensor hub (data logger), that is balanced in terms of traffic carried on each of the
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links. The solution is centralized (data logger collects network information and makes all
decisions), and is based on a combinatorial optimization formulation followed by
simulated annealing based solution.
Yun, Kim, Kim and Ma [YKKM] presented an approach that forms master-slave
mesh topology. Their Bluestars approach models the discovery neighbourhood as an
inquiry graph I, with 2|I| topology subsets available. The solution requires a costly
determination of the optimal topology subset (presumably in a centralized fashion)
before the scatternet is formed.
Ramachandran, Kapoor, Sarkar, and Aggarwal [RKSA] proposed a BSF
algorithm based on growing a tree from the root, where master node is not always
directly connected to its slave node. They presented a deterministic as well as a
randomized algorithm. Both approaches involve a leader election of a super-master,
which subsequently forms the actual topology in a centralized manner.
A preliminary account on how to deal with changing network topology has been
presented by Chiasserini, Ajmone-Marsan, Baralis, and Garza [CABG]. They presented
an optimized approach for scatternet formation that attempts to minimize the traffic load.
The authors assume that traffic patterns and routes are known a priori and formalize the
topology formation as a min-max problem, which finds a bottleneck node and minimizes
the traffic load at that node. They also discussed a distributed approach.

3.2. Growing tree based distributed BSF
Zaruba, Basagni and Chlamtac [ZBC] proposed two protocols for forming
connected scatternet. In both cases, the resulting topology is termed a bluetree. The
number of roles each node can assume is limited to two or three. The first protocol is
initiated by a single node, called the blueroot, which will be the root of the bluetree. A
rooted spanning tree is built as follows. The root will be assigned the role of a master
node. Every one hop neighbor of the root will be its slave. The children of the root will
now be assigned an additional master role and all their neighbors that are not assigned
any roles yet will become slaves of these newly created masters. This procedure is
repeated recursively till all nodes are assigned.
Each node is a slave for only one master, the one that paged it first. Each internal
node of the tree is a master on one piconet, and a slave of another master (its parent in the
initial tree). In order to limit the number of slaves, the authors [ZBC] observed that if a
node in the unit disk graph has more than five neighbors, then at least two of them must
be connected. This observation is used to reconfigure the tree so that each master node
has no more than five slaves. If a master node has more than five slaves, it selects its two
slaves s1 and s2 that are connected and instructs s2 to be the master of s1, and then
disconnects s2 from itself. Such branch reorganization is carried throughout the network.
In [DW], Dong and Wu proposed three modifications to the Bluetree algorithm in
[ZBC]. These modifications aim to minimize the overheads introduced by Bluetooth’s
piconet and multi-hop scatternet. Their modified algorithms use the neighbor’s neighbor
set and/or neighbor’s location to construct the Bluetree to efficiently balance two
conflicting goals between the number of piconets and the average shortest path ratio. The
modifications are to select as a bridge the slave node that has maximal degree, to select
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closest slave and instruct it to become master, and then to apply the Yao structure (similar
to the one in [LSW]).
Pagani, Rossi and Tebaldi [PRT] proposed an improvement to the Bluetree
algorithm in [ZBC], in order to address the issues involved in practical implementation,
and to describe mechanisms to support mobility, joining and leaving the network. Their
proposed solution is an on-demand BSF algorithm. The main improvement is to start the
scatternet formation when needed, by an initiator node that becomes the tree root, while
the other nodes progressively join the tree so that overall structure is optimized with
