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Abstract— The Bluetooth standard speci�es the formation of
Piconetsbut only alludes to the possibility of joining several of
thesePiconets to form a Scatternet. In an attempt to formalize
this Scatternet formation process,several schemeshave been
suggested.The centralized schemessuggestedso far, require all
the nodesto be in the radio range of eachother (i.e. single hop)
to ensure the correctnessof their algorithm. To addressmulti
hop scenarios,the distrib uted schemessuggestedso far, usually
require multiple phasesto form a Scatternet. In particular , they
need a considerableamount of time and energy in the topology
discovery phase, during which the nodes exchangeone hop or
even two hop neighbor information. This also restricts these
schemes'ability to ef�ciently cope with fully dynamic topology
changesdue to nodesjoining/leaving. In this work, we proposea
novel and practical approach called BlueToothSpin (BTSpin) to
overcome several of the above mentioned shortcomings.BTSpin
has a single phase,wherein the nodesconcurrently form Scatter-
nets and route data traf�c. Our simulations show that BTSpin
has a low Scatternet formation delay, and can form ef�cient
multi-hop Scatternets when nodesarri ve both Incrementally and
En Masse(all at the same time). The total number of Piconets
formed and the average number of roles per node (number of
Piconetsa node participates in) are also shown to be lower than
other proposedmesh basedprotocols.

I . INTRODUCTION

Bluetooth ([1], [2]) is a wireless communicationsystem
used to form personalarea networks over a short range.
On being turned on, a Bluetooth device can be in any one
of the following modes: Inquiry, Inquiry Scan, Symmetric
Inquiry. In the SymmetricInquiry mode,a Bluetoothdevice
togglesbetweentheInquiry modeandtheInquiry Scanmode.
A device in the Inquiry mode sendsout ID packets in a
predeterminedfrequency hoppingsequence.A device in the
Inquiry Scan mode, while scanningfrequenciesin a preset
frequency hoppingsequence,waits for thoseID packets. To
ensurea frequency matchbetweendevicesin thesetwo modes,
the device in the Inquiry mode hops frequenciestwice as
fast as the one in the Inquiry Scan mode. On a frequency
match, the device in the Inquiry Scanmode respondswith
its Frequency-Hop Synchronization(FHS) packet containing
its device ID and Bluetooth clock, and entersa Page Scan
mode. The inquiring device, on receiving this FHS packet,
pagesthe inquireddevice with its own clock.On receiving the
page,the inquireddevice tunesits clock to that of the paging
device, therebybecomingits Slave. This way, a star shaped
network called Piconetmay be formed with one Masterand

at mostseven active Slaves.In the event of having morethan
seven Slaves, a Mastercan park/un-parkSlaves so that only
seven remainactive at any given time. All intra-Piconetdata
transferis coordinatedby the Master, who periodically polls
all its active Slaves as per as its schedulingpolicy. Slaves
can only communicatewith their Master. Only Masterscan
initiate this communicationby the polling mechanism.Hence
all traf�c �o ws throughtheMaster. To accommodatea greater
numberof active devices,theBluetoothstandardalludesto the
possibilityof joining severalPiconetsto form a largernetwork
calleda Scatternet.To this end,a nodecanhave multiple roles
in multiple Piconetsto serve as a Bridge in betweenthem.
For example, it can be a Master in one of the Piconetsand
a Slave in all the other Piconets.Details of achieving such
a bridgednetwork (Scatternet)however, is not mentionedin
the speci�cations.In an attemptto formalize this Scatternet
formationprocess,many schemeshave beendescribedin the
literature.

The solutions proposedso far can be broadly classi�ed
into two categories:Centralized and Distributed. Centralized
schemes(e.g.,[3], [4], [5], [6]) assumethe entirenetwork to
be in theradio rangeof eachother(singlehopnetwork). Thus
theseprotocolscanleverageon thecompletenetwork topology
information to optimize the Scatternetsformed. However,
given that the average transmissionradius of a Bluetooth
device is only 10 meters,sucha single-hopassumptionmaybe
too restrictive. To overcomethis problem,distributedschemes
(e.g., [4], [7], [8]) were proposed,which form multi-hop
Scatternets.In mostof theseschemes,however, thenodesform
a Scatternetin multiple phasesandareunableto accountfor
nodesthat turn on (join) andturn off (leave) at differenttimes.
Moreover, any protocol requiring multiple stepsor phasesto
form a Scatternetfaces the challengeof selectingoptimal
phasetimeoutvalues(seeIII-A for moredetails).

In this work, we proposea novel framework called Blue-
ToothSpin(BTSpin),which is a singlephasedistributedScat-
ternetformation strategy in Bluetooth.BTSpin makes useof
a greedy and aggressive approachto form and heal mesh-
basedScatternets,andallows concurrentdatacommunication
betweenthe nodes.It does not require all nodes to be in
communicationrangewith eachother, and as such,supports
multi-hop networks. The Spin techniquethat we proposeal-
lows a Piconetto connectomni-directionally. It alsopromotes



fairnessby relieving any particularnodefrom beingburdened
by theScatternetformationtaskmorethantheothersin its own
Piconet.At the sametime, the absenceof multiple phasesin
the protocolmakes distributed implementationeasier(by not
having to worry about synchronizingphasetimeout values).
BTSpin tries to minimize the numberof Piconetsformed to
resultin aminimumnumberof Bridgenodes,aswell asreduce
theenergy consumedin theprocessof forming (andbreaking)
Piconets.In Bluetooth,two nodescannotexchangeinforma-
tion without the existenceof a Piconetbetweenthem. This
constraintmandatesthat every new node,which attemptsto
communicatewith anothernode,needsto form a Piconetwith
the other node.The processof Piconetformation requiresa
frequency matchin the time domainbetweenthe two devices.
As describedearlier, both devices hop in a predetermined
frequency hoppingsequence,which implies that both devices
mustspendaconsiderabletime in thisprocessto ensureagood
probabilityof a match.OftensuchPiconetsarebrokenassoon
as the information exchangeis over. Thus, thesePiconetsdo
not form a part of the �nal Scatternet.Such Piconetsshall
be henceforthreferredto astemporary Piconetsin this paper.
Since Bluetooth devices are particularly power constrained,
BTSpintriesto eliminatetheneedto form temporary Piconets
at any point in an effort to conserve energy. BTSpin alsouses
the conceptof BackupGatewaysthat help in recovering from
any singlenodefailure(e.g.,causedby turningoff a node).To
thebestof ourknowledge,noothersolutionhasbeenproposed
so far that is ascapableasBTSpin in forming ef�cient multi-
hop Scatternetsfor Bluetoothdevices.

