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Abstract— We investigate issues that Bluetooth may face in undermines the operation of large dynamic ad hoc networks as
evolving from a simple wire replacement to a large-scale addt  nodes have limited processing power and computations ¢anno
networking technology. We do so by examining the efficacy of be offloaded to an infrastructure.

Bluetooth in establishing a connected topology, which is adsic

requirement of any networking technology. We demonstrate tiat . . .
Bluetooth experiences some fundamental algorithmic chathges ~ We focus on the basic aspect of topology formation as it
in accomplishing this seemingly simple task. Specificallgleciding illustrates the problems that Bluetooth encounters whesd us
whether there exists at least one connected topology thattigfies gs g networking technology. First, we investigate this f&ob
the Bluetooth constraints is NP-hard. Several implementabn from an algorithmic perspective to gain a basic understamdi

problems also arise due to the internal structure of the Blu&oth fits fund tal lexitv. In Section I d ibe th
protocol stack. All these together degrade the performanceof Or Its Tundamental complexity. In section 1l, we descrine

the network, or increase the complexity of operation. Giverthe ~technical challenges related to topology formation in ad ho
availability of efficient substitute technologies, Bluetoth’s use networks using Bluetooth. Although Bluetooth nodes arefun

may end-up being limited to small ad hoc networks. tionally equivalent, communications proceed accordingato
Index Terms— Wireless ad hoc networks, Bluetooth, topology “Master-slave” model, with a constraint on the number of
formation, scatternets, performance. slaves that a master can support. This introduces a degree
constraint on the resulting topology graph. Furthermone, t
| INTRODUCTION topology formation algorithms need to determine which reode

.. will be masters and appropriately assign slaves to those mas
B LUETOOTH, a ,S_hort'rang? low-power _communlcanoqers_ In Section Ill, we show that decisions have a significan
protocol, was initially enV|_S|oned as a wire r_eplacemer?ﬁ.lpact on connectivity. Specifically, deciding whetherrthe
squUo_n. Bluetooth uses a de3|gn_ paradigm tha_\t IS _fundam%@(ists at least one connected topology that satisfies theeeg
tally different from that of competing technologies likeBE - straint of Bluetooth is NP-hard. This explains why fangi

8?2'11' :]-h's mbotlvatej_an exammal;\.non of the extean to Whighg) et00th topology in a short time while satisfying all the
Bluetooth can be used in a networking c.ontex.t, andin p,art'cgluetooth constraints has been a topic of extensive relsearc
lar large ad hoc networks. IEEE 802.11 is a simple d|str|¢)ﬁutqOr several years

protocol, where a node can transmit whenever it senses a free
channel. The resulting collisions however waste bandwidth Next, we explore topology formation algorithms of diffeten

and power. On th_e other hand, Bluetoqth is part!y d,iStriBUtecomplexity (Sections IV and V). We present a polynomial
and partly centrallzed._ It ha; a hierarchical organlzaw_lmlere complexity topology formation algorithm that, under some
the nodes are organized in groups denoted as _plconets.sil,%p”fymg assumptions, yields a connected topology when
each group, a master node_ 09””0'3 the_ t_ransmlss!ons of OtQ@er one such exists. We then present several heuristits tha
nodes. This local control eliminates collisions and is ¢fiere roduce good results when these simplifying assumptions
expected to offer high throughput and low powerconsumptiogo not hold, including an efficient and natively distributed
We however demonstrate that this organization introducgl‘borithm_ In Section VI, we develop a detailed emulator of

significant complexity in establishing a connected tOp5"|09che Bluetooth stack, and use it to evaluate the performance

n !arge _and ‘?'Y”am'c "’_‘d hoc networks. Glyen BIuetooth'éf our most promising solution. Our investigation revedatt
difficulty in fulfilling the simplest of all networking tasks$hat

7 Lo e 2 in spite of several simplifying assumptions that made for a
of attaining connectivity, its use is likely to be limited small “best case” evaluation, performance, and in particulatithe
ad hoc networks. ’ ’

it takes to form a stable connected topology, is poor and in

The difference between 802.11 and Bluetooth is analogoyge cases (large networks) unacceptable. We confirm ikat th

to that between Ethernet and Token Ring. Token Ring Oﬁerﬁ_%appointing showing is not specific to our algorithm thghu

a higher throughput but was more complex. The increase éncomprehensive comparison with previously proposed algo-

transmission speeds more than compensated for Ethemglis,,s " This comparison helps highlight key properties and
throughput inefficiency. Although bandwidth constraint® a ,sq mntions that are important when evaluating Bluetsoth’
greater in the wireless setting, we believe that the choie By trmance, and leads us to conclude that the performance-
tween 80,2'11 and_BIuetooth will alsg be guided bY S'mp_l'c'%inded design choices that were behind Bluetooth’s speeific
of operation. This is because operational complexity sesiio tions make it difficult if not impossible for it to be succagish

This work was supported by NSF grants ITR-0085930, ANI-@E5 ANI-  |arge-scale ad hoc networks. We examine some related works
9902943 and ANI-9906855, and by grant NCR-0238340. in Section VII, and conclude in Section VIII.
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Plonet2 complexity that can affect network connectiviitfFor example,
: b .. Piconet3 the answer to question 2 depends on how busy the node is,
how well connected the topology is, whether the node can
play a dual roleetc Also, answers to the above questions
can seriously affect a number of network attributesg,
throughput. For example, consider questions 4 and 5. Since
a bridge node can only be active in one piconet at a time,
the greater the number of piconets to which a node belongs,
the poorer the data rate it can provide between them. Thus,
it is desirable for a bridge node to be involved in as small a
number of piconets as possible, while preserving connigctiv
Fig. 1. An example of a Bluetooth topology is illustrated.eThodes are The impaCt on throthpUt is compounded when a bridge node
organized into 3 piconets. The masters of these piconets\areM», M3 IS @ master in one piconet. This is because all slaves in the
respectively. The rer_naining nodes are slave or bridge ndslase node_sSl piconet are in a communication blackout, when the master is
and.S2 can communicate via mastéf;. NodesS; and.S3 can communicate . . . .. .
via masterM,, bridge B and mastei\ls. active in other piconets. Thus, it is desirable for a master n
to be a slave in other piconets, provided that this does not
substantially complicate forming and modifying topolagie
Since nodes select their roles based on local information,
efficient algorithms will most likely allow nodes to modify
their earlier decisionse.g, by allowing some slaves to leave
one piconet and join another piconet, or by allowing nodes to
We first describe the basic features of the Bluetooth tecehange their role from slave to master or vice-versa. |dﬁnt|
nology that are relevant to topology formation. Bluetootfhg when and how to allow such changes while preserving the
nodes are organized in small groups callgidonets Every degree constraint or improving connectivity is a challewgi
piconet has one “master” node and up to 7 "slave” nodegsk, especially when assuming distributed decisions.
Refer to Figure 1 for a sample organization. Slaves in aThere are several other difficulties above and beyond the
piconet do not directly communicate with each other, bifevelopment of “clever” topology formation algorithms tha
rely on the master as a transit node. Communication betwegtroduce additional challenges when using Bluetooth igda
nodes in different piconets relies on bridge nodes thatrigeload hoc networks. First, during topology formation, nodes
to multiple piconets. A bridge node can only be active ifight need to exchange information with each other, and this
one of the piconets it is connected to at a time. Bluetootfieans establishing a connection where one node will acas th
allows different activity states for nodes: active, idl@ried, master and the other as a slave. This is easy when neither node
and sniffing. However, data exchange takes place betwagflongs to a piconet, but introduces significant complexity
two nodes only when both are active, and nodes periodicallihen either one or both nodes are engaged in some piconet.
change their activity state. This combination of flexilyildnd For example, a slave and a master can communicate only after
constraints on which Bluetooth is based raises a numbertagy negotiate a time window, called a “sniff” window. In the
questions and challenges. We list below those that are mefiff period, a slave must communicate with or listen to its
relevant to topology formation. master. If the slave is not there during this time, then thetera
)?terminates the connection (see [1], vol. 2, pp. 163-164). We

2) Which piconet(s) should a (slave) node join? demonstrate next through a simple example that determining

3) How many slaves should a master accept (below tﬁ@iﬁ windows can introduce significant complexity when
specified maximum of seven)? nodes try to establish a new connection.