respect to the latency in the data forwarding. and on-demand formation of scatternet.
Huang, Yang, Bai and Huang [HYBH] modified bluetree scatternet formation
scheme [ZBC] by limiting the number of children slaves of each node to 5, and using two
more slave roles for up to two siblings. Thus additional links between nodes on the same
level are added in the tree. This creates a structure with less critical links for connectivity,
but the maintenance is still expensive like in the bluetree construction scheme [ZBC].
Also, the scheme in [HYBH] seems to be working properly only for single-hop networks,
since otherwise links between nodes on the same level may not exist.
In the second protocol in [ZBC], several roots are initially selected. As in the first
protocol each of them then creates its own scatternet. In the second phase, subtree
scatternets are connected into one scatternet spanning the entire network. Each node is
active in up to three piconets.
Bhatnagar and Kesidis [BK] proposed to run first a leader election process to first
find a root for the whole network, and then to use the proximity information of this
election protocol to create a tree scatternet by merging subtrees.
Pamuk and Karasan [PK] described a Bluetooth scatternet formation scheme
which creates a tree, with nodes selected as masters using a mesure based on device
characteristics (that is a measure combining battery type, battery level, and traffic
generation rate). Nodes that have better device characteristics are preferred in masterslave decisions and therefore end at levels closer to the root (which is the node with the
best device characteristics). In several existing tree based approaches, master nodes take
the lead in selecting the slaves. This has contributed to a counterexample for connectivity
of the final scatternet (see Figure 2). In [PK], however, each slave node takes the lead and
selects one other node as its master. Each node, however, accepts up to 6 requests from
potential slaves. During the first phase of neighbour discovery process, the selected
master is the discovered neighbour that accepted the slave and has best device
characteristics among such neighbours (once accepted, a master can be replaced in the
process if a better one is discovered later). This phase is run for a certain predefined
time. In the next phase, only roots of created trees participate in completing the
scatternet. In case of a single-hop network, roots enter the second phase which runs in the
same way as in the first phase (with fewer nodes, since only the roots will participate).
This phase runs until a single root remains. In case of multi-hop networks, each root
needs to label all its descendants slaves in the corresponding tree. The labels are then
exchanged with all neighbours discovered in the first phase, in order to identify all
bridges (nodes with endpoints having different labels, that is, roots). To connect the two
trees, master-slave relations on the path from the node with label of lower priority (which
also becomes the slave of other node) toward its root are reversed. Scatternet is then
connected, since each node may receive at most one additional slave role in the second
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phase, keeping the maximum to 7. We observe that the initial maximum can be lower
than 6, allowing the addition of more links and the creation of a mesh rather than a tree,
by using extra slave connections.
Guerin et al. [GSV] proposed depth first search (DFS), breath first search (BFS),
and MST-based scatternet formation schemes for unit disk graphs in two and three
dimensions. They construct a tree where all nodes at each level (the tree they construct is
seen as a bipartite graphs) are either masters or slaves. Their construction does not
guarantee the maximum degree bound unless the structure itself provides the bound. For
example, MST in two dimensions has a maximum degree of five, but in three
dimensions, some nodes can have degrees up to 13. The schemes are not localized.
The communication overhead in growing tree based BSF algorithms [ZBC,
RKSA, PK, GSV, BK, PRT, DW, HYBH] is significant, especially when the appropriate
maintenance procedures are designed and added to the protocol.