Therestof thepaperis outlinedasfollows.In SectionII, we
presenta thoroughsurvey anddiscussionon relatedwork. In
Section III, we describethe detailsof the BTSpin protocol.
In SectionIV, we analyzeand compareBTSpin with other
protocolsandpresentour simulationresults.In SectionV, we
mentionour future directionandconcludethis work.

I I . RELATED WORK

Recently, the Bluetooth Scatternetformation problem has
attracted a lot of attention. Broadly, Scatternetformation
strategiescanbe classi�ed into the following categories:

� Centralized: A specialnode(e.g.co-coordinator, leader)
initiatesandoverseesthe Scatternetformationprocess

� Distributed: Eachnodeindependentlyparticipatesin the
formation of a Scatternet,based only upon its local
knowledgeaboutthe network

� Single-Hop: All nodesarein theradiorangeof eachother
� Multi-Hop: Only somenodesare in the radio rangeof

eachother
� Static: All nodesarrive (or areturnedon) simultaneously

(or within a short time interval), andno nodeswill leave
(or are turnedoff)

� Dynamic: Nodescan leave/join the network at different
times

Basedon the above classi�cation, the Scatternetformation
schemesin the current literature can be summarizedby the
following Table I.

TABLE I

CLASSIFICATION OF SCATTERNET FORMATION PROTOCOLS

Centralized Distributed
Single-Hop [3], [9] [7], [10]

Static [11], [5], [7] [12]
Single-Hop None [4], [13], [14]
Dynamic [6], [15], [16]

Multi-Hop [11] [8], [17]
Static

Multi-Hop None [18]1

Dynamic BTSpin2

Centralizedschemespermit the application of traditional
graphtheoretictechniquesto optimizethegeneratedScatternet
topology for data traf�c. They assumethe presenceof a
special node to gather the topology information, construct
the topologygraphandstartthe Scatternetformationprocess.
Typically suchspecialnodesare chosenby a leaderelection
process.This processrelies on empirical timeout values to
ensurethe correctnessof the algorithm, and is dif�cult to
auto-tunein realadhocscenarios.Further, gatheringtopology
information requires the formation of a large number of
temporary Piconets,which impliesa largeScatternetformation
delay. Once the initial topology has been determined,it is
impractical to re-run the entire topology discovery phaseto
accountfor nodeleaving and joining the network at different
times.

Salonidisetal.([3], [9]) wereamongthe�rst whoworkedon
this subject.They presenteda centralizedapproach,assuming
all devicesto beturnedonwithin a shorttime window. Marsan
et al.[11] presentedan of�ine topology constructionscheme
by formulatingit asa min-maxoptimizationproblem.Stating
it to be an NP Completeproblemthey presenteda distributed
approachwith an interestingapplicationof unusedbits in the
FHSpacket. In [5], theauthorsassumeda single-hopscenario
andapproachedthe problemof Scatternettopologyformation
through graph theoretic formulation. They concentratedon
graphsthat canbe partitionedinto disjoint setsof edges,each
of which is a (near-) perfectmatchingof the original graph.
However, their approachhas a multi-phasedimplementation
similar to the one describedin [3] and suffered from all the
consequentdisadvantages,including the problemof requiring
appropriateempirical timeoutvalues.

To mitigate thesedisadvantagesof centralizedapproaches,
and to deal with dynamic natureof networks (with respect
to nodesjoining and leaving the network at different times),
several distributed approacheshave been proposedin the
literature. In contrast to the centralized schemes,current
distributed approachesrely on local optimizations through
information exchangewith neighbors.This leadsto wastage
of resourcesdueto largenumberof temporary Piconets.Also,
distributedapproaches,relyingonly on local informationabout

1partially dynamic:allows nodesto join later; cannothandlenodesleaving
2fully dynamic:allows nodesto join/leave later; our proposedprotocol



thenetwork, oftenendup in forming disconnectedtopologies,
with severalcomponentsin thetopologicalgraph.Hencemost
of theseprotocolscannotgeneratea singleScatterneteven in
the presenceof physicalconnectivity.

Among the distributed approaches,Foo et al.([10], [12])
proposeda ring basedtopology. They leveragedthe easein
routingand`two-connectivity' (at leasttwo nodesneedto fail
to causethe network to partition) to improve performance.
Their protocol forces each node to be associatedwith two
Piconets,thereby incurring expensive schedulingpenalties.
Petrioli et al.[8] proposeda multi-hop and distributed mesh
topologyconstruction.Their approachsuffers from an expen-
sive topology discovery phaseand is intrinsically dependent
on empirical timeoutswhich can be dif�cult to auto-tunein
an ad hoc scenarios.To their credit, they generateda single
Scatternetwhenever physicalconnectivity wasavailable.Each
Piconethowever, couldendup having morethansevenSlaves.
This problem has been solved in [19], where the author
addressedthe problemof reducingthe total numberof Slaves
in a Piconetusing a distributed degree reductiontechnique.
This approachrequireseachdevice to know its geographic
locationandthusmandatesdependency onadditionalhardware
viz. GPS[20] receiver. Yun et al.[18] proposeda starshaped
topology constructionscheme.Their approachrequired all
the nodesin a Scatternetto be in Inquiry Scan,while the
`free' nodescould engagethemselves in both Inquiry and
Inquiry Scan.The links were formed basedon memberships
to Piconetgroups.Only onebridge to anotherPiconetgroup
wasallowed. SinceInquiry Scanis a resourceintensive task,
forcing all the nodesin a Scatternetto be in Inquiry Scan
wasteresources.It alsohadaninitial neighbordiscoveryphase
that introducedthe problem of requiring empirical timeout
valuesasdiscussedearlierfor thecentralizedschemes.Zaruba
et al.[7] had proposeda Scatternetformation heuristic to
inducea tree topology. It was a multi-phasedapproachwith
a time consumingelectionphase.Tan et al. ([6], [15], [16])
had a similar distributed tree formation protocol,whereonly
certain types of nodeswere allowed to connectwith each
other. They addressedthe problemof nodesleaving/dying by
allowing disconnectedcomponentsto merge. They suffered
from En Massearrival problem (nodesarriving all at once)
which in their particular caseresults in many disconnected
partitions. Basagni et al.[17] proposeda multi-hop three-
phasedprotocol similar to the one in [8], wherethey restrict
the topology discovery phaseto single hop neighbors.They
relied on device ID and a distributed election process(as
in [3]) to determine the roles (Master, Slave, Bridge) of
nodes.SinceBluetoothrequiresthe existenceof a Piconetfor
any information exchange,their algorithm resultedin a large
numberof temporary Piconets.Having multiple phases,their
schemehad to rely on empirical timeout valuesfor protocol
correctness.Also having a separatetopologydiscovery phase,
they too failed to accountfor nodesjoining and leaving the
network.