4) How many piconets should a bridge node belong to? Suppose slave S in picongy with master; is trying to

5) Should a master serve as a slave in other piconets? join piconet P, with masterM,. Let M, have several other
slaves, and let the only available sniff window overlap with

When Bluetooth is used as a wire-replacement technologlye sniff window that S has already established with .
the above questions have trivial answers. There is only oNew, either S and)M; have to negotiate a different sniff
piconet and one obvious choice for the masteq, the window, or M, has to move the sniff window of one of
computer rather than the keyboard, or the cell phone rathgy existing slaves. This incurs additional complexity.vidf
than the head set. The master accepts new slaves as longeiher)/; nor the slaves of/, have any other available sniff
the maximum number of 7 has not been reached. In ad h@thdows, then the changes in sniff windows can propagate
networks consisting of a small number of piconets, answeriver the whole network! Furthermore, if the master of a
the above questions may not incur significant additional-corpiconet is also the slave in some other piconet, determining
plexity. Bluetooth is ideally suited for such simple sceéosr sniff windows becomes increasingly complex. Thus, topglog
Power consumption is low, and resources can be allocat@@mation becomes a stumbling block even when we do not

more efficiently due to the masters’ local control.
INote that these issues do not arise in 802.11, which higislitite trade-off

Ina !arge distributed enw.ronm_ent, howeve'j’ ap_proprwtegssociated with different design criteria and their défarimpact in different
answering the above questions introduces significant add@dronments.

Piconet 1

[l. CHALLENGES AND OBJECTIVES IN
BLUETOOTH TOPOLOGY FORMATION

1) How should nodes select their role (master or slave
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consider mobility, or nodes periodically turning their pgwwv number of components in the logical topology graph.
on or off. Note again that the determination of sniff windows Note that a connected logical subgraph exists if and only
is not an issue in a wire replacement setting, and less liketythe physical topology graph has a spanning &rekat
to be a problem when the number of piconets is small.  satisfies the degree constraint of a logical topology graph.
The inquiry and page modes used in Bluetooth to allowhis is because a spanning tree of any graph is connected
nodes to discover each other pose yet another challenged bipartite [2]. In a spanning tree, the partition that has
Suppose two nodes A and B receive an “inquiry responseiaximum degree less than or equal to 7 is chosen as the master
message from node C at roughly the same time. Then A aget, while the other with a potentially lower maximum degree
B will both page C repeatedly and their “page” messages wihrms the slave/bridge set.
collide. Although this may be solved via randomization, it Let the degree of a spanning tree be the maximum degree
can introduce a delay in the node discovery process andohits vertices. A spanning tree with degree less than or lequa
the formation of connections. to 7 exists if and only if the maximum degree of a spanning
In conclusion and as we quantify later, by focusing extemree in a graph is upper bounded by 7, and deciding this is
sively on controlling the use of resources, Bluetooth emgs-NP-hard [3]. Thusgdeciding whether connectivity is feasible
violating a basic design principle in networkingimplicity of and constructing a connected logical topology graph which
operation- which is critical in large distributed systems. Thesatisfies the desired degree constraint is NP-hard.
complexity it introduces in providing connectivity moreath  Nevertheless, polynomial time algorithms are available in
offsets any resource optimization capabilities it may @ffo  certain practical scenarios, where additional constsaare
imposed on the underlying network graph (Section 1V-B).-Fur
I1l. NETWORK MODEL AND PROBLEM thermore, we show how those polynomial time algorithms can
COMPLEXITY be extended to provide efficient heuristics in general sétesa

We formulate next a mathematical model for the system{Section IV-C). Many of these algorithms are centralizedt, b
objectives and constraints. There can be two types of limks ghe basic intuition behind them motivates a fully distriit
tween any two nodes. One isphysical(layer) link that exists and dynamic approximation (Sections V and VI).
between any pair of nodes that are in communication range of
each other. The other islagica_l Bluetooth link that exists_ if _ IV. EXPLORING THE RANGE OF POSSIBLE
the Bluetooth topology establishes an actual communicatio SOLUTIONS
link between the two nodes. The physical topology graph is
determined by the positions and the transmission radii ef th We explore the range of algorithms that are capable of form-
nodes, while the logical topology graph is generated by tfijed the desired topologies. We start with a naive algorjthm
topology formation algorithm. continue with algorithms for nodes on a plane, and finally

The logical topology graph must have certain propertieBresent algorithms that operate in 3-dimensional space.
According to the Bluetooth specification, vertices thatl Wi
assigned the role of a master can have a maximum dégfee
7. For the vertices that will serve as slaves, it is desiride
their degree be kept as small as possible. Regular slavesnodé/Ve first consider a naive algorithm where a node randomly
have a degree of only 1, but bridge nodes have a degree eciioses its role as either master or slave [4]. Then, if it is a
to the number of piconets they participate in. Since a bridgéave, it accepts every connection request up to the limit of
node with a degree more than 7 would provide poor data rateand if it is a master, it pages slave nodes until it forms 7
between the piconets it connects, we assume that the degreenections. Here, using the emulator described in Sedtipn
constraint of 7 applies to the bridge (slave) nodes as wele quantify how often this algorithm generates a discoredect
We choose the number 7 as this will give the same degr@pology, even when a connected one exists.
constraint for master, slave and bridge nodes. The logicalWhen 100 nodes are uniformly placed on a square of size 1
topology graph is bipartifewhen the desirable condition thatunit and the transmission radius of each node is 0.25 uhits, t
a master is not a slave in another piconet holds. algorithm forms a connected topology with probability 0.39

Connectivity is then deemed feasible if there exists ldowever, a connected topology exists with probability 0.86
connecteti sub-graph of the physical topology graph whicihus the algorithm fails to form a connected topology about
satisfies the degree constraint (maximum degree of 7).95% of the time. We simulated various other combinations
connectivity is feasible, then we want to construct a cotetec of numbers of nodes (10, 25, 50 and 100) and transmission
logical topology graph that satisfies the desired degree caadii (0.1, 0.17, 0.25, 0.32, 0.4, 0.5, 0.6 and 0.75 unit§le T
straint. Otherwise, any logical topology graph will consi$ algorithm failed to construct a connected topology in more
“islands” or components and we then seek to minimize thethan 20% of the cases. Moreover, in many cases this failure

probability is much higher than 0.5 (see Figure 2 for the 50

zThe‘deg_ree ofave_:rtex is the number of edges originating ﬂ_um_/ertex. node case). These results motivate us to develop “smarter”
A bipartite graph is one where the vertex set can be parétiom two . .
sets such that there is no edge connecting two vertices isatre set. t0p0|09y formation algor'thms'
4A graph is connected if there is a path between any two nodes.
5A component of a graph is a connected sub-graph that canretgasded 6A spanning tree is a connected subgraph which does not hayeleaand
any further while retaining connectivity. spans all vertices in the graph.