3.3. Context, on-demand and QoS based distributed BFS
3.3.1. Context based BFS
Siegemund [Si] discusses context based scatternet formation for sensor networks.
Sensor information is included in the formation process, and nodes with the same context
are included in the same piconet. For instance, nodes with the same temperature and
noise are assumed to be in the same context and are arranged in the same piconet to
enhance their mutual communication.
Gonzalez-Valenzuela, Vuong, and Leung [VVL] proposed BlueScouts, a ondemand scatternet formation protocol based on mobile agents. Their protocol runs in a
fully asynchronous fashion, with device discovery being decoupled from actual topology
formation. Agents are spread through the existing links in a controlled fashion and
recursively signal back the state of the last computation’s outcome, leading up to the
further replication of the mobile process or its termination. They conduct a coordinated
spatial depth-first search over a logical backbone (excluding leaf nodes) in an attempt to
reconfigure the role of a new device. The proposed ‘programmable’ approach introduces
unmatched flexibility by allowing context-aware topology formation.
A scatternet queuing model was developed in [KSG, MM] and used to compare
the delay and throughput characteristics of various topologies. It was found that the best
topology is application dependent.

3.3.2. On-demand scatternet formation
Liu, Lee and Saadawi [LLS] proposed to combine the scatternet formation with
on-demand routing, thus eliminating unnecessary link and route maintenances.
Conventional Bluetooth broadcast consist of discovering all neighbors and then paging
them one by one, and sending to each node a route request. Neighbors first enter the
piconet, then, after the piconet is created, a route request packet is released to all
neighbors. The neighbors, can continue spreading the destination search. The authors
proposed two variants. In one variant, route request is released only after the piconet is
fully created. In the other variant, route request is released to each neighbor immediately

13
after paging it, without waiting for piconet to be fully created. In the same paper, the
authors [LLS] also introduced an extended connectionless broadcast scheme where each
master node and its slaves use the same channel for communication. The master node
send inquiry messages on the channel while neighbors scan the same channel periodically
to catch possible inquiry message. It achieves significantly shortened route discovery
delay. The authors [LLS] also proposed to synchronize the piconets along each scatternet
route to remove piconet switch overhead and obtain even a better channel utilization.
They also presented a route-based scatternet scheduling scheme to enable a fair and an
efficient packet transmissions over the scatternet routes. The proposed method in [LLS]
provides high network utilization and extremely stable throughput, being especially
useful in the transmission of large batches of packets and real time data in wireless
environment. Zhen, Park, and Kim [ZPK] proposed an approach called ‘blue-star’,
similar to the one in Liu, Lee and Saadawi [LLS] however it lowers the formation delay
compared to [LLS], although it needs to perform several consecutive inquiry operations.
Other variants of protocols are proposed in [CC1, GKWQ], where nodes concurrently
form the scatternet (based on a flooding scheme) and route the data traffic.
Kawamoto, Wong and Leung [KWL] proposed a two-phase scatternet formation
protocol to support dynamic topology changes while maintaining a high aggregate
throughput. In the first phase, a control scatternet is constructed, which is not degree
limited (more precisely, the number of bridge nodes is limited to 6, while pure slave
nodes are parked) to support topology changes and route determination. The second
phase creates a separate on-demand scatternet whenever a node wants to initiate data
communication with another node (a similar approach to the one found in [LLS]). The
on-demand scatternet is torn down when the data transmissions are finished. Since all the
time slots are dedicated to a single communication session, a high aggregate throughput
is achieved at the expense of a slightly higher connection setup delay.

3.3.3. QoS based scatternet formation
Augel and Knoor [AK] presented a survey of available BSF solutions and then
proposed to consider QoS criteria for constructing scatternets. They argue that allowing
nodes with larger degrees reduces the diameter but has a bad influence on throughput
since the piconet capacity has to be shared among more devices. This is correct only if
each node in a piconet receives equal amount of time for sending the data. However,
some scheduling schemes are based on the actual traffic amount, therefore the time
allocated to each slave does not need to be same. Augel and Knorr [AK] proposed that
nodes with high degree stop paging and instructs a neighbour with a low degree to start
paging instead. Each device may try to influence the topology depending on the QoS
requirements. In their article they describe a BSF design guidelines for QoS applications,
and they did not present any particular BSF protocol. Threshold based schemes
(advocated in [AK]) may fail to construct the scatternet and/or provide the QoS although
both may be possible by alternative schemes. One bad link or a bad node on a route does
not necessarely fails the QoS criteria on a longer route.
Pabuwal, Jain and Jain [PJJ] proposed to switch between several different BSF
algorithms depending on the application requirements. However, no information about
the possible criteria on which this switching can be based is given, which is needed to
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have a flexible control of the topology. Instead of switching between various formations
algorithms, it might be better to have one algorithm which controls the topology in an
application-oriented manner using some specific related parameters.
Melodia and Cuomo [MC1, MC2, CMA] provided an integrated approach to
address scatternet formation, scatternet maintenance, and the quality of service support
for small and moderate size personal area networks. They first proposed a self-healing
algorithm producing multi-hop scatternets (called SHAPER) which produces tree-shaped
scatternets. The initially created tree is converted into a logical tree. The initial physical
links in the tree are maintained as much as possible by inserting other links for each
network change. When a logical link cannot be supported by a chain of physical links, the
overall scatternet is reconfigured. Such reconfiguration guarantees the connectivity of the
tree. A procedure that produces a meshed topology (based on a combinatorial
optimization formulation with initial centralized solution) by applying a distributed
scatternet optimization algorithm (DSOA) on the network built by SHAPER. The main
issue in the proposed protocols [MC1, MC2, CMA] is their lack of scalability. Therefore
further research is needed for the challenging problem of providing QoS in Bluetooth
based multi-hop networks.

