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Abstract— The Bluetooth standard speci es the formation of
Piconetsbut only alludes to the possibility of joining several of
these Piconetsto form a Scattemet. In an attempt to formalize
this Scattemet 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 Scattemet. In particular, they
need a considerableamount of time and enemy 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 Scattemet formation delay, and can form ef cient
multi-hop Scattemets when nodesarri ve both Incrementally and
En Masse(all at the sametime). The total number of Piconets
formed and the average number of roles per node (number of
Piconetsa node participates in) are also shawvn 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 Symmetriclnquiry mode, a Bluetooth device
togglesbetweerthe Inquiry modeandthe Inquiry Scanmode.
A device in the Inquiry mode sendsout ID paclets in a
predeterminedrequeng hopping sequenceA device in the
Inquiry Scan mode, while scanningfrequenciesin a preset
frequeny hopping sequencewaits for thoselD paclets. To
ensurea frequeny matchbetweerdevicesin thesetwo modes,
the device in the Inquiry mode hops frequenciestwice as
fast as the one in the Inquiry Scanmode. On a frequeny
match, the device in the Inquiry Scan mode respondswith
its Frequeng-Hop Synchronization(FHS) paclet containing
its device ID and Bluetooth clock, and entersa Page Scan
mode. The inquiring device, on receving this FHS paclet,
pageghe inquireddevice with its own clock. Onreceving the
page,the inquired device tunesits clock to that of the paging
device, therebybecomingits Slave. This way, a star shaped
network called Piconetmay be formed with one Masterand

at mostseren active Slaves.In the event of having morethan
se/en Slaves, a Master can park/un-parkSlaves so that only
se/en remainactive at ary giventime. 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 communicatiorby the polling mechanismHence
all trafc o wsthroughthe Master To accommodate greater
numberof active devices,the Bluetoothstandardalludesto the
possibility of joining several Piconetgo form a larger network
calleda ScatternetTo this end,a nodecanhave multiple roles
in multiple Piconetsto sene as a Bridge in betweenthem.
For example,it can be a Masterin one of the Piconetsand
a Slave in all the other Piconets.Details of achieving such
a bridged network (Scatternethowever, is not mentionedin
the speci cations.In an attemptto formalize this Scatternet
formation processmary schemesave beendescribedn the
literature.

The solutions proposedso far can be broadly classi ed
into two catgyories: Centrlized and Distributed Centralized
schemege.qg.,[3], [4], [5], [6]) assumehe entire network to
bein theradiorangeof eachother(singlehop network). Thus
theseprotocolscanleverageon the completenetwork topology
information to optimize the Scatternetsformed. However,
given that the average transmissionradius of a Bluetooth
deviceis only 10 meterssucha single-hopassumptiormaybe
too restrictve. To overcomethis problem,distributed schemes
(e.0., [4], [7], [8]) were proposed,which form multi-hop
Scatternetdn mostof theseschemeshowever, thenodesform
a Scatternein multiple phasesand are unableto accountfor
nodesthatturn on (join) andturn off (leave) at differenttimes.
Moreover, ary protocol requiring multiple stepsor phasego
form a Scatternetfacesthe challengeof selectingoptimal
phasetimeoutvalues(seelll-A for more details).

In this work, we proposea novel frameavork called Blue-
ToothSpin(BTSpin), which is a single phasedistributed Scat-
ternetformation stratgy in Bluetooth.BTSpin makes use of
a greedy and aggressie approachto form and heal mesh-
basedScatternetsand allows concurrentdatacommunication
betweenthe nodes.It does not require all nodesto 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 ary particularnodefrom beingburdened
by the Scatterneformationtaskmorethantheothersin its own
Piconet.At the sametime, the absenceof multiple phasesn
the protocol makes distributed implementationeasier(by not
having to worry about synchronizingphasetimeout values).
BTSpin tries to minimize the numberof Piconetsformed to
resultin aminimumnumberof Bridgenodesaswell asreduce
the enegy consumedn the procesof forming (andbreaking)
Piconets.In Bluetooth,two nodescannotexchangeinforma-
tion without the existenceof a Piconetbetweenthem. This
constraintmandateghat every new node,which attemptsto
communicatewith anothemode,needgo form a Piconetwith
the other node. The processof Piconetformation requiresa
frequengy matchin thetime domainbetweenthe two devices.
As describedearlier both devices hop in a predetermined
frequeng hoppingsequencewhich implies that both devices
mustspenda considerabléimein this procesgo ensureagood
probability of a match.OftensuchPiconetsarebrokenassoon
asthe information exchangeis over. Thus, thesePiconetsdo
not form a part of the nal ScatternetSuch Piconetsshall
be henceforthreferredto astempoary Piconetsin this paper
Since Bluetooth devices are particularly power constrained,
BTSpintriesto eliminatethe needto form tempoary Piconets
atary pointin an effort to consere enegy. BTSpin alsouses
the conceptof BackupGatavaysthat helpin recovering from
ary singlenodefailure (e.g.,causeddy turning off anode).To
thebestof our knowledge,no othersolutionhasbeenproposed
sofar thatis ascapableas BTSpinin forming ef cient multi-
hop Scatternet$or Bluetoothdevices.