A. A ndve algorithm for topology formation
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Exists Fig. 3. We explain intuitively why in a complete graph withgedweights
Achieved equaling the Euclidean distance between the correspondéantices, the
degree of an MST is no more than 6. Consider a complete grajphvertices

0, A,..., G. Assume that vertex O in an MST has degree 7. Letdighbors

in the MST be{A,...,G}. Note that the Euclidean distance between nodes
. : ; ; ; ; ; ; ; ; A, B is less than the distance between (O, A) or (O, B). Thus,MST will

0 01 02 03 04 05 06 07 08 09 1 include the edge (A, B) rather than (O, A) or (O, B).

Transmission radius (units)

+ *

Fig. 2. The line denoted by * corresponds the probabilityt tha@onnected
E%%?:Zgég’;‘j;%lcjg@eig“aect?jzrl‘l)‘/’tggh?gvg dcg;r?ﬁgoﬁg.igoﬁahmy that a Consider a new graph formed by adding edges between all
pairs of nodes in the physical topology graph. This graph
is referred to as the completion of the physical connegtivit
agraph. The weights of the new edges equal the Euclidean
distance between the nodes. The physical topology graph
is a sub-graph of this completion graph consisting of all
We now approach the connectivity problem under certagyges of the completion graph with weight less tdafrrom
simplifying assumptions, which we describe and justify meXproposition 1, the degree of any MST in the completion graph
First, we assume that nodes constitute points on a plans. Tigi|ess than or equal t6. Any MST in the physical topology
assumption is justified in several ground-based civiliad agyraph is also an MST in the completion graph. This follows
military communication networks where the transceiveesar from the following facts: (a) all edges in the completiongia
similar heights and there is no air to ground communicatiofith weight less thaml belong to the physical topology graph
Second, we assume that nodes have the same transmisgigi (b) the physical topology graph is connected. Thus, any
range, d. This happens if the propagation conditions argST in the physical topology graph has degree less than
similar throughout the network and nodes have the samg equal to6. Therefore, such an MST satisfies the degree
maximum transmission power limitation and similar recepti constraint, and is a bipartite graph by virtue of being a.tree
capabilities. Now, a physical link exists between any twde® Hence, any MST in the physical topology graph is a connected

Under these two assumptions, the connectivity problem

becomes of polynomial complexity. The following Lemma . L .
POty P&y 9 Next, we consider the case when connectivity is not feasible

provides the cornerstone for designing a simple polynomlﬂ]_ h i when the phvsical topol his di
complexity, distributed algorithm that generates a cotetéc 'S happens only when the physical topology graph 1S cis-
connected. The objective in this case is to construct a &ébgic

logical topology whenever connectivity is feasible. ; -
) L S . . topology graph with the minimum number of components. The
Lemma 1:Connectivity is feasible if and only if the physi- . . .
. o . following lemma gives the basis for the procedure we follow.
cal topology graph is connected. A minimum weighted span- .
Lemma 2: The sub-graph of the physical topology graph

ning tree (MST) in the physical topology graph, with the - _ :
weight of an edge equaling the Euclidean distance betwedy'S'sting of the MSTs in each component of the physical

the nodes, is a connected logical topology graph that stisfioPology graph is a logical topology graph with the minimum
the constr:aints. number of components.

We first present the following result obtained by Monata Proof of Lemma 2: Since a logical topology graph is a sub-
al. [5], which we will use in proving this lemma. graph of the physical topology graph, the former has at laast
Proposition 1: Consider a complefegraph with nodes cor- many components as the latter. Thus the logical topologytgra
responding to points on a plane and the weight of the eddas at least as many components as the sub-graph consisting o
being the Euclidean distance between them. Any MST in subtSTs in each component of the physical topology graph. It is
a graph has degree less than or equal to 6. thus sufficient to show that this sub-graph satisfies theedegr

The intuition behind this proposition is provided in Figdre constraint of a logical topology graph. Now, consider each
Proof of Lemma 1: Clearly, a necessary condition for Con_component of the physical topology graph separately. Since

- L . each component is connected, then by Lemma 1, the MST in
nectivity to be feasible is that the physical topology gragen it satisfies the degree constraint of a logical topology grap

connected. We will show that this condition is sufficient a‘,f‘hus, a collection of such disjoint MSTs satisfies the degree

well. Assume that the physical topology graph is connecteéj(jnstraint of a logical topology graph. 0

B. Topology formation algorithms for nodes with identic
power levels on a plane

A graph is complete if it has edges between any pair of vestice Lemmas 1 and 2 show that constructing an MST in the
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physical topology graph will provide a logical topology gia Q
which (a) is connected if connectivity is feasible and (b)
consists of the minimum number of components if conngctivit m(©.0) y 5.0)
is not feasible.
Let the physical topology graph havelinks andV nodes.
Then, an MST can be constructed in a centralized manner with
time complexity O(F'log V') [6]. A distributed construction
has time complexity)(V log V') and exchange®(V log V +
E) messages [7].
The design of a logical topology is not complete without
assigning master/slave/bridge roles to the nodes. Sint&S3n
is a bipartite graph, and all nodes have degree less than or
equal to 6, any one partition can be selected as the master sgt4. The figure shows an example where an MST in a physigaiidgy
and the other partition as the slave set. Since we would ligeph has a degree of 8. Here, nodes are on a 2-dimensiona aial nodes
to minimize the degree of the bridge nodes, the partiiowif, | 204 s ave kansmisson ranes 106 metr, Wl ot aes hve
the smallest degree can be chosen as the slave set. degree 8.
The MST-based algorithm has, however, some disadvan-
tages. First, if all nodes have low degrees, which is typical o
going to be the case in an MST, then the end-to-end pa /
between certain nodes may be long, and this causes large e o
to-end delay. Thus, the piconet size can be a design parame Q o \ /O
We need to tune the degree of masters to a certain desit v o
value, and the degree of bridges to a different, possiblyelow © /
value. The MST algorithm does not allow us to selectivel \ /”
decrease the degrees of the bridges, once the universaedeg © "
constraint of 7 is satisfied. We next propose algorithms thi
can accommodate such a discriminatory treatment, and mc
importantly, are capable of generating connected topekgi
when the simplifying assumptions of this section do not hOIgig. 5.  We explain the operation of the MDST algorithm in tfiigure.

Let the MDST algorithm start with the spanning tree shownha figure.
. . . Node v has degree 8 while all other nodes have degree lessbthidnde v
C. Topology formation algorithms for networks with nodes iB marked as “bad,” and all other nodes are marked as “goddtdstheir
3-dimensional space degrees are less thah— 1 = 8 — 1 = 7). Now the algorithm considers the
] ] ] cycle generated when edge (u,x) is added to the tree. Theeedrnode v
We assume that nodes are located in 3-dimensional spa@enow be reduced by including edge (u,x) in the tree andidglene of
and can have different communication ranges. Robtrad.[8] e €dges (uv) or (v.w).
showed that in a 3-dimensional scenario the degree of an
MST can be as large as 14, even when all nodes he}\r/e

2 . ee, and replaces edges from vertices of high degree with
the same communication range. As a result, enabling ;hn P g g 9
i}

—:0 (20,3
(-3,5)% O V( )

G (-3,20)

MSTbasea algortm to i o connectd opology n a = 1 TeeS B deree. Refr o Pl ® o o
dimensional space requires that we relax Bluetooth’s caimst pie. poly piexity

8
to allow up to 15 (instead of 7) active slaves in a picone? (VElog V.) )