3.4. Clustering based BSF
Basagni and Petrioli [BP], [PBC] described a multihop scatternet formation
(called BlueStar) scheme based on a clustering scheme [LG], taking into account several
Bluetooth issues which do not pertain to clustering. The Clusterhead (master role)
decisions are based on node weights (instead of node IDs, as used in [LG]), that express
their suitability to become masters. It follows a variant of the clustering method described
in [B]. All clusterhead nodes are declared master nodes in a piconet, with all nodes
belonging to their clusters as their slaves. In order to assure connectivity, some of the
slaves become masters of additional piconets (following, e.g., [AWF]),. However,
piconets may have more than seven slaves. This may result in performance degradation,
as slaves need to be parked and unparked in order for them to communicate with their
master. The topology discovery phase is performed before clustering in order to provide
each node with the information about all its neighbors. Each device executes the device
discovery protocol for about eight seconds. Then, if the visibility (e.g. unit disk) graph is
connected, the resulting network will be connected with high probability. Device
discovery is performed according to the procedure in [SBTL] which we outlined above.
A performance evaluation of the clustering-based scatternet formation scheme [BP],
[PBC] is given in [BBP3].
Basagni et al. [BBP5] described the results of an ns2-based comparative
performance evaluation among three major solutions for forming multihop scatternet:
[LSW], [PBC], [ZBC]. They found that device discovery is the most time-consuming
operation, independently of the particular protocol to which it is applied. The
comparative performance evaluation showed that due to the simplicity of its operations
BlueStars [PBC] is by far the fastest protocol for scatternet formation. However,
BlueStars produces scatternets with an unbounded, possibly large number of slaves per
piconet, which imposes the use of potentially inefficient Bluetooth operations.
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Ferraguto, Mambrini, Panconesi and Petrioli [FMPP] proposed Blue Pleiades for
device discovery and BSF in multi-hop networks. As soon as a node has discovered c
neighbors, it proceeds to the next phases of the piconet formation and interconnection.
Nodes with less than c neighbors and upon timeout expiration will exit the device
discovery [FMPP]. Their extensive simulations show that c= 6, 7 are excellent choices
that guarantee the connectivity of the topology with high probability. The authors
[FMPP] combine their new device discovery protocol with the BlueStar protocol [BP,
PBC] to obtain a simple, fast and effective scatternet formation protocol that overcomes
the degree limitation problem of BlueStar. This protocol is termed Blue Pleiades [FMPP].
In short, clustering based BSF [BP, PBC] is applied on the topology created after the
degree limited neighbor discovery [FMPP].
A greedy centralized multihop algorithm where a hypothetical central entity
knows the complete topology has been proposed in [BKNR]. Distributed algorithms have
also been proposed in [BKNR], which assume a 2-hop neighborhood information. This is
achievable in Bluetooth since the identities of the neighboring nodes are known at the end
of the device discovery procedure. The nodes are made to exchange this neighborhood
information with each of its neighbors so that they have a 2-hop information and a partial
view of the underlying topology. The algorithm [BKNR] applies a variant of a clustering
algorithm where the number of nodes in each cluster is limited to seven, in accordance to
Bluetooth restriction. A node with a highest degree among all its undecided neighbors
will become a master node and will choose up to seven slaves among neighboring nodes,
with the priority given to lower degree nodes. However, there are examples where the
scatternet is disconnected. This may occur when two clusterheads were originally
connected, but they formed clusters and “erased” their link without leaving alternate
connection between their piconets. For example, as illustrated in Fig. 2, assume that the
graph contains two connected nodes A and B, each with its own seven more neighbors.
Thus, A and B have degrees eight, and will become masters of two piconets, containing
their own seven neighbors as slaves. However, the graph will then be disconnected since
the link between A and B is not part of a scatternet.

A

B

Figure 2. Creation of disconnected scatternets in several algorithms
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Wang, Thomas and Haas [WTH], and Guerin, Kim, and Sarkar [GKS] essentially
proposed variants of clustering-based scatternet formation schemes, where the clustering
process does not use any ID to decide clusterheads, that is, master nodes. Instead, the
decisions are made at random. Already existing master nodes have the priority in
attracting more slaves, up to the limit. Initial connections are made by nodes entering a
scan or an inquiry scan phases at random. Whenever a node is assigned a master or a
slave role, or if it was unable to join any piconet or to attract any neighbor as its slave in
order to create its own piconet, then bridge piconets are added to connect the scatternet.
However, the process does not always lead to a connected structure. The counterexample
is the same that applies to [BKNR] (Fig. 2). On a positive side, [WTH] proposes two
excellent measures for the performance of scatternets: average shortest-path length and
maximum traffic flow.