Kapoor et al.[21] approachedthe problem from a net-
work capacitypoint of view and provided insights into the

performanceof different topologies.They however, did not
discusstechniquesto form any of those topologies.Liu et
al.([14], [13], [4]) proposeda randomizeddistributedstrategy
for forming a chain like Scatternet.Their algorithm relied
on all nodesbeing in the radio range of each other. They
addressedthe problem of incrementaljoining of nodes,but
failed to accountfor nodesleaving (turning off) the network
at different times.

It is evidentfrom thediscussionabovethateventheexisting
distributed techniqueslike [4], [10], [7] canonly be usedfor
single hop networks. The schemesin [8], [18], [17] on the
otherhanddo addressmulti-hop scenariosbut suffer from an
resourceintensive multi-phasedapproachthat fails to account
for dynamicnodejoining/leaving.

I I I . BTSPIN STRATEGY

Themain goalof BTSpin is to provide an ef�cient solution
in a realistic ad hoc scenario.Hencewe adoptedthe Mesh-
basedScatternettopologyasit hasbeenprovedto be superior
to Tree-basedScatternetformation protocols([17], [8]). BT-
Spin employs the proposedSpin concept(seeIII-B below),
which allows datacommunicationandScatternetformationto
be performedconcurrently. This strategy avoids un-necessary
temporary Piconetsthat are formed for the sake of mutual
informationexchange.In casea Piconetformed is redundant
and needsto be broken, we keep the Backup Gateway in-
formation to help maintain a single Scatterneteven after a
singlepoint Bridge nodefailure.Sincethe nodesdo not have
to go throughan initial phasewhere they discover topology
by exchangingonehopor eventwo hopneighborinformation,
theScatternetformationdelayis low andPiconetscanactually
startexchangingdataearlier. We shall now proceedto explain
in detail the working of this BTSpin protocol.

A. Single-Phasevs. Multi-PhaseScatternetFormation

In most mesh-basedScatternetformation techniquesde-
scribedin literature,thenodeshave multiple phasesto form a
Scatternet.For example,in [17], the authorsproposeda three
phasedapproach.The �rst phasedoes topology discovery,
wherein all nodesexchangeinformation with their physical
neighbors(i.e., in the radio range).As discussedearlier, this
requiresa large numberof temporary Piconets,making this
phaseresourceintensive in termsof energy consumption.In
thesecondphase,a distributedPiconetformationalgorithmis
used.This phaseadditionallyrequireseachnodeto updatesall
its physicalneighborsaboutits assignedrole (Masteror Slave)
andits PiconetID (the nodeID of theMasterof thePiconet).
Once the Piconetsare formed, the Mastersuse their Slave's
one-hopneighborinformation to decidenetwork Bridgesthat
join Piconetsinto a single Scatternetin the �nal phase.This
protocol suffers from the fact that a Piconet could end up
with more than seven Slaves. In [8], the authorsproposed
a similar approach,but with only two phases.The topology
discovery done in the the �rst phaseis more extensive than
the one describedin [17]. More speci�cally, all the nodes
�rst discover their one-hopneighborsand thenexchangethat



informationonceagainwith all one-hopneighborsto get two-
hop neighborinformation. Thus, it endsup forming a larger
number of temporary Piconetsthan in [17]. In the second
phase,the Scatternetis formed. It is evident that the phased
approachrequirestheuseof empiricaltimeoutvaluesfor each
phase.Thesetimeout values are intrinsically dependenton
the node density, and are thereforedif�cult to auto-tunein
a real ad hoc scenario.Thus during any topology discovery
phase,if a node times out early, it may not discover all its
neighbors.Alternatively, if the timeout value is large, the
Scatternetformation delay is increased.Moreover, once this
topology discovery phaseis concluded,the protocol fails to
accommodateany nodethat joins (or is turnedon) thenetwork
at a later time. In contrastto theseapproaches,BTSpin has
a single Spin phase(see III-B below) and forms a multi-
hop Scatternetthrougha distributed mechanism,which does
not require a complete knowledge of one-hop or two-hop
neighborhoodinformation.BTSpincanalsoaccountfor nodes
joining (turning on) and leaving (turning off) the network at
different times.

B. SpinTechnique

The main featureof the BTSpin strategy is the proposed
SpintechniquethateachMasterin BTSpinemploys to achieve
a balancebetweenScatternetformationandintra-Piconetdata
communication.We de�ne a single `Spin' to compriseof an
Inquiry modefollowedby an Inquiry Scanmode.The Master
in eachPiconetscheduleseachof its Slaves for a Spin in a
round robin fashion.While a Slave is spinning, the Master
can continuedatacommunicationwith the other Slaves.The
spinningnodealso obtainsrelevant Piconetparametersfrom
its Master (e.g., size of Piconet,Master ID) before it starts
its spin. As detailed in the algorithm below (see III-C), on
discovering anotherspinning node, this information is used
to make intelligent decisionson when to switch roles, form
a new Piconet,etc. The actual implementationof this Spin
can be achieved by requiring the Master to put the Slave in
`hold' mode (as in the Bluetooth Speci�cation) for a Spin
duration.In a `hold' mode,theSlavegivesup its activePiconet
membershipand listens to its Master only at predetermined
points in time. Oncethe Slave completesits spin, it noti�es
the Master. The Masterthenselectsyet anotherSlave to start
its Spin.TheMasterhimselfgoesfor a Spinonceevery Slave
hashadits turn, andthentheentireprocessis repeated.In this
way, the Piconethasa chanceto connectomni-directionally
with other Piconetsand Free nodes,without burdeningany
single nodein the Piconetwith the task of trying to connect
with other nodesin the network. Slave-Slave bridgesare not
scheduledby theMasterto Spinsincein BTSpinthemaximum
numberof rolesa nodecan have is restrictedto two. This is
doneto improvesystemcapacity(asanalyzedin [21]). To keep
the maximumnumberof Slaves in a Piconetto be no greater
than seven, a Master removes itself from the spin schedule,
onceits Piconetgetsfull.
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Fig. 1. (i) A and B are two-hop connected(ii) A and B are three-hop
connected