L - . - We now discuss how to extend MDST to separately control
Similarly, when communication ranges are different, euen

the 2-dimensional case, the degree of an MST can exceeﬂﬂI _degrees of the mas_ters and bridges. The goal is to first
) . . atisfy a degree constraint of, sayfor all vertices (wherep
(Figure 4). Hence, the problem needs to be investigated.in : . . ;
- . 2 77 is the desired maximum number of slaves in a piconetagd
the framework of aminimum degreepanning tree, which is . X
. . .~ 7), and then reduce the maximum degree of the bridges to a
an NP-hard problem (Section Ill). We therefore investigatg’ . .
heuristics and approximation algorithms esired valuek. For this, we use MDST to decrease the degree
urist pproximat gor ' of a spanning tree generated by Breadth First Search (BFS)

id “Knob” f telv tuning the d f trf())'p. Now, edges originating from slaves with degree greater
vides a 'knob_ for separalely tuning the degrees of mastis, 1 4re removed from the spanning tree, and replaced by
and bridges. This is based on an approximation algorith

(Minimum Degree Spanning Tree “MDST") guaranteed tffqose originating from the masters with degree less than

) . d slaves with degrees less thian- 1. The pseudocode for
generate a spanning tree with degree at most one more thant 1€ oxtension. which is referred to as “E-MDST" (Extended-
minimum possible value in any arbitrary graph (see [9], p '

272-276). Thus, MDST generates a connected logical togoloRgnDST)’ follows.

in “most” of the instances in which connectivity is feasible 1) Execute MDST on a spanning tree generated by BFS.
Specifically, the only exception occurs when MDST generates, _ o _
More precisely, the run time i® (VE«a(V, E)logV), where« is the

a spanning .tree of degree 8 and there eXiStS. a COnne‘:ted"(.)g,}qus\“/erse of Ackermann’s function and grows slowly. For athgtical purposes,
topology with degree 7. MDST starts with any spanning(V, E) can be treated as a constant [9)].
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2) Let MDST output a spanning tréé with degreep. V. TOWARDS DISTRIBUTED AND DYNAMIC
3) The partition with a larger maximum degree is the ALGORITHMS

master set and the o_ther partition Is the.slave/bndgeln this section, we first illustrate how an MST-based algo-
set. Consider the physical topology graphwith edges i m can be extended to operate in a distributed and dynamic
betW(_aen th_e master gnd slave sets only. setting. Since this extension is complex, even for an algori

4) Terminate if the maximum degreg in 7' of the slave ¢ gimple as MST, we then introduce an algorithm that is

set Ilf IEﬁSS than or zqual :od 4 all < g inherently distributed and provides similar albeit somatvh
5) Mark all master nodes of degreeand all slave nodes \yoqyer analytical guarantees.

of degreed, andd, — 1 as “bad.” A vertex is marked
“good” if it is in the “forest” F' = T\ {bad vertices. o _
6) While there exists an edge of G’ that connects two A. Distributizing an MST-based algorithm

different components of". An MST can be constructed by distributed computation at
. . the nodes. Gallageet al. [7] show how Prim’s algorithm
a) Consider the cycl€' generated by spanning tree
) T together wich g y sp ¢ (see [6], p.505) for constructing an MST can be distributize

b) If C has a slave node of degreed., then denote A ﬂod_e pnly needs to know an ordering _of the weights
the edge inC' incident onw as [, updateT by of |ts_ mc@ent edges. In the BIu(_etooth sgttlng, a node can

T — T\ {I} U{e}, and go to step (4). acquire thls k_nowledge by measuring the s_lgnal strengthef t

synchronization messages sent by its neighbors. If all iode
transmit these messages at the same power level, the signal
will be stronger for a neighbor that is closer.

The logical topology needs to be constantly updated due
to changes in the physical topology. These changes occur
7) OutputT. because nodes move and new nodes join and existing nodes

leave the system. The spanning tree needs to be updated

We tested MST, MDST and E-MDST in networks withih response to these topology alterations. See [10], [14] fo

. . - efficient algorithms for the dynamic update of MSTs.
nodes whose: and y coordinates are uniformly distributed . S : .
: . . : . : The complexity of a distributed and dynamic version of
in a square of size 1 unit and coordinates uniformly dis-

tributed between 0 and 0.3 units. We also consider “cludterg1e MST algorithm can however be high. In the distributed

networks” where the coordinates of the nodes are selected é@plementatmn, nodes are initially singletons, and theydg

above, but the: andy coordinates are clustered. Three squarl(l-:"’lIIy merge fo form fragments which again merge in order

clusters of size 0.4 each are placed randomly in a squareef 'io finally yield an MST. The nodes need to maintain and
: SDroadcast a fragment ID, as well as certain information &bou

L. A node may belong to one of the three clusters, or it m eir outgoing edges in order to decide in a distributed neann
not belong to any cluster. These four events are equi-pteba Which edges to add next [7] [10]. Sniff windows must be

If a node belongs to a cluster then itsandy coordinates are established and continuously updated for enabling this ex-
uniformly distributed in the corresponding square, othisen . . y up . 9 .
change of information. But as discussed in Section I, this

these are uniformly distributed in the original square afesi .

1 unit. For each of these o types of node distributionls @ complicated task. Moreover, because of the distributed

we evaluate the performance of the algorithms for differegperat'on' some nodes will be assigned dual roles. Consider

¢) If C does not have any slave nodeof degreed,
then mark all “bad” vertices i’ as good. Update
F by combining the components aloagand these
newly marked vertices into a single component.

number of nodes (25, 50, 100) and two different transmissi u ?gﬁnmﬁle;ﬂ%fkraggeggl 223552 t:aét ?}Fi;rﬁg%f ?E?@r)ge
radii (0.4 and 0.6 units), averaging the results over 10@.rtm y ing a W whi 9

all scenarios node degrees remain well below 7. Table | sho?}%d B (which belongs td?). If both A and B are masters

: . . . or slaves) in their piconets, then forming the lidkB means
the results with transmission radius of 0.4 units. The ayera .
d - . that one of the two nodes will have to assume a dual role, or
egree of the mastersl,) indicate that E-MDST aChIeveSinvoke a complex role switching operation for all the nodes
its objective of generating a “bushier” topology, while et in one of the tr\)/vo fragments 9 op
same time attaining a small average degree for the bridgesAII th i gt' ' tivate th derati ¢
(around 2.7). The results remain similar in the 2-dimenaion . ese complications motivate the consideration or-a

case and for other node distributions and transmission iradi simpler distributed algorithm that provides weaker ariahit
the 3-dimensional case . guarantees than an MST, but may offer a better trade-off

between performance and complexity.
We conclude that all algorithms (MST, MDST and E-

MDST) easily achieve the degree bound imposed by Blue- L , .

tooth, even in the 3-dimensional case for which MST coufg- A fully distributed and dynamic algorithm

possibly yield a degree larger than 7. Hence, the addedwe now describe a fully distributed and dynamic algorithm,
complexity of MDST over MST does not appear warrantedhat results in a topology known as the relative neighbodhoo
However, when comparing MST and E-MDST, we see that tlygaph (RNG) in computational geometry [12]. We refer to this
latter yields much more compact trees. This motivates csnsalgorithm as the RNG algorithm. RNG adds links as and when
ering E-MDST, despite its greater complexity, given thatdo they are discovered. Létd B| denote the Euclidean distance
trees can significantly degrade the network’s performandte [ between noded and B. RNG adds a link between two nodes
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N 25 50 100
Ma | Mm | Ba | Bm || Ma | Mm | Ba | Bm || Ma | Mm | Ba | Bm