3.5. Connected out-degree limited scatternets
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Figure 3. The first iteration of BlueMesh algorithm
Petrioli and Basagni [PB, PBC2] described a scheme (called BlueMesh) that
guarantees connectivity and limits the number of slaves in each piconet. Their neat
scheme does not require position information, but instead the local information is
extended to a two-hop information, with a two round device discovery phase for
obtaining necessary information. It is a modified clustering process, where selection of
slaves is performed in such a way that, if a master has more than seven neighbors, it
chooses up to seven slaves among them so that it can reach all the others via the chosen
ones. Such coverage is always possible with up to five slaves [ZBC]. The scatternet
formation proceeds in iterations. Nodes that participate in a given iteration perform the
modified clustering process. Initially all nodes are undecided. In each iteration, init-nodes
(nodes having the largest weight among their immediate undecided neighbors) create
piconets, by choosing at most seven neighbors as slaves, and deleting the remaining
edges. The iteration stops when all nodes are decided. All created masters, together with
the slaves that are not selected for links with slaves from other piconets, withdraw from
the next iteration. Simulations by the authors show that the created scatternets have a low
average number of roles per node (about two), with an average path length increase
between 20% and 80%. The number of iterations grows slowly with the number of nodes
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(it is about 4.5 for networks with 200 nodes). The method may show weaknesses on some
other metrics, especially about the worst-case number of slave roles a node can assume.
For instance, in case of dense networks (e.g., complete graph), the second largest node in
a neighborhood may end up serving as slave to all the masters in the same neighborhood.
Nevertheless, among all methods that do not use position information, the method [PB,
PBC2] appears to be currently the best available method for multi-hop networks. An
attempt to improve it further is given in the next subsection (and in [S2]).
The BlueMesh algorithm [PB, PBC2] is illustrated in Figures 3 and 4. In the first
iteration, clustering scheme will select node 15 as master node, with its seven neighbors
as slaves (all but nodes 1 and 2), following as a selection criteria, andwhenever needed,
the largest ID,. Node 13 also creates a piconet, having the largest ID among its neighbors.
Finally, node 10 also creates a piconet, after its neighbor 12 announces to be ‘defeated’
by node 15 in the process. Master nodes 15 and 10 select node 12 as gateway, master
nodes 15 and 13 select nodes 4 and 8 to connect them, while piconets mastered by 10 and
13 select nodes 11 and 6 for connection. The ‘red’ nodes (10, 13, 15) are masters of the
created piconets, while the ‘green’ nodes (3, 5, 7, 9, 14) are the slaves that are not needed
to connect the piconets in Fig. 3. Therefore, nodes 1, 2, 4, 6, 11, and 12 (yellow and blue
nodes in Fig. 1) are the ones selected for the second iteration.
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Figure 4. The second iteration of BlueMesh algorithm
In the second iteration (see Figure 4), three more piconets, mastered by ‘red’
nodes 8, 11, 12, are created, to connect the overall structure.