Therestof the paperis outlinedasfollows. In Sectionll, we
presenta thoroughsurney anddiscussionon relatedwork. In
Section I, we describethe detailsof the BTSpin protocol.
In SectionlV, we analyzeand compareBTSpin with other
protocolsand presentour simulationresults.In SectionV, we
mentionour future direction and concludethis work.

Il. RELATED WORK

Recently the Bluetooth Scatterneformation problem has
attracteda lot of attention. Broadly, Scatternetformation
stratgyies can be classi ed into the following categories:

Centmlized A specialnode(e.g.co-coordinatorleader)
initiates and overseeghe Scatterneformation process
Distributed Eachnodeindependentlyparticipatesn the
formation of a Scatternet,basedonly upon its local
knowledgeaboutthe network

Single-Hop All nodesarein theradiorangeof eachother
Multi-Hop: Only somenodesare in the radio range of
eachother

Static All nodesarrive (or areturnedon) simultaneously
(or within a shorttime intenal), andno nodeswill leave
(or areturnedoff)

Dynamic Nodescan leave/join the network at different
times

Basedon the above classi cation, the Scatterneformation
schemesdn the currentliterature can be summarizedby the
following Tablel.

TABLE |
CLASSIFICATION OF SCATTERNET FORMATION PROTOCOLS

Centralized | Distributed

Single-Hop [31, [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 BTSpir?

Centralizedschemespermit the application of traditional
graphtheoretictechniquego optimizethegeneratedbcatternet
topology for data trafc. They assumethe presenceof a
special node to gather the topology information, construct
the topology graphand startthe Scatterneformationprocess.
Typically suchspecialnodesare chosenby a leaderelection
process.This processrelies on empirical timeout valuesto
ensurethe correctnessof the algorithm, and is dif cult to
auto-tunein realad hoc scenariosFurther gatheringtopology
information requires the formation of a large number of
tempoary Piconetswhichimpliesalarge Scatterneformation
delay Once the initial topology has beendeterminedi,it is
impractical to re-run the entire topology discovery phaseto
accountfor nodeleaving andjoining the network at different
times.

Salonidisetal.([3], [9]) wereamongthe rst whoworkedon
this subject.They presenteda centralizedapproachassuming
all devicesto beturnedon within a shorttime window. Marsan
et al.[11] presentedan of ine topology constructionscheme
by formulatingit asa min-maxoptimizationproblem.Stating
it to be an NP Completeproblemthey presented distributed
approachwith aninterestingapplicationof unusedbits in the
FHS paclet. In [5], the authorsassumed single-hopscenario
andapproachedhe problemof Scatternetopologyformation
through graph theoretic formulation. They concentratedon
graphsthat canbe partitionedinto disjoint setsof edgesgach
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
consequentlisadantagesincluding the problemof requiring
appropriateempirical timeoutvalues.

To mitigate thesedisadwantagesof centralizedapproaches,
and to deal with dynamic nature of networks (with respect
to nodesjoining and leaving the network at differenttimes),
several distributed approacheshave been proposedin the
literature. In contrastto the centralized schemes,current
distributed approachegely on local optimizations through
information exchangewith neighbors.This leadsto wastage
of resourceslueto large numberof tempoary PiconetsAlso,
distributedapproacheggelying only onlocalinformationabout

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



the network, oftenendup in forming disconnectedopologies,
with severalcomponentsn thetopologicalgraph.Hencemost
of theseprotocolscannotgeneratea single Scatterneevenin

the presenceof physicalconnectvity.