MST 2.2 3 2.3 3 2.3 3 2.1 3 2.4 4 2.3 3

MDST 1.9 2 2 2 2 2 2.1 3 2 2 2.1 3

E-MDST || 5.9 7 2.7 3 6.1 7 2.4 3 6.1 7 2.7 3
TABLE |

DEGREE STATISTICS FOR THE THREE PROPOSED ALGORITHMY IS THE NUMBER OF NODES M, IS THE AVERAGE DEGREE OF MASTERSM, IS THE
MAXIMUM DEGREE OF MASTERS B, IS THE AVERAGE DEGREE OF BRIDGESBy, IS THE MAXIMUM DEGREE OF BRIDGES

LN [ & [ D[ Do [ Ds [ Da| Ds || Ma | Ba || M/S | Days |
T00 | 1173 ]| 91 [ 502 | 378 | 20 [0002] 24 | 25 169 | 26
500 | 6164 || 24.8 | 2365 | 219.7| 189 002 || 25 | 26 || 93.7 | 2.7
1000 | 1246.9 || 41.2 | 464.1| 4544 40.2 | 005 || 25 | 26 | 1922 27

TABLE Il
EVALUATION OF THE RNGALGORITHM IN A 3-D CLUSTERED TOPOLOGYN IS THE NUMBER OF NODES E' IS THE NUMBER OF EDGES IN THE
RESULTING TOPOLOGY D; IS THE AVERAGE NUMBER OF NODES WITH DEGREE; M, IS THE AVERAGE DEGREE OF MASTERSB,, IS THE AVERAGE
DEGREE OF BRIDGES]\/I/S IS THE NUMBER OF NODES WITH A DUAL ROLE D]M/S IS THE AVERAGE DEGREE OF DUAL ROLE NODES

A and B in the logical topology if and only ifA and B are in to |AB|. Note that in the MST at least one of the patHsto

each others transmission range add| < max(|BC|,|AC|) C, or B to C must use the linkAB (else there is a cycle). Let

for any other node”' which is in A’s and B’s transmission the path betwee andC use this link. Thus, edgBC does

ranges (“RNG rule”). After RNG has addedB, if a node not exist (else there is a cycle). Thus, add ed§€ to the

C that violates the above condition is discovered, then RNKAST. The earlier path fron® to B forms a cycle with edge

deletesAB. Figure 6 illustrates this rule. BC, and this cycle contains edgéB (as AB is in the path
betweenC' and B by assumption). Remove edge3 from the
MST, to construct a spanning tree whose weight is not more
than that of the earlier MST (sindelB| > |BCY). O

Observe that the above proof holds for any link weights
|AB| (not just for Euclidean distances). Thus, the lemma holds
for all graphs. The following corollary follows directly dm
Lemma 3.
Corollary 1: RNG generates a connected logical topology.
Unlike in an MST, there may be multiple paths between any
two nodes in an RNG. Thus, an RNG has better connectivity
. . . , " than an MST.
Fig. 6. The 2 circles in the figure have radil B| and centersA and N h d | dh |
B respectively. RNG would add linkd B, if there is no other node in the OW. as_sume t at nodes are on a plane an .a\./e equa
intersection of the circles (shaded area). Link3 is not added in this case transmission radii. Then, we prove that RNG satisfies the
as node C is in the shaded area. degree constraint of Bluetooth in most cases.

Lemma 4:Let all nodes be on a plane and have equal

We assume that each node knows its neighbors in the,smission radii. Let different pairs of nodes have disti
physical topology graph(). A node also knows an orderinggcjigean distances. Then, the degree of any node in the

among the Euclidean distances between its neighbors fr%ﬁical topology generated by RNG is at most 6.

power measurements and subsequent information exchaE’ge ] . :

with its neighbors. Observe that the addition and/or detedf oof of Lemma 4: Let the degree of a nodg in thellog|cal

a link do not affect any other link additions or deletionsdanmpc,)logy ggnerated by RNG exF:eed 6 (refer to Figure 3 for
depend only on local information. Hence, there is no need llustration). Then, there exist at least two nodéss
broadcast any information throughout the graph. Thus, RV\LVEOCh that RNG selects edg€sd and OB, and the angle

exchanges fewer messages and is simpler than the disttibyt’Z (€) is less than or equal t@r/6 = /3. Without
MST algorithm. oss of generality, lets = |OB| < |OA| = r1. Note that

) |OB| # |OA| by assumption. Lep = r; — ro, where by our
Lemma 3:RNG generates a topology that is a superset ﬁfssumptionsé) < p < ri. From standard geometry we have
the MST. that|AB| = \/r? + 13 — 2ry72 cos 6. Sinced < /3, we have
Proof of Lemma 3: For simplicity, we assume that there existshat cos# > 1/2, and using the relation, = r, — p, we get
a unique MST. Let there exist an edde3 that is chosen by |AB| < \/r? — pra < r1. Thus,|OA| > max(|AB|, |OB).
the MST algorithm but not by the RNG algorithm. Thus ther8ince RNG selects edgeA and all nodes have equal trans-
exists a nod€' such that AC| and|BC| are less than or equal mission rangesB is in both A’s and in O’s transmission
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ranges. Thus, RNG will not select ed@ed, which contradicts VI. INVESTIGATING THE RNG ALGORITHM
our assumption that nod@ has degree greater than 6. FURTHER

“Note that different pairs of nodes have distinct Euclidean Thjs section is devoted to investigating the behavior of
distances with probability 1 if the: and y coordinates of the RNG algorithm in terms of its ability to form connected
the nodes are independent continuous random variables V‘fBBologies in reasonably large ad hoc networks. Our focus is
arbitrary density functions. Thus, this condition is si&i$ in  yo-fold. First, we want to assess RNG's performance in a
many practical instances. However, if different pairs otles regjistic setting and for a variety of scenarios. Second, we
have equal Euclidean distances, then a slight modification\gant to compare the RNG algorithm with several existing
RNG still satisfies the degree bound of 6 [13]. topology formation algorithms that have been proposed by

The overall RNG algorithm works as follows. Two nodés others. Our main purpose for performing such a comparison
and B that have recently discovered each other, first decide j@sto establish that the conclusions we reach based on the
per the RNG rul@ whether to form a connection€., add the performance of the RNG algorithm, extend to systems using
link between them to the logical topology). If a connectien iother algorithms as well. Specifically, while be believettha
to be formed,A and B next decide on their respective roleshe combination of a native distributed operation, minimum
as masters and/or slaves, according to the following riles. reliance on external informationé., only the relative distance
A have a higher ID tharB. between nodes is needed), and strong algorithmic guasantee

1) When a node powers on, it has an unassigned State_make the RNG algorithm an ideal candidate for topology

2) Let A and B have unassigned states when they disCovg;],rmation in Bluetooth, we also want to ensure that this is
each other. Thend becomes master. and becomes a Ot achieved at the cost of significantly lower performance
slave inA's picon;et ’ (i.e., much larger topology formation times) when compared

3) When one node is unassigned and the other is a mastt(@:rf)ther alternatives.

the unassigned node becomes a slave in the piconet of 0" the purpose of evaluating the performance of the RNG

the master if the piconet has less than 7 slaves. algorithm in a realistic setting, we developed a low level
4) When one node is unassigned and the other is a slave, faHlator of the Bluetooth protocol stack. The neighboralisc

unassigned node becomes the master of a new picors&, Processi.e., the inquiry/inquiryscan and page/pagean

and the other node joins the piconet as a slave (bridg@)pdes’ is modeled as described in the Bluetooth specifica-
5) If neither A nor B is unassigned, then we consider thdions [1]. The emulator also includes a limited version of
following cases separately. the HCI layer, the interface that allows the control layer to