C. ConnectRulesand RoleDetermination

Initially all nodesareFreenodeswhenthey turnon.All Free
nodescontinueto Spin till they connectwith anothernodein
the network, either as a Slave, or as a Master. Oncea node
becomesa partof a Piconet,it waitsfor theMasterto schedule
it to Spin (if it is a Slave), or it periodically Spins itself (if
it is a Master).BTSpin lays out rules for two spinningnodes
to determinetheir roles when they happento connectfor the
�rst time (i.e. they are in the radio rangeof eachother, with
one of them in Inquiry modeand the other in Inquiry Scan
mode).At �rst whentwo nodesconnect,they form a Piconet
betweenthemselves,with the onein the Inquiry modeacting
as the Masterof the one in the Inquiry Scanmode.Further,
dependingon our connect rules, they determinetheir �nal
roles and may do a role reversal(accordingto the Bluetooth
speci�cation) if required.Thus, the initial Piconetformed in
betweenthe two nodesthat meeteachother while spinning,
may be broken, modi�ed (by role reversals),or kept as it is
�rst formed,dependingon our role determinationpolicy. For
example,if two spinningSlave nodesmeeteachother (come
in the radio rangeof eachother and one happensto be in
Inquiry mode,while the other is in Inquiry Scanmode),they
form a Piconet betweenthemselves (where one becomesa
Master to the other). However, they might decide to break
that Piconetandnot remainconnectedwith eachotherat all,
if they realize their Mastersto be alreadytwo-hop or three-
hop connected(Fig. 1). Suchscenarioslead to formation of
temporary Piconets(i.e., Piconetsthatneedto bebrokensoon
after they are initially formed, and are not part of the �nal
Scatternet)in the processof Scatternetconstruction.In this
paperwe shall henceforthrefer to the following de�nitions:

� connectednodes:nodesthat areeitherdirectly, two-hop
or three-hopconnectedto eachother

� atomicPiconet:thatcontainsa Masterwith a singleSlave
Following, we will describeour algorithmsfor eachof the

nodetypesthat areallowed to spin (i.e., Free,Slave, Master,
andMaster-Slave Bridge). Ruleshave beenlaid out for them
to determinetheir roles (i.e., Slave, Master, or a Bridge),
upon forming an initial Piconet with (or connectingwith)



anotherspinningnode,as mentionedabove. We also discuss
the conditionsthat requirethe initial Piconetto be broken.

1. If the spinningnodeis Free

a) On connectingwith anotherspinningFreenode:
Both nodesinitially form a Piconet,with the node in the

Inquiry mode acting as the Master of the other node in the
Inquiry Scanmode.This PiconetremainsandbothMasterand
Slave take turnsto Spinandalsocommunicatewith eachother.

(a) Initial contact(i)

(a) Initial contact(ii)
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Fig. 2. (i) FreenodebecomesSlave (ii) Freenodebecomesmaster

b) On connectingwith a spinningSlave node:
If the peer Slave formed an atomic Piconetwith its own

Master, the peerperformsa role reversal(asdescribedin the
BluetoothSpeci�cation) to becomea Masterof both the Free
node (which turns into a Slave) and its original Master, to
form onesinglePiconet(Fig. 2(i)). Otherwise,the peerSlave
becomesa Slave-Slave Bridge node (Fig. 2(ii)) of the Free
node, which then becomesa Master. The Free node is not
madea Slave of its peer in the secondcase.This is doneto
reducethe numberof Piconetsthat would be formed if the
peer Slave turned into a Master-Slave Bridge, which could
potentially spin. Note that to restrict the maximum number
of roles of any nodeto two, Slave-Slave Bridges in BTSpin
are not scheduledto Spin. This is due to systemcapacity
considerations,asanalyzedin [21].

c) On connectingwith a spinningMaster node:
The Freenodebecomesa Slave of the peer.

d) On connectingwith a spinningMaster-Slave node:
The Freenodebecomesa Slave of the peer.

The role determinationprocess for a Free node can be
presentedas follows.

FreeNodeRoleDetermination()
1 if (peerRole= Free)
2 role[nodein Inquiry] = Master;
3 role[nodein Inquiry Scan]= Slave;
4 elseif (peerRole= Slave)
5 if (peeris only Slave of its Master)
6 peerRole= Master;(role reversal)
7 myRole= Slave; (Fig. 2(i))
8 else
9 peerRole= Slave-Slave Bridge;
10 myRole= Master;(Fig. 2(ii))
11 end if
12 elseif (peerRole= Master OR Master-Slave Bridge)
13 peerRole= Sameasbefore;
14 myRole= Slave;
15 end if

2. If the spinningnodeis a Slave

a) On connectingwith a spinningFreenode:
This scenariohas already been describedin the above

routine for a Freenode.

b) On connectingwith anotherspinningSlave node:
If the Mastersof thesetwo Slavesareconnected(directly,

two-hop or three-hop)with each other, the initial Piconet
formedbetweenthesetwo Slaveswill be broken,to minimize
the numberof Bridge nodes.Otherwise,the Slave belonging
to a larger Piconet becomesa Slave (Slave-Slave Bridge)
of its peer, which then becomesits peer's Master (Master-
Slave Bridge) ((Fig. 3(i)). The motivation behind this role
determinationis the fact that a Master-Slave Bridge being a
Masterof a Piconethasmoreresponsibilities(e.g.,scheduling
Slaves for spinning, polling) than a Slave-Slave Bridge.
Hencethe Slave belongingto a smallerPiconetis a better�t
to this additionaltask.The Slave turning into a Master-Slave
Bridge also checks to see if it formed an atomic Piconet
with its own Master, in which caseit performsa role reversal
to becomea Master of both its peer and its own Master
(Fig. 3(ii)). The role reversal helps reduce the number of
Piconetsthat needto be formed.

c) On connectingwith a spinningMaster node:
If this Slave �nds its own Master to be a Slave of the

peer, it leaves its old Master and becomesa Slave of the
peer (Fig. 4(i)). On the other hand, if this Slave �nds its
Masterto be two-hopor three-hopconnectedto the peer, the
initial connectionis broken,to avoid short loopsin the mesh.
Otherwise,this Slave becomesa Slave (Slave-Slave Bridge)
of its peer(Fig. 4(ii)).

d) On connectingwith a spinningMaster-Slave node:
This scenariois identical to the onedescribedabove.