Among the distributed approachesFoo et al.([10], [12])
proposeda ring basedtopology They leveragedthe easein
routing and “two-connectiity' (at leasttwo nodesneedto fall
to causethe network to partition) to improve performance.
Their protocol forces each node to be associatedwvith two
Piconets,thereby incurring expensve schedulingpenalties.
Petrioli et al.[8] proposeda multi-hop and distributed mesh
topology construction.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
Scatternetvhenever physicalconnectvity wasavailable.Each
Piconethowever, couldendup having morethansesen Slaves.
This problem has been solved in [19], where the author
addressedhe problemof reducingthe total numberof Slaves
in a Piconetusing a distributed degree reductiontechnique.
This approachrequireseach device to know its geographic
locationandthusmandateslependengon additionalhardware
viz. GPS[20] recever. Yun et al.[18] proposeda star shaped
topology constructionscheme.Their approachrequired all
the nodesin a Scatternetto be in Inquiry Scan,while the
“free’ nodescould engagethemseles in both Inquiry and
Inquiry Scan.The links were formed basedon memberships
to Piconetgroups.Only one bridgeto anotherPiconetgroup
was allowed. Sincelnquiry Scanis a resourceintensve task,
forcing all the nodesin a Scatternetto be in Inquiry Scan
wasteresourceslt alsohadaninitial neighbordiscovery phase
that introducedthe problem of requiring empirical timeout
valuesasdiscusseckarlierfor the centralizedschemesZaruba
et al.[7] had proposeda Scatternetformation heuristic to
induce a tree topology It was a multi-phasedapproachwith
a time consumingelectionphase.Tan et al. ([6], [15], [16])
had a similar distributed tree formation protocol, where only
certain types of nodeswere allowed to connectwith each
other They addressedhe problemof nodesleaving/dying by
allowing disconnecteccomponentso meige. They suffered
from En Massearrival problem (nodesarriving all at once)
which in their particular caseresultsin mary disconnected
partitions. Basagniet al.[17] proposeda multi-hop three-
phasedprotocol similar to the onein [8], wherethey restrict
the topology discovery phaseto single hop neighbors.They
relied on device ID and a distributed election process(as
in [3]) to determinethe roles (Master Slave, Bridge) of
nodes.SinceBluetoothrequiresthe existenceof a Piconetfor
ary information exchange their algorithm resultedin a large
numberof tempoary PiconetsHaving multiple phasestheir
schemehad to rely on empirical timeout valuesfor protocol
correctnessAlso having a separatd¢opologydiscovery phase,
they too failed to accountfor nodesjoining and leaving the
network.

Kapoor et al.[21] approachedthe problem from a net-
work capacity point of view and provided insightsinto the

performanceof different topologies.They however, did not
discusstechniquesto form ary of thosetopologies.Liu et
al.([14], [13], [4]) proposeda randomizeddistributed strategy
for forming a chain like Scatternet.Their algorithm relied
on all nodesbeing in the radio range of eachother They
addressedhe problem of incrementaljoining of nodes,but
failed to accountfor nodesleaving (turning off) the network
at differenttimes.

It is evidentfrom the discussiorabove thateventhe existing
distributedtechniquedike [4], [10], [7] canonly be usedfor
single hop networks. The schemesn [8], [18], [17] on the
otherhanddo addressmulti-hop scenariosut suffer from an
resourcantensive multi-phasedapproactthat fails to account
for dynamicnodejoining/leasing.

I1l. BTSPIN STRATEGY

The main goal of BTSpinis to provide an ef cient solution
in a realistic ad hoc scenario.Hencewe adoptedthe Mesh-
basedScatternetopologyasit hasbeenprovedto be superior
to Tree-basedscatterneformation protocols([17], [8]). BT-
Spin employs the proposedSpin concept(seelll-B below),
which allows datacommunicatiorand Scatterneformationto
be performedconcurrently This stratgy avoids un-necessary
tempoary Piconetsthat are formed for the sale of mutual
information exchange.ln casea Piconetformedis redundant
and needsto be broken, we keep the Backup Gatavay in-
formation to help maintain a single Scatterneteven after a
single point Bridge nodefailure. Sincethe nodesdo not have
to go throughan initial phasewherethey discover topology
by exchangingonehop or eventwo hop neighborinformation,
the Scatterneformationdelayis low andPiconetscanactually
startexchangingdataearlier We shall now proceedo explain
in detail the working of this BTSpin protocol.