, communicate with the lower layers of the stack. The emulator
a) If _bOth are masters, the# becomesA's slave controls the operation of the nodes and gets the information
(brldge)_. ) . needed for topology formation via specific HCI commands
b) If one is a master and the other is a slave in g,y events (see [1], vol. 2, pp. 373-579). For example, the
different piconet, then the slave becomes a bridqgy ator computes the distances between the devices from
between the two piconets. the strength of the received signal, which can be measured by
c) If both are slaves, thed pecomes the master andusing the the ReaBSSI command of HCI. Other commands
B becomes the slave (bridge). allow the control layer to instruct nodes to switch between
Thus, some nodes assume dual roles, they are both a Inquiry and Inquiryscan modes, create a connection, accept
master and a slave (cases 5a and 5c). This can not be avoidednnection requesttc
as the resulting graph is not necessarily bipartite. Thigasion ~ We test the performance of the RNG algorithm in several
is not desirable even though the Bluetooth standard allowsdifferent scenarios and for different numbers of nodes.lIn a
We therefore assess the percentage of dual role nodes.  scenarios, nodes are powered on at random times that are
We evaluated the RNG algorithm in the same topologies wmiformly distributed in an interval betwedghand3 seconds,
considered for MST, MDST and E-MDST (see Section IV-Cland node positions are generated as described in Section IV-
In all scenarios, the degrees of the nodes are below 6 (TBble C. During our initial experiments, we allow nodes to conduct
The percentage of nodes that have to play a dual role dsvice discovery and topology formation in parallel. When
approximately between 17 and 19 percent of the total numldao nodes discover each other, they decide whether to form
of nodes, but their average degree is still low (around 2.%.logical link as per the RNG rule. However, for simplicity,
The simplicity of the RNG algorithm together with its abjlit if two nodes decide to form a logical link, they follow
to meet the degree constraint that Bluetooth imposes, ntak¢hie default Bluetooth behavior, namely, the node perfogmin
appealing for practical implementation. However, as weashdnquiry becomes the master and the node performing inquiry-
in the next section, implementing even this simple algamithscan becomes the slave (or bridge). This differs from the rol
in a realistic setting is challenging, and more importarily selection rule specified in Section V-B, which would have
performance may not be adequate. required the implementation of a more complex role switghin
capability. Our goal in following the default Bluetooth teeh
on pol , . ior is to evaluate the percentage of dual role nodes it would
A link is not added if one of the incident nodes has a degree. dfhfs . .
situation may arise when nodes are in 3-dimensional spate@ unequal produce, and therefore better assess the need for |mplmgent
transmission ranges. a more complex approach that would also affect the time



VERGETISet al. CAN BLUETOOTH SUCCEED AS A LARGE-SCALE AD HOC NETWORKING TEHNOLOGY?

Time (sec.) Degree Statistics
N Teonn | Tenter | Tconverge || Average | Ma [ Mm | Ba [ Bm | Da | Dm || % of Dual
10 10 11 41 2.3 13 3 20 3 [34] 4 19
25 12 15 146 2.9 18 3 36| 4 [31] 4 44
50 11 16 223 2.8 2.1 5 29| 4 [ 36] 5 49
100 14 21 404 3.1 2.5 6 241 5 [ 32] 6 49
TABLE Il

EVALUATION OF THE RNG ALGORITHM IN A DYNAMIC SCENARIO WITHOUT DATA TRANSFER

Time (sec.) Degree Statistics
N Teonn | Tenter | Tconverge || Average | Ma [ Mm | Ba [ Bm | Da | Dm || % of Dual
10 11 11 61 24 2.1 4 23] 3 241 3 20
25 11 15 172 3.1 2.7 3 28| 4 [ 37] 5 41
50 13 16 231 2.9 2.5 4 23] 4 [ 31] 5 47
100 17 22 434 3.2 2.3 5 22| 4 | 36] 5 45
TABLE IV

EVALUATION OF THE RNG ALGORITHM IN A DYNAMIC SCENARIO WITH DATA TRANSFER

required to form a stable, connected topology. the two versions of RNG. Allowing role switching as proposed
In addition to basic topology statistics such as average aifidSection V-B can help lower the number of dual role nodes
maximum degrees of nodes of different types and percented@vn to about 20% (see Table II), which while still high, it
of dual role nodes, we also track several other paramet&rgy be worth the added complexity.
of interest. The first is the average tinBonverge required Those results indicate that even under relatively benign
to convergeto the final topology. Convergence to a stableonditions,e.g, no node mobility, homogeneous transmission
topology is obviously important, as it affects the time takeranges.etc, and using a simple distributed algorithm such as
by routing algorithms to converge and effectively deliveRNG, forming stable connected topologies in large (of the
information. We also consider the average tiffign, required order of 100 nodes or more) ad hoc Bluetooth networks may
to form a connection (measured from the start of Inquirtake too long to be practical.
until the connection is formed) and the average tiffiger ~ Our next step is to confirm those conclusions by comparing
a node requires to establish ifisst link. The latter should the results obtained for the RNG algorithm to data available
be representative of the time it would take a new node for other algorithms. Several scatternet formation aldponis
connect to an existing network. We consider both the caRave been previously proposed in [15], [16], [17], [18], 19
of nodes spending all their time doing topology formatioand [20], and from the results reported on their performance
(Table 111), and of nodes that spend 15% of their tihie data (see Table \AY) it appears that they yield significantly lower
transmission mode (Table V) during which they are, therefo topology formation times. It is therefore important to dete
not available for topology formation. mine whether this difference is attributable to deficieacie
In conformance with the results of Section V-B all experin the RNG algorithm. Upon investigating the characterssti
iments produce a connected topology (when one exists), arfdthe above algorithms, and more importantly the operating
the degrees of all nodes are kept below 7. Due to the devagsumptions used when evaluating them, it appears that ther
discovery scheme of Bluetooth, the average time to connese two main reasons behind the reported differences in
Teonn is around 10 seconds, while a node may have to waierformance. The first one is a different model for how node
about 20 secondd {nter) before entering an existing topologydiscovery and topology formation are carried out, and the
We next investigat&onverge@and observe that even in the 10second is a different definition of topology formation time.
node case, it takes about 1 minute to forrstabletopology. Specifically, the results are obtained bgquentiallycarrying
This time increases to nearly 7 minutes when the number @fit node discovery for éixedamount of time, and only then
nodes goes up to 100. When nodes are allowed to spend lisétating the topology formation part. In particular, Begmi
of their time in “data transfer” mode, as expected, the timgt al. [14] assumed in their evaluation of several different
increases even further (Table IV). In addition and conaistealgorithms that topology formation was preceded by a fixed
with our expectations, the percentage of nodes that assum20asecond period of node discovery. In addition, the times
dual role is substantially higher in this version of RNG ttian
the one presented in Section V-B (Table II). This is caused byiiTaple VI reports the topology formation times for most of gkoal-

the difference in the master-slave role selection rulessben gorithms, as well as additional information regarding theiain features.

Statistics for LSBS [21], BlueTrees [18], Bluenet [19] andu&Stars [20]

were taken from [14] as it provides a detailed comparisormo$é algorithms.