The role determinationprocessfor a Slave node can be
presentedas follows.
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SlaveNodeRoleDetermination()
1 if (peerRole= Free)
2 As describedin FreeNodeRoleDetermination()
3 whenFreenodemeetsSlave node
4 elseif (peerRole= Slave)
5 if (my Masteris connectedto peer's Master)
6 breakthis currentPiconet
7 do not connect
8 else
9 role[Slave of biggerPiconet]= Slave-Slave Bridge;
10 role[otherSlave] = Master-Slave Bridge; (Fig. 3(i))
11 if (new Master-Slave Bridge is an only Slave)
12 Master-Slave Bridge doesrole reversal to be
13 Masterof peerand its own Master(Fig. 3(ii))
14 end if
15 end if
16 elseif (peerRole= Master OR Master-Slave Bridge)
17 if (my Masteris a Slave of peer)
18 leave my old Master;make peermy new Master;
19 rolesremainsamefor both peerandme; (Fig. 4(i))
20 elseif (my Masteris connectedto peer)
21 breakthis currentPiconet
22 do not connect
23 else
24 peerRole= Sameasbefore;

25 myRole= Slave-Slave Bridge; (Fig. 4(ii))
26 end if
27 end if

3. If this spinningnodeis a Master

a) On connectingwith a spinningFreenode:
This scenariohas already been describedin the above

routine for a Freenode.

b) On connectingwith a spinningSlave node:
This scenariohas already been describedin the above

routine for a Slave node.

c) On connectingwith anotherspinningMaster node:
If theseMastersare alreadytwo-hop connectedwith each

other, they retain this direct connectionif and only if one of
them has the connectingbridge node as its only Slave. In
that case,that Masterrelieves its Slave andbecomesa Slave
of its peer, thereby merging the two Piconets (Fig. 5(i)).
If on the other hand, the two Mastersare not two-hop but
three-hopconnectedwith each other, they may still retain
this direct connection, if and only if the pair of Slaves
that form the two bridgesconnectingthem, have an atomic
Piconetbetweenthemselves. In that case,thesetwo Masters
instruct their correspondingSlaves to break that atomic
Piconet.TheMasterof thesmallerPiconetbecomestheSlave
(Master-Slave Bridge) of the Master of the bigger Piconet
(Fig. 5(ii)). If thesetwo Mastersare not connectedat all,
they remainconnecteddirectly with eachother with roles as
mentionedabove.
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Fig. 5. (i) Piconetsgetmerged(ii) IntermediatePiconetremoved(ii) Smaller
masterbecomesbridge

d) On connectingwith a Master-Slave node:
This scenario is almost identical to that of a Master

connectingwith anotherMaster, except for a few additional
checks. If the Master node �nds the Master-Slave Bridge
to be its own Slave, the initial Piconet formed between
these two nodes is broken. Else, the Master retains direct
connectionwith the peer almost as it would with another
Master (Fig. 6(i)). If the peer's Master is a Slave of this



Master, the peer leaves its old Master and joins this Master
(Fig. 6(ii)). If the Master eventually retains this direct
connectionwith the Master-Slave Bridge node,it becomesa
Slave (Master-Slave Bridge) of the peer irrespective of their
Piconetsizes(Fig. 6(iii)). This is becausewe try to restrict
the numberof roles that a nodecan have to at most two to
improve systemcapacity(asanalyzedin [21]).
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Fig. 6. (i) Piconetsget merged(ii) Piconetre-arranged(iii) Masterbecomes
bridge

The role determinationprocessfor a Master node can be
presentedas follows.

MasterNodeRoleDetermination()
1 if (peerRole= Free)
2 As describedin FreeNodeRoleDetermination()
3 whenFreenodemeetsMasternode
4 elseif (peerRole= Slave)
5 As describedin SlaveNodeRoleDetermination()
6 whenSlave nodemeetsMasternode
7 elseif (peerRole= Master)
8 if (I am two-hopconnectedto peer)
9 if (me OR peerhasonly oneSlave)
10 Masterwith oneSlave releasesSlave;
11 role[Masterwith oneSlave] = Slave;
12 role[otherMaster]= Master;(Fig. 5(i))
13 else
14 breakthis currentPiconet
15 do not connect
16 end if
17 elseif (I am three-hopconnectedto peer)
18 if (our Slaves form an atomic Piconet)
19 instructSlaves to breaktheir atomic Piconet
20 role[smallerMaster]= Master-Slave Bridge;
21 role[biggerMaster]= Master;(Fig. 5(ii))
22 else

23 breakthis currentPiconet
24 do not connect
25 end if
26 else
27 role[smallerMaster]= Master-Slave Bridge;
28 role[biggerMaster]= Master;
29 end if
30 elseif (peerRole= Master-Slave Bridge)
31 if (peeris my Slave)
32 breakthis currentPiconet
33 do not connect
34 else
35 Similar to whenMastermeetsMaster;(Fig. 6(i))
36 Exceptfor a coupleof checksanddifferences
37 if (peer's Masteris my Slave)
38 peerleavesold Piconetand joins mine;
39 our roles remainthe same;(Fig. 6(ii))
40 end if
41 if (they DO connect)
42 peerRole= Sameasbefore;
43 myRole= Master-Slave Bridge;
44 irrespective of our Piconetsizes;(Fig. 6(iii))
45 end if
46 end if
47 end if

4. If this spinningnodeis a Master-Slave Bridge

a) On connectingwith a spinningFreenode:
This scenariohas already been describedin the above

routine for a Freenode.

b) On connectingwith a spinningSlave node:
This scenariohas already been describedin the above

routine for a Slave node.

c) On connectingwith a spinningMaster node:
This scenariohas already been describedin the above

routine for a Masternode.

d) On connectingwith anotherspinningMaster-Slave node:
By de�nition, a Master-Slave Bridge belongs to two

Piconets.Sincein BTSpin we restrict the numberof roles of
a node to two, the initial Piconet formed betweenthe two
nodesshall be broken.

The role determinationprocessfor a Master-Slave Bridge
nodecanbe presentedas follows.

Master-SlaveBridgeNodeRoleDetermination()
1 if (peerRole= Free)
2 As describedin FreeNodeRoleDetermination()
3 whenFreenodemeetsMaster-Slave Bridge node
4 elseif (peerRole= Slave)
5 As describedin SlaveNodeRoleDetermination()
6 whenSlave nodemeetsMaster-Slave Bridge node



7 elseif (peerRole= Master)
8 As describedin MasterNodeRoleDetermination()
9 whenMasternodemeetsMaster-Slave Bridge node
10 elseif (peerRole= Master-Slave Bridge)
11 Master-Slave Bridge nodesalreadyhave two roles
12 Hencebreakthis currentPiconet
13 do not connect
14 end if

D. Backup Gateways

In the multi-phasedmesh-basedapproachesproposedin
literature([17], [8]), we observeda largenumberof temporary
Piconetsbeing formed betweennodes,just for exchanging
symmetricinformationabouttheir one-hopor two-hopneigh-
bors. BTSpin minimizes the numberof such temporary Pi-
conetsthatneedto beformed.In mostof our cases,whentwo
spinningnodesconnectwith eachother for the �rst time (i.e.
comein theradiorangeof eachotherwith onenodein Inquiry
modeandtheotherin Inquiry Scanmode),they form andkeep
thePiconet,eitherasit wasinitially formed,or modifying it (if
mandatedby our role determinationpolicy) by performinga
role reversal.Only in a few cases,determinedby our connect
rules and role determinationpolicy, two nodesmight need
to break the Piconet that is formed initially. Even in those
circumstances,BTSpin triesto salvageasmuchaspossibleby
keepinga Backup Gateway information for later use.When
two (bridge)nodesbreakthe link betweenthem,the Masters
of their respective Piconets(if they belongto one)keepa note
of thesetwo nodesasBackupGateway bridges.In the future,
if thesetwo Mastersever needto connectwith eachother(due
to their existing Bridge/Bridgesfailing or turningoff) they can
make useof this Backupinformationto know preciselywhich
Slave/Slavesto instructto actasBridge/Bridgesbetweenthese
two Piconets.This is the adaptive natureof BTSpin strategy
that takescareof nodesleaving (turning off) the network.