A. Single-Phasers. Multi-PhaseScatternet-ormation

In most mesh-basedScatternetformation techniquesde-
scribedin literature,the nodeshave multiple phasego form a
ScatternetFor example,in [17], the authorsproposeda three
phasedapproach.The rst phasedoestopology discovery,
wherein all nodesexchangeinformation with their physical
neighbors(i.e., in the radio range).As discusseckarlier, this
requiresa large numberof tempoary Piconets,making this
phaseresourceintensive in termsof enegy consumption.n
the secondphase a distributed Piconetformationalgorithmis
used.This phaseadditionallyrequireseachnodeto updatesall
its physicalneighborsaboutits assignedole (Masteror Slave)
andits PiconetID (the nodelD of the Masterof the Piconet).
Oncethe Piconetsare formed, the Mastersuse their Slave's
one-hopneighborinformationto decidenetwork Bridgesthat
join Piconetsinto a single Scatternein the nal phase.This
protocol suffers from the fact that a Piconetcould end up
with more than sesen Slaves. In [8], the authorsproposed
a similar approach but with only two phasesThe topology
discovery donein the the rst phaseis more extensie than
the one describedin [17]. More speci cally, all the nodes
rst discover their one-hopneighborsand then exchangethat



informationonceagainwith all one-hopneighborgo gettwo-

hop neighborinformation. Thus, it endsup forming a larger
number of tempoary Piconetsthan in [17]. In the second
phase the Scatterneis formed. It is evident that the phased
approachrequiresthe useof 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 ary topology discovery

phase,if a nodetimes out early, it may not discover all its

neighbors. Alternatively, if the timeout value is large, the

Scatternefformation delay is increased Moreover, oncethis

topology discovery phaseis concluded,the protocol fails to

accommodatany nodethatjoins (or is turnedon) the network

at a later time. In contrastto theseapproachesBTSpin has
a single Spin phase(seelll-B belon) and forms a multi-

hop Scatternethrough a distributed mechanismwhich does
not require a complete knowledge of one-hopor two-hop
neighborhoodnformation.BTSpin canalsoaccountfor nodes
joining (turning on) and leaving (turning off) the network at

differenttimes.

B. SpinTednique

The main feature of the BTSpin stratayy is the proposed
SpintechniquahateachMasterin BTSpinemplgysto achieve
a balancebetweenScatterneformationandintra-Piconetdata
communicationWe de ne a single "Spin' to compriseof an
Inquiry modefollowed by an Inquiry Scanmode.The Master
in eachPiconetschedulexachof its Slaves for a Spinin a
round robin fashion.While a Slave is spinning, the Master
can continuedatacommunicationwith the other Slaves. The
spinning node also obtainsrelevant Piconetparametergrom
its Master (e.g., size of Piconet,MasterID) beforeit starts
its spin. As detailedin the algorithm belov (seelll-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 Masterto put the Slave in
“hold' mode (as in the Bluetooth Speci cation) for a Spin
duration.In a"hold' mode,the Slave givesupits active Piconet
membershipand listensto its Masteronly at predetermine
pointsin time. Oncethe Slave completesits spin, it noti es
the Master The Masterthenselectsyet anotherSlave to start
its Spin. The Masterhimself goesfor a Spin onceevery Slave
hashadits turn, andthenthe entireprocessds repeatedin this
way, the Piconethasa chanceto connectomni-directionally
with other Piconetsand Free nodes,without burdeningary
single nodein the Piconetwith the task of trying to connect
with othernodesin the network. Slave-Slave bridgesare not
scheduledy the Masterto Spinsincein BT Spinthe maximum
numberof rolesa nodecan have is restrictedto two. This is
doneto improve systemcapacity(asanalyzedn [21]). To keep
the maximumnumberof Slavesin a Piconetto be no greater
than seven, a Masterremoves 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 Role Determination