10This is approximately the time that a slave spends in datssinission Statistics for the remaining algorithms were taken from thiginal papers.

if its master has 7 slaves. Obviously, masters and bridgdlsinvigeneral Note that in several instances, those statistics werergataising simulators

spend more time transmitting data. Our model corresporsetore, to an instead of low level emulators, and thus the resulting esttdd may be
optimistic scenario for topology formation. somewhat optimistic.
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N Teonnected(S€C.) | Tronverge(S€C.)
10 33 27
25 63 32
50 75 36
100 119 43
TABLE V

EVALUATION OF THE RNG ALGORITHM: TIME TO FORM THE FIRST CONNECTED TOPOLOGYUSING THE ORIGINAL DEVICE DISCOVERY SCHEMEAND
TIME TO FORM A STABLE TOPOLOGY WHEN FOLLOWING THE DEVICE DISOVERY SCHEME OF[14]

reported for topology formation are not always the timesluntopology is much smallét than the timeZconverge (from

a stable topology has formed, and instead often measure Tables 11l and V) it takes for this topology to stabilize.
time it takes tdfirst form a connected topology. This is because the “device discovery” process constantly
discovers new nodes and links, which occasionally modifies
the topology. As discussed earlier, it is difficult for rogi

to converge until the topology has settled, which may affect
reliable data delivery. Thus, we believe th&tnvergeis @ more
Fealistic measure of the time it would take before an ad hoc

network forms and becomes operational. Turning to the stcon

some nodes are ultimately unable to communicate. Secoe lumn of Table V, we see that when evaluating RNG in a
since the fullphysicaltopology is not discovered, the analyti'manner consistent with that used to evaluate other algosith

cRall\Ilgua}ranFies olffered bi thedMST alglorithhm (:_em_rrr:a 1), tr?Fyields similar topology formation times. This confirmsrou
15 igorltlsr)n (zelmma I) an sre]vledrasot e_:c_a gilorlthg,_, initial assessment that the larger topology formation Sme
[15], [17], [19], [21], no longer hold. Specifically, Basagn had initially observed for RNG are essentially caused by the

et al. 514] fsglow th(z;t for a netwo(rjk of llldO_ nodes, agter 223 (i)fferent operating assumptions we used. As discusseitearl
seconds of device discovery, a node only diSCovers about 88 qjieve that our assumptions are more representative of a

of its neighbo_rs. If connectivity depgnds on the _remainirﬁ%alistic environment. It should also be pointed out thateh
12% of the neighbors, then the algorithms will ObV'(.)USN falyre other differences between RNG and some of the algorithms
to construct a connecte_zd _t(_)pology__ Both of those issues frable VI. In particular, several of them assume that atle®
probably not of much significance in small ad hoc networkgyg \yithin communication range, which essentially elinésa

l.e, around 10. node_s, where a dlls.covery p.hase of 20 or CVRR connectivity constraint but is unlikely to hold in largeale
10 seconds will typically be sufficient to discover all no’de%etworks

but are likely to res_ult in much more severe problems in Iar_ge Finally, we want to point out that there are several addélon
s<_:a|e network_s. Third but not least, the enforcer_nen_t Of_a?f'xﬁiﬁiculties in forming stable, connected topologies inglar
FJIISCOYGI’y pe.nod that p_recedes topo!ogy formatllon |s.drfnc ad hoc networks that neither our Bluetooth emulator nor
if notimpossible, to be implemented in a dynamic enwronmegny of the other simulation results mentioned in Table VI

where nodes power on and off or are mobile. have meaningfully incorporated. One of these factors is the

We believe that the definition of topology formation timeestablishment of compatible sniff windows across picanets
and the methodology (parallel and ongoing node discoveN'Other aspect is node mobility, which would require consta
and topology formation, progressive power-up of nodgs) changes to the topology and possibly frequent renegatistio
used in our experiments with the RNG algorithm, provid@f sniff windows in the different piconets. Both of these are
for a more realistic and meaningful assessment of topolofi§ely to increase topology convergence times, so that the
formation in large Bluetooth ad hoc networks. Nevertheles€ported figures should probably be considered “best case sc
in order to allow for a consistent comparison of RNG and thiearios,” especially for large numbers of nodes. These thege
algorithms of Table VI, we perform additional experimentsVith long topology formation times and the emergence of a
The first set of experiments still uses our original assuampti relatively large number of dual role nodes, are the bases for
of parallel and ongoing node discovery and topology form&ur general conclusion that the deployment of Bluetooth as a
tion, but instead of measuring the time it takes for RNG tgore technology for building large-scale ad hoc networks is
form a stable topology, we instead track the tiffigmecieait  UNlikely, especially given the availability of seeminglyore
takes tofirst form a connected topology. The second set §uitable alternatives such as 802.11.
experiments reproduces the operating conditions of [14d, a
tracks the timelonvergefor RNG to form a topology in such a VII. RELATED RESEARCH
setting. Those results are shown in Table V, where the CO|UmI'We br|ef|y mention a number of previous works that have
labeled Teonnecteareports on the first set of experiments, an@een motivated by the ambition to use Bluetooth in ad hoc
the column labeled convergeOn the second. networks. They span two related areas: (i) assessing the

Those two differences, and especially the first are, se-
qguentially performing the node discovery and topology farm
tion, introduces several significant limitations. Firsgchuse

not all nodes and links are discovered. Thus, it is possiizé t

¢From the Yalues reported fdrconneC_ted in Table V, we  12ang much closer to the topology formation times of algorithrin
see that the time taken by RNG to first form a connectadble VI.
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Percent | Connected Degree Devices
Algorithm Ref. || # Nodes | Time of dual topology constraint within Comments
(sec.) nodes | guaranteed? | guaranteed? | range?
Needs connected
BlueTrees | [18] 110 36 50 Yes No Yes topology for
“blueroot” election.
Bluenet [19] 110 33 78 No Yes No
Elects a
TSF [16] 64 14 See Yes No Yes coordinator within
note (1) each subtree.
BlueStars | [20] 110 24 22 Yes No No
Degree constraint
BlueMesh | [17] 120 See 12-17 Yes Yes No guaranteed only in 2-D
note (2)
Leader election
Law [15] 128 42 See Yes Yes Yes in each
et al. note (3) Note (4) component.
[21] Degree constraint
LSBS [20] 110 34 21 Yes Yes Yes guaranteed only in 2-D
[14] Needs node locations.
Degree constraint
RNG [22] 100 43 47 Yes Yes No guaranteed only in 2-D
Note (5) Needs Euclidean
distance (RSSI).
TABLE VI

COMPARISON OF VARIOUS TOPOLOGY FORMATION ALGORITHMS

potential of Bluetooth in comparison to other technologiesntext. Chiasseringt al. [28] consider procedures to handle
and (ii) developing algorithms for forming and maintainingopology changes in an already existing Bluetooth network.
network topologies. Kallo et al. [29] also consider topology maintenance.

Johanssoret al. investigate the suitability of Bluetooth BTCP [27] describes a leader election process to control
as a networking technology [23], [24]. The authors identifthe topology formation process. It requires all nodes torbe i
Bluetooth’s potential in building Personal Area NetworR8]. each others transmission range in order to carry out thestead
They compare Bluetooth to IEEE 802.11 and conclude thatdétection. This condition is unlikely to hold in general, and
small Personal Area Networks Bluetooth is better suited thalso means that the leader election approach of BTCP is not
IEEE 802.11. Their conclusions do not apply to large ad haly a distributed algorithm since all nodes have access to
networks as they do not consider topology formation and tiggobal information to elect a leader. Barriee¢ al. [30] have
effects of device discovery. proposed a dynamic and distributed algorithm that is capabl