3.6. Maximal independent set based BSF
An attempt to simplify the BlueMesh procedure was made in [S2]. It essentially
interprets the slave selection as the maximal independent set problem, and reduces the
process to two iterations. In the first iteration, every nodes creates a piconet with itself as
a master node. In the second iterations, following a clustering based approach, each node
estimates whether or not its piconet is needed for the overall connectivity. If not, it
deletes its piconet.
The maximal independent set MIS(X) of a set of nodes X is a set of nodes Y from
X such that no two nodes from Y are connected (‘independent set’), and Y is not a proper
subset of another set with the same property (‘maximal’). In the first iteration of MIS
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based scheme [S2], each node selects the MIS of its neighbouring nodes as the set of its
slaves. Each node A has key(A) which can be defined in a variety of ways, known to all
its neighbouring nodes. Let X be a set of neighbours of a given node S. To find MIS(S),
the node S chooses a node A from X with maximal key(A). Note that here the algorithm
can use the minimal key(A) instead, which has impact on the performance of the second
iteration. Node A is declared a slave of S, and is eliminated from X, together with all its
neighbours. This is repeated until X becomes empty. If the number of selected slaves is
less than seven then, as in BlueMesh, additional slaves can be selected at random up to
the limit.
In the second iteration, the network is not the original unit graph, but the
scatternet structure where each node has its own piconet. A clustering based
confirmation/elimination scheme is performed. The decisions are made by masters in S
that have a higher ID than any of the nodes in any of neighboring piconets (this includes
the slaves of S and the masters of the piconets where S is a slave). Such node S verifies
whether or not the piconet structure would remain locally connected if its piconet is to be
destroyed. If it still connected, its piconet is not needed. The decision can be
communicated to all piconets where S is participating, which enables other nodes to make
their own decision.
For example, in Fig. 3, the first iteration will create all piconets with all the
indicated edges except the two dashed ones. In Fig. 5, nodes 15 and 13 first decide to
keep their piconets. Node 14 then decides to keep its piconet because of node 1. Node 12
preserves its piconet because of node 10. Node 11 preserves its piconet to connect node
6. Node 10 also preserves the piconet to connect to piconet 11 via 6. Node 9 keeps its
piconet because of node 2, while node 8 preserves its piconet in order to remain linked to
piconet 13 via node 4. The remaining nodes (drawn in green) do not need to preserve
their piconets.
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Figure 5. The second iteration of MIS based BSF
While the number of slaves of each master is limited, and the scatternet is
connected, the number of slaves for each node is not limited, and in some cases, e.g.
complete graph, one node can be selected as slave to all other nodes. This is the same
problem shared with the BlueMesh. The only advantage of the new algorithm is to reduce
the number of iterations to two and therefore obtain a faster BSF.
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3.7. Position based connected and degree limited BSF
Stojmenovic [S] and Li, Stojmenovic and Wang [LSW] proposed (and made
available in June 2001) the first BSF schemes that construct degree limited and connected
piconets in multihop networks, without parking any node. Moreover, the methods
presented in [S, LSW], and described in this section, also provide the limit on the number
of slave roles for each node, and (if desirable) planarity which is important for the
performance of the routing scheme that guarantees delivery [BMSU]. The BlueMesh
scheme [PB, PBC2] achieved the same main objectives (connectivity and limitation of
the piconet size), but did limit the number of slave roles and did not construct a planar
graph. However, [S, LSW] achieved their objectives by using a stronger assumption,
position information, and some geometrical structures.
Position based BSF schemes [S, LSW] require that nodes first discover their all
neighboring devices before the scatternet is established. This phase (learning the
underlying unit disk graph) can be implemented by using either a Bluetooth based
discovery [SBTL] or using a single channel medium access such as IEEE 802.11 (another
name for WiFi), as discussed above. The protocols then continue by limiting the degree
of each node, while preserving the connectivity, and by assigning master and slave roles
to each node. There are several approaches to accomplish this. The basic differences are
in the order of these two tasks, in the order of making decisions within each task, and in
the way master-slave roles are assigned. Deciding master-slave relations can be done
during the degree limitation process, or after the degree limitation process is finished and
as a separate phase. The degree limitation (and/or master-slave decisions) can be done
simultaneously or iteratively. In the simultaneous approach, all nodes, independently and
at the same time, decide about the links to preserve or the master-slave roles, using a
scheme that will assure that the final choices are symmetric (commonly selected links are
preserved; master-slave roles decisions are in agreement). Alternatively, nodes can make
the degree limitation or the master-slave decisions at different times, and decisions
already made by neighbors have impact on decisions to be made by a given node
(iterative approach).
One approach is, for instance, after-simultaneous-iterative, where nodes make
degree limitations simultaneously (and, in some cases e.g. when LMST or Yao structure is
applied, gather decisions from neighbors to decide which link remain in the final
structure), followed by an iterative procedure for deciding master and slave relations (e.g.
clustering based procedure such as BlueStar [BP, PBC]). This variant of the originally
proposed procedure [LSW] was proposed by Basagni, Bruno and Petrioli [BBP5]. If the
degree limitation step requires a message exchange then it may be faster if the masterslave roles are also assigned at the same time. Such during-simultaneous-iterative and
during-iterative-iterative procedures are the ones proposed in [LSW] and they are also
based on clustering. The same article [LSW] also elaborates on during-iterative-iterative
approach. If the clusterhead decisions are based on node degrees (number of neighbors in
the original unit graph) as the primary key in comparing (that is, nodes with more
neighbors have more chance to become master nodes) then another round of information
exchange (similar to the device discovery round) is needed following the first neighbor
discovery. In [S], the during-simultaneous-simultaneous and during-iterativesimultaneous approaches are described. The major difference is in the master-slave
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decision process. It was proposed to use (dominating set membership, node degree, node
identifier) as the key for comparing two nodes, and assign master role to higher key node
on any link. This means that nodes that belong to a dominating set (see [SW] for the
definition and survey of existing schemes) have priority in being a master node on a link.
If this primary key is the same for both nodes, or the key is not used at all, then the node
degree can be used. If the node degrees are the same, or not used at all in comparison,
then node identifiers can be used for making the role assignment. Note that aftersimultaneous-simultaneous, after-iterative-simultaneous, and after-iterative-iterative BSF
protocols can also be considered.