Initially all nodesareFreenodeswvhenthey turnon.All Free
nodescontinueto Spintill they connectwith anothemodein
the network, either as a Slave, or as a Master Once a node
becomes partof a Piconet,it waitsfor the Masterto schedule
it to Spin (if it is a Slave), or it periodically Spinsitself (if
it is a Master).BTSpin lays out rulesfor two spinningnodes
to determinetheir roles whenthey happento connectfor the
rst time (i.e. they arein the radio rangeof eachother, with
one of themin Inquiry mode and the otherin Inquiry Scan
mode).At rst whentwo nodesconnectthey form a Piconet
betweenthemseles, with the onein the Inquiry modeacting
as the Masterof the onein the Inquiry Scanmode. Further
dependingon our connectrules, they determinetheir nal
roles and may do a role reversal(accordingto the Bluetooth
speci cation) if required.Thus, the initial Piconetformedin
betweenthe two nodesthat meeteachother while spinning,
may be broken, modi ed (by role reversals),or kept asit is
rst formed, dependingon our role determinationpolicy. For
example,if two spinningSlave nodesmeeteachother (come
in the radio range of eachother and one happensto be in
Inquiry mode,while the otheris in Inquiry Scanmode),they
form a Piconetbetweenthemseles (where one becomesa
Master to the other). However, they might decideto break

d that Piconetand not remainconnectedvith eachother at all,

if they realizetheir Mastersto be alreadytwo-hop or three-
hop connected(Fig. 1). Suchscenariodead to formation of
tempoary Piconetg(i.e., Piconetsthat needto be brokensoon
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 are either directly, two-hop
or three-hopconnectedo eachother
atomicPiconet:thatcontainsa Masterwith a singleSlave

Following, we will describeour algorithmsfor eachof the
nodetypesthat are allowed to spin (i.e., Free,Slave, Master
and MasterSlave Bridge). Ruleshave beenlaid out for them
to determinetheir roles (i.e., Slave, Master or a Bridge),
upon forming an initial Piconetwith (or connectingwith)



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

1. If the spinningnodeis Free

a) On connectingwith anotherspinningFree node:

Both nodesinitially form a Piconet,with the nodein the
Inquiry mode acting as the Master of the other nodein the
Inquiry Scanmode.This Piconetremainsandboth Masterand
Slave take turnsto Spinandalsocommunicatevith eachother
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Fig. 2. (i) FreenodebecomesSlave (ii) Freenodebecomesnaster

b) On connectingwith a spinningSlave node:

If the peer Slave formed an atomic Piconetwith its own
Master the peerperformsa role reversal(as describedn the
BluetoothSpeci cation) to becomea Masterof both the Free
node (which turnsinto a Slave) and its original Master to
form onesingle Piconet(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 peerin the secondcase.This is doneto
reducethe numberof Piconetsthat would be formed if the
peer Slave turnedinto a MasterSlave Bridge, which could
potentially spin. Note that to restrict the maximum number
of roles of ary nodeto two, Slave-Slave Bridgesin BTSpin
are not scheduledto Spin. This is due to systemcapacity
considerationsas analyzedin [21].

¢) 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 determinationprocessfor a Free node can be
presentedasfollows.

FreeNodeRoleDetermination()
1 if (peerRole= Freg

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-Slare Bridge;
10 myRole = Master; (Fig. 2(ii))

11 end if

12 elseif (peerRole= Master OR Master-Slave Bridge)

13 peerRole= Sameas before;
14 myRole = Slave;
15 end if

2. If the spinningnodeis a Slawe

a) On connectingwith a spinningFree node:
This scenariohas already been describedin the above
routinefor a Freenode.

b) On connectingwith anotherspinningSlave node:

If the Mastersof thesetwo Slaves are connected(directly,
two-hop or three-hop)with each other the initial Piconet
formedbetweenthesetwo Slaveswill be broken,to minimize
the numberof Bridge nodes.Otherwise,the Slase belonging
to a larger Piconet becomesa Slave (Slave-Slave Bridge)
of its peer which then becomesits peers Master (Master
Slave Bridge) ((Fig. 3(i)). The motivation behind this role
determinationis the fact that a MasterSlave Bridge being a
Masterof a Piconethasmoreresponsibilitiege.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 MasterSlave
Bridge also checksto seeif 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.

¢) On connectingwith a spinningMaster node:

If this Slave nds its own Masterto 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-hop or three-hopconnectedo the peer the
initial connectionis broken,to avoid shortloopsin 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 identicalto the one describedabove.