E. NodeFailures

As we mentionedin the sectionabove, BTSpin can adapt
itself to heal the Scatternetwhen nodesleave (fail or turn
off) the network. Following is the action taken on failuresof
different typesof nodes:

1. Slavenode
The Master of this Slave eventually considersthe link

as deadwhen the Slave missessuccessive polls. No further
action is necessary.

2. Masternode
The Slaves realizethat the Master is down if they are not

polled successively for some predeterminedperiod of time.
The nodesthat were not Bridgesact as Freenodesand start
spinning till they connect with someoneelse. The Bridge
nodescontinuewith their theirsecondrole in theotherPiconet.

3. Bridge node
If a Slave-Slave Bridge goesdown, both Mastersuse the

BackupGateway information to �nd anotherBridge node if
one is available. If a Master-Slave Bridge goes down, the
Masterof the Bridge notesthe absenceasit would for any of
its otherSlaves.TheSlavesof theBridgebehave asdescribed
above for the failure of a Masternode.

F. Routingover BTSpin

Since BTSpin generatesa mesh basedmulti-path multi-
hop Scatternet,any �ooding basedrouting schemecan be
used.The multi-pathtopologyprovidestheadvantageof fault
toleranceandpossibility of datastripping (dataaggregation).
To overcomeloopsin the mesh,datasequencingis necessary
to identify duplicatedatapackets.

IV. SIMULATION RESULTS

To evaluate the ef�ciency of the proposedprotocol, we
implementedBTSpin in GloMoSim [22]. In Bluetooth, the
dynamicnatureof the network is driven more by turning on
andoff the devicesat different times thanby mobility of the
devices. Hencewe simulateda static network (i.e., no node
mobility), but considerednode joining/leaving (as a result
of turning on/off nodes)in three different physical network
topologies.

A. En Massevs. IncrementalArrival

The three topologieswith varying degreesof randomness
consideredin our simulations(seedetaileddescriptionbelow)
are:

� GRID: No randomnessin node placement.Nodes are
placeduniformly in a grid.

� CELL: Somerandomnessin nodeplacement.Nodesare
placedat randomin cells.

� RANDOM: Complete randomnessin node placement.
Nodescanbe placedanywherein the terrain.

In each of the above scenarios,we simulated BTSpin
with both `Incremental' arrival (joining) of nodes into the
network and En Massearrival. The terrain was taken to be
a squareregion with varying sizes with each node having
a transmissionrangeof 10 meters.The simulation was run
multiple timeswith varying seeds,eachfor a durationof 300
seconds.

1. GRID
In this scenario,36nodeswereplaceduniformly ontoa grid

that coveredthe entire terrain.The grid unit sizewaschosen
to be 7 meters.Since the transmissionrangeof each node
was �x ed to 10 meters,the nodescould only contact their
(maximumof 8) immediategrid neighbors.

Fig. 7 shows the Scatternetformed when the nodesarrive
(i.e., devicesget turnedon) all at the sametime (En Masse),
whereasFig. 8 shows the Scatternetformed when nodes
join the network at the rate of one node every 10 seconds
(Incrementalarrival) in the order of their nodeID shown in
the �gure. We �nd that in the caseof incrementalarrival,
the numberof Piconetsformed (14 in Fig. 8) were smaller
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Fig. 8. Incrementalarrival of nodesin the GRID physicalnetwork topology

with Piconetshaving a larger numberof slaves in a Piconet
on average.This is due to the fact that in the caseof En
Masse arrival, Piconetsare formed in parallel at multiple
locationsand they may not merge with each other. Hence,
the numberof Piconetsformed(18 in Fig. 7) is larger, andto
maintainconnectivity, the Scatternethasmore bridge nodes,
which also meansa higher number of roles per node on
average.The Scatternetformation delay in this En Masse
casewas observed to be 41.03seconds(seemore discussion
in SectionIV-B andIV-C).

2. CELL
Based on the number of nodes in the simulation, the

physicalterrainis divided into a numberof cells.Within each
cell, a node is placedrandomly. In this case,we simulated
with 40 nodes.

Fig. 9 illustrate the Scatternetformed when nodesarrive
En Masse, and Fig. 10 illustrate the Scatternetformed when
nodesjoin one after anotherin the order of their node ID
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Fig. 9. En Massearrival of nodesin the CELL physicalnetwork topology
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Fig. 10. Incrementalarrival of nodesin theCELL physicalnetwork topology

(Incrementalarrival). In both cases,we �nd the node 6 is
left un-connected.This is becausethe node 6 is physically
isolatedfrom the rest (i.e. no othernodewaswithin a radius
of 10 metersfrom it). In the incrementalcasewe �nd node35
is left un-connectedtoo. This is because,at presentBTSpin
restrictseachnode to belong to at most two Piconets.This
is done to increasethe systemcapacityas analyzedin [21].
Hence in BTSpin, a Master never schedulesa Slave-Slave
Bridge to spin. Thus, node 35 cannot connect to its only
neighbor (node 28) which already serves as a Slave-Slave
Bridge. As before, the overall Scatternetformation with
Incrementalarrival has a lower overall numberof Piconets
and lower roles per node on average than the case with
En Massearrival. The Scatternetformation delay in the En
Massearrival casewas observed to be 28.05 seconds.This
is less than that in the GRID topology primarily due to the
fact that thenodesin the CELL topologyarelessscatteredas
comparedto thosein GRID. Hence,in the CELL topology,
a spinningnodehason averagea larger numberof spinning



neighbors, thus increasing the chance of connecting with
them.This reducesthe time taken to form the Scatternet.