3.7.1. Geometric structures for degree limitation
We will now describe several geometric structures that can be used to achieve the
degree limitation in scatternets. The basic solution is to apply a minimum spanning tree
(MST) or a structure that contains it. The MST is a subgraph of a given unit disk graph
which contains all the nodes, is connected and whose sum of edge lengths is minimized.
The average number of neighbours (the average degree) of each node of a MST is ≈1.99,
while the maximum number is 6. However, MST is not a localized structure, since a its
computation requires a global network knowledge at each node. We therefore need to use
other structures.
A localized MST (LMST) based topology control algorithm was proposed by Li,
Hou and Sha in [LHS]. Each node u first collects positions of its one-hop neighbours
N1(u). The node u then computes the minimum spanning tree MST(N1(u)) of N1(u). The
node u keeps a directed edge uv in LMST if and only if the edge uv is also an edge in
MST(N1(v)). If each node already has a 2-hop neighbouring information, then the
construction does not involve any message exchange between neighbouring nodes.
Otherwise each node contacts the neighbours along its LMST link candidates, in order to
verify the status at the other nodes. The average number of neighbours (average degree)
of nodes is ≈2.04, while the maximum is still limited by 6. MST and LMST are both
planar graphs (a graph is planar is no two edges of it intersect except possibly at common
endpoints).
Relative neighbourhood graph (RNG) is introduced by Toussaint [T], and can be
defined, in the simplest form, as follows. An edge uv is included in RNG if and only if it
is not the longest edge in any triangle uvw. Fig. 6 shows an example of an RNG of a
UDG (unit disk graph).

Figure 6. Unit disk graph (UDG), RNG and GG of a set of nodes
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Using this definition, some edges may have very large degrees in several
particular scenarios. To obtain a degree limited structure, the record w(AB)=(|AB|,
min(id(A),id(B)), max(id(A),id(B))) can be used instead for edge comparisons, since no
two edges have the same record. We refer to this structure in the sequel, assuming a
random node placement and a very low chance of any two edges being of the same
length. The degree of each node in LMST and RNG (LMST is a subset of RNG) is limited
to 6 (for nodes located in a plane). The average degree of a node in RNG is ≈2.4. Note
that the construction of LMST and RNG does not require that the exact positions of nodes
and their neighbours to be known; in fact only the corresponding mutual distances are
required. In both cases, each node requires the knowledge of its distances to the
neighbours, and the distances between any pair of neighbours.
Gabriel graph (GG) is proposed in [GS], and is defined as follows. GG contains
an edge uv if and only if the disk with diameter uv contains no other node inside it. This
criterion can be tested in two ways. For an edge uv to be included in GG, each common
neighbour w of nodes u and v should be located at a distance of at least |uv|/2 from the
midpoint of uv. Alternatively, one can verify the angles from neighbors to uv. If for a
common neighbor w of u and v, ∠uwv > π/2 then uv is not in GG. It should be observed,
as in the case of LMST and RNG, that the construction of GG requires only the
knowledge of the location of a node and those of its neighbours. Fig. 6 shows an example
of a GG. The average degree of a node of GG is ≈3.8. However, there is no worst case
limit for the node degree. Therefore, to assure degree limitation, another geometric
structure needs to be applied, at least at nodes whose degree exceeds the Bluetooth limit
of seven. Note that each node can decide, for each of its links, whether or not it belongs
to RNG or GG without communicating with its neighbours. To construct the LMST, it
needs to exchange the decisions made with the neighbours, since only links selected by
both endpoints are in the final structure.