The role determinationprocessfor a Slave node can be
presentedasfollows.
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SlaveNodeRoleDetermination()

1 if (peerRole= Freg

As describedn FreeNodeRoleDetermination()
when FreenodemeetsSlave node

elseif (peerRole= Slave)

breakthis currentPiconet

do not connect
else

role[Slave of biggerPiconet]= Slave-Slare Bridge;

role[otherSlave] = MasterSlave Bridge; (Fig. 3(i))

if (new MasterSlave Bridge is anonly Slave)
MasterSlave Bridge doesrole reversal to be
Masterof peerandits own Master (Fig. 3(ii))

10
11
12
13
14
15
16

end if
end if

2
3
4
5 if (my Masteris connectedto peers Master)
6
7
8
9

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= Sameas before;

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

3. If this spinningnodeis a Master

a) On connectingwith a spinningFree node:
This scenariohas already been describedin the above
routine for a Freenode.

b) On connectingwith a spinning Slave node:
This scenariohas already been describedin the above
routinefor a Slave node.

¢) On connectingwith anotherspinningMaster node:

If theseMastersare alreadytwo-hop connectedwith each
other, they retainthis direct connectionif and only if one of
them has the connectingbridge node as its only Slave. In
that case,that Masterrelievesits Slave and becomesa Slave
of its peer thereby meming 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
Piconetbetweenthemseles. In that case,thesetwo Masters
instruct their correspondingSlaves to break that atomic
Piconet.The Masterof the smallerPiconetbecomeghe Slave
(MasterSlave Bridge) of the Master of the bigger Piconet
(Fig. 5(ii)). If thesetwo Mastersare not connectedat all,
they remainconnectedlirectly with eachotherwith roles as
mentionedabove.
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Fig.5. (i) Piconetggetmemged(ii) IntermediatePiconetremoved (ii) Smaller
masterbecomesridge

d) On connectingwith a Master-Slave node:

This scenariois almost identical to that of a Master
connectingwith anotherMaster exceptfor a few additional
checks. If the Master node nds the MasterSlave Bridge
to be its own Slave, the initial Piconet formed between
thesetwo nodesis broken. Else, the Master retains direct
connectionwith the peer almost as it would with another
Master (Fig. 6(i)). If the peers Masteris a Slave of this



Master the peerleavesits old Masterand joins this Master
(Fig. 6(ii)). If the Master eventually retains this direct
connectionwith the MasterSlave Bridge node,it becomesa
Slave (MasterSlave Bridge) of the peerirrespectve of their
Piconetsizes(Fig. 6(iii))). This is becausewe try to restrict
the numberof roles that a node can have to at mosttwo to
improve systemcapacity(as analyzedin [21]).
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The role determinationprocessfor a Master node can be
presentedasfollows.

MasterNodeRoleDetermination()
1 if (peerRole= Freg

2 As describedn FreeNodeRoleDetermination()
3 when Freenode meetsMasternode

4 elseif (peerRole= Slave)

5 As describedn SlaveNodeRoleDetermination()
6 when Slave node meetsMasternode

7 elseif (peerRole= Master)

8 if (I amtwo-hopconnectedo peer)

9 if (me OR peerhasonly one Slave)

10 Masterwith one Slave releasesSlave;

11 role[Masterwith one Slave] = Slave;

12 role[otherMaster]= Master;(Fig. 5(i))
13 else

14 breakthis currentPiconet

15 do not connect

16 end if

17 elseif (I amthree-hopconnectedo peer)

18 if (our Slavesform an atomic Piconet)

19 instruct Slavesto breaktheir atomic Piconet
20 role[smallerMaster] = MasterSlave 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] = MasterSlave 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 when MastermeetsMaster; (Fig. 6(i))
36 Exceptfor a coupleof checksand differences
37 if (peers 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= Sameas before;

43 myRole = MasterSlave Bridge;

44 irrespectve of our Piconetsizes;(Fig. 6(iii))
45 end if

46 end if

47 end if

4. If this spinningnodeis a Master-Slae Bridge

a) On connectingwith a spinningFree node:
This scenariohas already been describedin the above
routine for a Freenode.

b) On connectingwith a spinning Slave node:
This scenariohas already been describedin the above
routinefor a Slave node.

¢) On connectingwith a spinningMaster node:
This scenariohas already been describedin the above
routinefor a Masternode.

d) On connectingwith anotherspinningMaster-Slave node:

By de nition, a MasterSlave Bridge belongs to two
Piconets.Sincein BTSpin we restrictthe numberof roles of
a nodeto two, the initial Piconetformed betweenthe two
nodesshall be broken.

The role determinationprocessfor a MasterSlave Bridge
nodecan be presentedas follows.