3. RANDOM
In this scenariowe placethe nodescompletelyat random

anywhere within the terrain.We simulated40 nodesfor this
scenario.
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Fig. 11. En Massearrival of nodesin the RANDOM physical network
topology
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Fig. 12. Incrementalarrival of nodesin the RANDOM physicalnetwork
topology

Fig. 11 and Fig. 12 show the casesfor En Massearrival
andIncrementalarrival respectively. Notethatwhenever there
is physical connectivity among nodes,BTSpin succeedsin
forming a Scatternet.Given the node placementas shown
in our simulation,we have a numberof Scatternetsformed
(3 in Fig. 11 and 2 in Fig. 12). Nodes2 and 14 remained
unconnectedsincethey werephysically isolatedfrom the rest
of thenodes.As before,we �nd that in the incrementalarrival
the Piconetsformed have more slaves on averagethan when
all the nodesarrive at once.

B. Comparisonwith other single-hopapproaches

Two of the important performancemetrics are the initial
connectionsetupdelay (time taken by a Freenodeto join a
Piconetfor the �rst time) and the �nal Scatternetformation
delay. We comparedthe delay in BTSpin with the following
two schemesin [6]:

� PROB: A probabilisticschemewhereeachnodebecomes
a Masterwith a probability of 0.5 and tries to connect
with at most5 Slaves.

� TSF: A Tree-basedScatternetformationprotocol.
Both of theseschemesare only suited for single-hopnet-

works,whereany nodecanpotentiallyconnectwith any other
node,anywherewithin the network. This is not requiredby
BTSpin. To evaluatethe effect of this difference(single-hop
vs.multi-hop)we comparedthesethreeschemesfor thedelays
involvedin Scatternetformation.In all theprotocols,nodesare
assumedto arrive all at once.
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Fig. 13. Initial connectionsetupdelayvarying with numberof nodes

Fig. 13 shows the initial connectionsetupdelay for a Free
nodeto join a Piconetfor the�rst time.Both TSFandBTSpin
outperformPROB. SinceBTSpin employs a greedyapproach
in connectingthe nodestogether, the initial delay in BTSpin
is less than that in TSF whereFreenodescan only connect
to other Freeand non-Rootnodes(refer to [6]). In BTSpin,
the delay initially increasedwith the increaseof the number
of nodesdue to our `Spin' techniquebecauseof which the
Freenodehad to wait for a neighbornodeto be in the spin
mode.With more than 40 nodes,that delay stabilizesdue to
the increasednumberof spinningnodesnearby.

Fig. 14 shows the �nal Scatternetformation delay. PROB
has the lowest delay among the three, but due to its non-
deterministic nature it cannot guaranteea fully connected
Scatternet.The delay in BTSpin initially increaseswith the
increasein the numberof nodes,but with 40 nodesor more,
it stabilizes.Theoverall delayin BTSpin remainsmuchlower
than that in TSF. In TSF, when the nodesarrive En Masse,
several disconnectedtreecomponentsare formed,which take
a long time to merge with eachother. This is becauseonly
the Root nodescanmerge with otherRoot nodes(refer to [6]
for further details).Thus its delay keepsincreasingwith an
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Fig. 14. Final Scatternetformationdelayvarying with numberof nodes

increasein the numberof nodes.In BTSpin with En Masse
arrival, the number of Piconetsformed increaseswith the
numberof nodes.Hencethedelayfor gettingthemconnected
increasedinitially. However, thatdelaystabilizeswith a larger
numberof nodesdueto increasednodedensity.

C. Comparisonwith other multi-hopschemes

We comparedBTSpinwith two-phasedmeshbasedprotocol
called BlueMesh([8]). In both protocols,we consideredthe
En Massearrival. When analyzingthe multi-hop Scatternets
formed,we usethe following two performancemetrics:

� total numberof Piconetsformed
� averagenumberof rolesper node
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Fig. 15. Total numberof Piconetsvarying with numberof nodes

Among all the operationsthat a Bluetoothnodeperforms,
Piconet formation (Inquiry and Inquiry Scan) is the most
resourceintensive with respectto the time and energy spent
by a node.Hencethe numberof Piconetsformed during the
processof Scatternetformationis of importance.Fig. 15shows
that BTSpin forms comparablenumberof total Piconetswith
respectto BlueMesheven though BTSpin does not engage
in a multi-phaseprocessincluding topology discovery which
BlueMeshusesto reducethenumberof Piconetscontainedin
the Scatternetformed.However, the total numberof Piconets

formedin BlueMeshis higherthanthe numberof piconetsin
BTSpin due to the large numberof temporary Piconetsthat
are formedduring the topologydiscovery phasealone.

The numberof Piconetsformedin BTSpin is alsocloseto
thetheoreticalminimum.For examplein oneof oursimulation
runs, we had ��� nodesin a ���	��
��	��� terrain.Sincethenodes
wereplacedat random,theapproximatedaveragenodedensity
was:

���

���

������

��� �����������������	�! "� � (1)

nodes per square meter. With the transmissionradius of
���#�$�!%&�!'�� , we hadapproximately:

(*)


+���,
+���-
.��� ������/

�

����������� (2)

in the radio rangeof eachother. Thuson an averagewe could
have one Master with four Slaves in a Piconet.As shown
in [14], the lower bound on the numberof Piconetsin any
Scatternetis: 0

�213�

4 5

where`n' is the total numberof nodesin the network and`k'
is theaveragenumberof Slavesin a Piconet.Thusin our case,
the lower boundon the numberof Piconetsis:

0

���+16�

�716�

5

�

��� (3)

while in the simulation we get ��� Piconetsare formed in
BTSpin.
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Fig. 16. Averagenumberof rolesper nodevarying with numberof nodes

Fig. 16 shows the averagenumberof Piconetsthat a node
belongsto. If the averageis lower, it implies a fewer number
of Bridge nodes in the Scatternet.Since the Bridge nodes
have to participatein multiple Piconets,they may becomethe
bottleneckfor datathroughput.Hence,having fewer Bridges
in a Scatternetis desirable,as long as all the Piconetscan
be connectedinto one single Scatternet.Clearly, BTSpin has
fewer Bridges than BlueMeshwhen the numberof nodesis
reasonablylarge, but still ensuresconnectivity whenever the
nodesare in eachother's radio range.