A few authors have already acknowledged that buildingf achieving not only connectivity, but also of controllitige
Bluetooth-based networks is complex. Basagrdl.[14] iden- Size of piconets as well as the desired degrees of masters
tify several problems that the Bluetooth technology givies r @nd slaves. However, it requires that all nodes be capable
to. They observe that the device discovery process consurféscommunicating with each other, which will often not
a lot of time, and propose modifications to the Bluetoothold. Finally, Marsaret al. [31] formulate an integer linear
standard that may make its operation more efficient. Th&jogram for computing the “optimal” Bluetooth topology.
conclude that forming scatternets is still a formidablétasu The complexity of the proposed algorithm is however high.
et al. [25] present an on-demand approach for building a paftirthermore, the integer linear program can only be solved i
between Bluetooth devices. However, the delay incurred #centralized manner.
their route discovery process is large. Moreover, theiultss  As discussed earlier, several topology formation algangh
suggest that scatternets face scalability problems. Zletnghave been proposed and evaluated, and Table VI summarizes
al. [26] briefly comment on the complexity of Bluetooth whertheir main properties and performance. Additional comraent
comparing it to other technologies. Lagt al. [15] mention and clarification regarding the properties of the different
that the problem of collisions of paging messages beconmagorithms are provided in the notes that accompany Table VI
significant when the number of nodes exceeds 64. SaloeididNone of the distributed algorithms listed in Table VI are
al. [27] prove that the average delay involved in synchronizinguaranteed to produce connected topologies that satisfy th
two nodes is infinite if the nodes rely on a deterministidegree constraints of Bluetooth in general settings. This ¢
pattern of alternating between paging and paged modesisThibe explained by our result that satisfying both requirement
another issue that is irrelevant when Bluetooth is used asea wis an NP-hard problem. Like the MST and RNG algorithms
replacement technology, but that is important in a netwagki we presented in Sections IV-B and VI, BlueMesh [17] and
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LSBS [21] satisfy both these requirements only when nodasd thereby attain a better delay/throughput trade-ofesgh
are on a plane and have equal transmission ranges. In agdditi@sults provide the foundation for an in-depth investigati
LSBS assumes that each node knows its own and its neighbafs’'Bluetooth’s implementation complexity and operational
locations. This requires additional hardware,g, a GPS overhead when used as an ad hoc network technology.
receiver and is therefore not consistent with Bluetootle'sign For a comprehensive and realistic investigation of Blue-
goal of providing low cost energy-efficient transceivery. Btooth’s implementation complexity we designed a detailed
using the relative neighborhood graph structure, which islaw-level emulator of the Bluetooth stack, and used it to
subset of the geometric structure (Delauney Triangulatiost examine the convergence time and complexity of a simple,
LSBS uses, the RNG algorithm achieves similar connectivitistributed algorithm (RNG) that is capable of satisfying
and degree constraint guarantees as LSBS, but does nataedBiuetooth guarantees in most environments. Our findings are

nodes to be location aware. that although the algorithm succeeds in forming connected
topologies, the time required to generate a stable topoiogy
Notes on Table VI. the presence of a large number of nodes is large enough that

1) Tanet al. [16] do not provide statistics on the percentage of js unlikely to be practical. Furthermore, the presenceaof

nodes that assume a dual role. However, since compone . .
(subtrees) merge only from their root nodes, some roots wi ?ge percentage of dual role nodes substantially impaes t

have to assume a dual role. The nodes can can subsequeﬂﬁ;t/work_thrOUghpUt- These a"fead}’ poor results would only
switch their roles, but switching roles would require netir worsen if all the other constraints imposed by the Bluetooth

wide changes. protocol, e.g, sniff window negotiations, handling of node
2) Petrioliet al. [17] mention that on average about 4 iteration$nobi|ity and topology adjustmentsetc, were taken into

are required to complete the scatternet formation process f, : .
120 nodes. However, there is no information on how muc ccount. Several topology formation algorithms proposgd b

time each iteration takes. Moreover, there is no informatiother authors also perform similarly. As a result, we badiev
on how much time the first phase (topology discovery) of ththat in spite of the significant attention it has receivedrove
protocol takes. Given the results of [14], it is likely thatod the past few years and the many interesting proposals and
node takes more than 20 seconds to discover its one- and twaglts it has generated, Bluetooth's inherent compleaitya

hop neighbors. . . . . )
3) Since each leader executes SEEK,(Inquiry) or SCAN (.., networkingprotocol makes it unlikely that it will be widely

Inquiry_Scan) using a randomized procedure, some nodes wip€d in building large ad hoc networks. Nevertheless, it is
have dual roles. However, no statistics on the percentage Ggrtainly possible for Bluetooth to be successfully used in
nodes that assume a dual role are available. building small ad hoc networks, where the issue of topology
4) The authors focus on the case where all devices are Withigrmation is of much lesser concern.
range. However, in Section 8.3 (page 11) they discuss a
scenario allowing out of range devices, and mention that in
this case the degree constraint is not guaranteed. ACKNOWLEDGEMENT
5) For uniform comparison (as in [14]) we report the running The authors would like to thank Dr. Murali Kodialam,

ggwcirc]);;h(gr:gglgg r{%\.m when devices discover each other for 2gurrently at Bell Laboratories, Lucent Technologies, Hdéth

NJ, for directing us to Relative Neighborhood Graphs.
VIIl. CONCLUSION

In this paper, we investigate the feasibility of using Blue-

tooth as the base communication technology in Iarge—scaié] Bluetooth SIG, Specification of the Bluetooth System, Version, 1.2
L . e November 2003.
ad hoc networks, a task that significantly exceeds its Initigy £ Harary, Graph Theory Addison-Wesley, 1969.

scope of a “wire replacement” technology. Our investigatio [3] M. R. Gary and D. S. Johnsoffomputers and Intractability Freeman,

is motivated by Bluetooth’s design paradigm that is funda-  1979. _ .
v diff t from that of competina technologies suc 4] R. Guérin, E. Kim, and S. Sarkar, “Bluetooth technoloffgy challenges
mentally difreren petng al u and initial research,” irProc. Commun. Netw. & Dist. Sys. Model. &

as IEEE 802.11. We focus on the basic aspect of topology Simul. Conf. (CNDS)San Antonio, TX, January 2002.

formation as it illustrates the problems that Bluetooth enl?] C. Monma and S. Suri, “Transitions in geometric minimupasning
trees,” Discrete and Comput. Geometryol. 8, no. 3, 1992.

_Count_ers Wheﬁ used as a networklng_ tec_hnology. \N_e f'r%] T. Cormen, C. Leiserson, and R. Rivesttroduction to Algorithms
investigate this problem from an algorithmic perspectige t ~ MIT Press, 1990.

gain a basic understanding of its fundamental complexity?] R. Gallager, P. Humblet, and P. Spira, *A distributed aaithm for
minimum-weight spanning treesRCM Trans. Program. Lang. & Sys.

and establish that deciding whether there exists at least on g5 1o 1. January 1983.
connected topology that satisfies the degree constraint (8 G. Robins and J. Salowe, “On the maximum degree of minimum

Bluetooth is NP-hard. This explains why forming a topology ;F?”J’:j’r:g ees iProc. ACM Symp. Comput. Geometony Brook,

na Short_t'me Wh".e satisfying all the Bluetooth consttain [9] D.HochbaumApproximation Algorithms for NP-hard Problem$WS,
has remained elusive even after several years of extensive 1995.

research. However, we also prove that an MST-based algorithl0] C. Cheng, I. Cimet, and S. Kumar, "A protocol to maintainminimum
spanning tree in a dynamic topology,” Proc. ACM Symp. Commun.

is guaranteed to satisfy Bluetooth's constraints underesom  arcn g prot, Stanford, CA, August 1988.
simplifying assumptions. We also propose several heusisti11] P. Narvaez, K.-Y. Siu, and H.-Y. Tzeng, “New dynamigaithms for

that satisfy Bluetooth constraints under most conditiond a  shortest path tree computatiolEE/ACM Trans. Networkingvol. 8,
d t rel th ti S f th h - no. 6, December 2000.
0 not rely on those assumptions. Some of these heursiits G 1. Toussaint, “The relative neighborhood graph ofnitdi planar set,”

can differentially control the degrees of masters and slave  Pattern Recognitionvol. 12, no. 4, pp. 261-268, 1980.
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