u

Figure 7. Yao graph degree limitation for p=7
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The Yaop graph [Y] is proposed by Yao to construct efficiently MST in high
dimensions. Any p equally separated rays originated at each node u define p cones. In
each cone, u then chooses the closest node v within the transmission range, if there is any,
and then selects a directed link uv (see Fig. 7 for an illustration). Links which are not
selected by u are deleted. Since Yaop contains an MST as a subgraph (for p≥6), and that is
after deleting all links which are not selected by its both endpoints, the network
connectivity is still preserved. Note that Yaop is not necessarily planar.

3.7.2. Degree limited structures for BSF and routing in scatternets
There are a number of options to obtain degree limited scatternets. One option is
to apply Yao7 to UDG constructed after the device discovery phase (note that, in this
option, it is not necessary to complete this phase; it suffices to merely achieve the overall
connectivity). The drawback of this option is that the obtained scatternet is not planar.
The planar structure may be desirable in order to provide the routing with a guaranteed
delivery, since the best existing protocol that achieves that [BMSU] requires planar graph
in the recovery mode.
The next option is to use LMST or RNG, which are planar and guaranteed to be
degree limited (therefore it is not necessary then to apply the Yao graph construct). The
drawback of using them is that these structures are quite sparse, and therefore the greedy
routing (forwarding message to a neighbor that is closest to the destination), will
frequently fail, leading to long routes with a protocol that guarantees delivery [BMSU].
Further option is to apply GG, followed by Yao7, applied only on nodes whose
degree exceeds 7. The number of such nodes is small, if any, but they may exist. This
structure is planar, localized, and the densest known that is defined with so little local
knowledge and zero messages (besides device discovery to learn neighbors). Note that
[LSW] proposed a partial Delaunay triangulation (PDT) as an alternative locally defined
structure which is denser, however subsequent measures show that PDT is only about 1%
denser than GG, thus we are not covering it in this chapter.
LMST, RNG and GG have average degrees ≈2.04, ≈2.5 and ≈3.8, respectively.
They all (and Yao structure as well) tend to select short edges for the scatternet structure.
Stojmenovic [S1] (a note about it is also made in [LSW]) observed that, to improve the
routing performance of a scatternet, some additional edges may be carefully selected. The
selection depends on the criterion being applied in measuring routing performance. If the
criterion is to minimize the hop count then one can add several ‘long’ edges to the
scatternet. It is desirable to spread the added edges in several directions, in order to
complement the existing short edges. This can be done by applying the same angular
range division used in Yao construct and selecting the long edges in sectors where no
short edge exists among the edges of LMST, RNG or GG. This assures a balanced edge
structure in all directions. Addition of randomly selected long edges can also be
considered (especially if distances rather than position information were used to define
the structure). If power consumption was used as criterion, the additional edges should
have a length close to the ideal one, following the discussion made in [SL2].
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Conclusions
There is a number of Bluetooth scatternet formation protocols already proposed in
the literature. It can be observed that very few of them satisfy most of the desirable
characteristics. There are relatively few actual implementations and comparisons. For
example, [BBP5, BBMP] compared BlueTree [ZBC], BlueStar [PBC], BlueNet [WTH]
and the position based approach [LSW]. They concluded that device discovery is the
most time consuming operation. Their final conclusion is that forming scatternets is still a
formidable task, because of the device discovery and the extra complexity imposed by the
Bluetooth technology on the implementation of the distributed algorithms. Similar
conclusions were made in [RVGS]. The reader can find alternative surveys on BSF in
[BBP1, PMS, WHC].
We anticipate that more Bluetooth scatternet formation schemes will be
developed in the near future, and that some modifications to Bluetooth specifications
could be made to find solutions which satisfy a number of desirable properties and make
it suitable for commercial applications in the multi-hop scenarios. An interesting and a
major open problem in the area is to design of a BSF algorithms that will guarantee
connectivity and degree limitation (for both of the master and the slave roles) and without
using the position information.
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