V. CONCLUDING REMARKS

BTSpin is a single phasedistributed Scatternetformation
processthat is effective in creatinga mesh-basedmulti-hop
Scatternetbothwith En Masseandincremental—arrival of the
nodes.Unlike any of the existing protocols,it supportsfully
dynamicnodejoining/leaving without theneedto rely onsome
central repository of the network topology information and
without collecting one-hopor two-hop neighborinformation
througha resourceconsumingtopologydiscovery. It employs
the proposedSpin techniqueto achieve concurrency between
Scatternetformationanddatacommunication.The Scatternet
formationdelayis shown to be lower thansomeotherexisting
schemes.Thetotal numberof Piconetsformedandtheaverage
numberof roles per nodeare shown to be smallercompared
to othermeshbasedprotocols,eventhougheachPiconetdoes
not contain more than seven Slaves. The Spin techniqueis
fair to all the nodesin the Piconetand doesnot burdenany
particularnodewith the task of connectingwith other nodes
in the network. It also enablesa Piconet to connectomni-
directionally. BTSpin hasan adaptive strategy to accountfor
nodesleaving (turningoff) thenetwork at any time. It usesthe
proposedconceptof BackupGateways to quickly heal from
a single node failure (causedby turning off a node).Thus,
BTSpin lends itself as an attractive candidatefor distributed
andmulti-hop Scatternetformation in Bluetooth.

Currently we are in the processof testing BTSpin's ro-
bustnessagainstnode failures by using the backupgateway
informationcollectedfrom all the failed nodeconnectionsas
describedin Section.III-D. As an extensionto the Scatternet
formation process,we are also devising an ef�cient routing
protocol that leveragesthe bene�ts of BTSpin technique.

REFERENCES

[1] B. SIG, “The BluetoothRadio System,” Speci�cationof the Bluetooth
SystemVersion 1.2, vol. I, II, November2003.

[2] J. Haartsen,“The BluetoothRadio System,” IEEE Personal Communi-
cations, vol. 7(1), pp. 28–36,Feb2000.

[3] T. Salonidis,P. Bhagwat, L. Tassiulas,and R. LaMaire, “Distributed
topology construction of Bluetooth personal area networks,” IEEE
INFOCOM2001,Anchorage, Alaska, vol. 3, pp.1577–1586,April 2001.

[4] C. Law, A. Mehta, and K.-Y. Siu, “Performanceof a New Bluetooth
ScatternetFormationProtocol,” Proceedingsof theACM Symposiumon
Mobile Ad Hoc NetworkingandComputing2001,LongBeach , CA, pp.
183–192,October2001.

[5] S. Baatz,C. Bieschke, M. Frank, C. Kuhl, P. Martini, and C. Scholz,
“Building Ef�cient Bluetooth ScatternetTopologies from 1-Factors,”
Proceedingsof the IASTEDInternational Conferenceon Wirelessand
Optical Communications,WOC 2002,Banff, Alberta,Canada, pp. 300–
305, July 2002.

[6] G. Tan, A. Miu, J. Guttag,and H. Balakrishnan,“Forming Scatternets
from Bluetooth PersonalArea Networks,” MIT Technical Report, no.
MIT-LCS-TR-826,October2001.

[7] G. Zaruba,S. Basagni,and I. Chlamtac,“Bluetrees- Scatternetfor-
mation to enableBluetooth-basedad hoc networks,” IEEE ICC 2001,
Helsinki, Finland, vol. 1, pp. 273–277,June2001.

[8] C. Petrioli and S. Basagni,“Degree-ConstrainedMultihop Scatternet
Formation for Bluetooth Networks,” Proceedingsof IEEE Globecom,
2002,Taipei, Taiwan, R.O.C., vol. I, pp. 222–226,November2002.

[9] T. Salonidis,P. Bhagwat,andL. Tassiulas,“Proximity awarenessandfast
connectionestablishmentin Bluetooth,” Mobile andAd Hoc Networking
and Computing, pp. 141–142,2000.

[10] C. C. Foo andK. C. Chua,“BlueRings- Bluetoothscatternetswith ring
structures,” IASTEDInternational Conferenceon Wirelessand Optical
Communication(WOC 2002),Banff, Canada, July 17-192002.

[11] M. A. Marsan, C. F. Chiasserini,A. Nucci, G. Carello, and L. D.
Giovanni, “Optimizing the topologyof Bluetoothwirelesspersonalarea
networks,” Twenty-First AnnualJoint Conferenceof theIEEE Computer
and CommunicationsSocieties.Proceedings.IEEEINFOCOM 2002,
vol. 2, pp. 572–579,June2002.

[12] T.-Y. Lin, Y.-C. Tseng,and K.-M. Chang, “Formation, Routing, and
MaintenanceProtocolsfor the BlueRingScatternetof Bluetooth,” 36th
Hawaii Intl Conf. on SystemSciences(HICSS) - Track 9, p. 313a,
January2003.

[13] C. Law and K.-Y. Siu, “A Bluetooth scatternetformation algorithm,”
IEEE Global TelecommunicationsConference, 2001.GLOBECOM'01,
vol. 5, pp. 2864–2869,November2001.

[14] C. Law, A. Mehta,andK.-Y. Siu,“A New Bluetoothscatternetformation
algorithm,” ACM Mobile Networksand ApplicationsJournal, vol. 8,
no. 5, pp. 485–498,October2003.

[15] G. Tan,A. Miu, J. Guttag,andH. Balakrishnan,“An Ef�cient Scatternet
FormationAlgorithm for Dynamic Environments,” IASTEDCommuni-
cationsand ComputerNetworks(CCN), Cambridge, MA, no. 0-88986-
329-6,November2002.

[16] G. Tan, “Self-organizing Bluetooth Scatternets,” SM Thesis, Mas-
sachusettsInstituteof Technology, January2002.

[17] S. Basagni and C. Petrioli, “A ScatternetFormation Protocol for
Ad hoc Networks of Bluetooth Devices,” IEEE Vehicular Technology
Conference, vol. 1, pp. 424–428,Spring2002.

[18] J. Yun, J. Kim, Y.-S.Kim, andJ. Ma, “A Three-PhaseAd Hoc Network
Formation Protocol for Bluetooth Systems,” Proceedingsof the 5th
International Symposiumon WirelessPersonal Multimedia Communi-
cations(WPMC)2002,Hawaii, October2002.

[19] I. Stojmenovic, “Dominating set basedBluetooth scatternetformation
with localizedmaintenance,” Proceedingsof theWorkshopon Advances
in Parallel andDistributedComputationalModels,Fort Lauderdale, FL,
p. 148b,April 2002.

[20] P. Engeand P. Misra, “Special Issueon GPS:The Global Positioning
System,” Proceedingsof the IEEE, pp. 3–172,January1997.

[21] M. S.Rohit KapoorandM. Gerla,“An Analysisof BluetoothScatternet
Topologies,” ICC 2003,Anchorage, Alaska, vol. 1, pp. 266 –270,May
2003.

[22] X. Zeng,R. Bagrodia,andM. Gerla,“Glomosim: a library for parallel
simulation of large-scalewirelessnetworks,” Proceedingsof the 12th
Workshopon Parallel and Distributed Simulations– PADS '98, May
1998.