Master-SlaveBridgeNodeRoleDetermination()
1 if (peerRole= Freg

2 As describedn FreeNodeRoleDetermination()
3 when Freenode meetsMasterSlave Bridge node
4 elseif (peerRole= Slave)

5 As describedn SlaveNodeRoleDetermination()

6 when Slave node meetsMasterSlave Bridge node



7 elseif (peerRole= Master)

8 As describedn MasterNodeRoleDetermination()
9 when Masternode meetsMasterSlave Bridge node
10 elseif (peerRole= Master-Slave Bridge)

11 MasterSlave Bridge nodesalreadyhave two roles
12 Hencebreakthis currentPiconet

13 do not connect

14 end if

D. Badkup Gateways

In the multi-phasedmesh-basedpproachegproposedin
literature([17], [8]), we obseneda largenumberof tempoary
Piconetsbeing formed betweennodes,just for exchanging
symmetricinformationabouttheir one-hopor two-hopneigh-
bors. BTSpin minimizes the numberof suchtempoary Pi-
conetsthatneedto beformed.In mostof our caseswhentwo
spinningnodesconnectwith eachotherfor the rst time (i.e.
comein theradiorangeof eachotherwith onenodein Inquiry
modeandthe otherin Inquiry Scanmode),they form andkeep
thePiconeteitherasit wasinitially formed,or modifyingit (if
mandatedby our role determinationpolicy) by performinga
role reversal.Only in a few casesgdeterminecby our connect
rules and role determinationpolicy, two nodesmight need
to break the Piconetthat is formed initially. Even in those
circumstancesBTSpintriesto sahageasmuchaspossibleby
keepinga Backup Gatavay information for later use. When
two (bridge) nodesbreakthe link betweenthem,the Masters
of their respectie Piconetq(if they belongto one)keepa note
of thesetwo nodesas BackupGateavay bridges.In the future,
if thesetwo Mastersever needto connectwith eachother(due
to their existing Bridge/Bridgedfailing or turning off) they can
male useof this Backupinformationto know preciselywhich
Slave/Slaresto instructto actasBridge/Bridgeshetweerthese
two Piconets.This is the adaptve natureof BTSpin stratey
that takes care of 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
differenttypesof nodes:

1. Slavenode

The Master of this Slave eventually considersthe link
as deadwhen the Slave missessuccessie polls. No further
actionis necessary

2. Masternode

The Slavesrealizethat the Masteris down if they are not
polled successiely for some predeterminedoeriod of time.
The nodesthat were not Bridgesact as Free nodesand start
spinning till they connectwith someoneelse. The Bridge
nodescontinuewith theirtheir secondole in theotherPiconet.

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

Backup Gatevay informationto nd anotherBridge node if
one is available. If a MasterSlave Bridge goes down, the
Masterof the Bridge notesthe absenceasit would for arny of
its other Slaves.The Slavesof the Bridge behae asdescribed
above for the failure of a Masternode.

F. Routingover BTSpin

Since BTSpin generatesa mesh basedmulti-path multi-
hop Scatternet,ary ooding basedrouting schemecan be
used.The multi-pathtopology providesthe advantageof fault
toleranceand possibility of datastripping (dataaggreyation).
To overcomeloopsin the mesh,datasequencinds necessary
to identify duplicatedatapaclets.

IV. SIMULATION RESULTS

To evaluate the efciency of the proposedprotocol, we
implementedBTSpin in GloMoSim [22]. In Bluetooth, the
dynamicnatureof the network is driven more by turning on
and off the devices at differenttimesthan by 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
consideredn our simulations(seedetaileddescriptionbelow)
are:

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

CELL: Somerandomnes# nodeplacementNodesare
placedat randomin cells.

RANDOM: Completerandomnessn node placement.
Nodescanbe placedanywherein the terrain.

In each of the above scenarios,we simulated BTSpin
with both “Incremental’ arrival (joining) of nodesinto the
network and En Massearrival. The terrain was taken to be
a squareregion with varying sizes with each node having
a transmissionrange of 10 meters.The simulation was run
multiple timeswith varying seedsgachfor a durationof 300
seconds.

1. GRID

In this scenario 36 nodeswereplaceduniformly ontoagrid
that coveredthe entireterrain. The grid unit size was chosen
to be 7 meters.Since the transmissionrange of eachnode
was x ed to 10 meters,the nodescould only contacttheir
(maximumof 8) immediategrid neighbors.

Fig. 7 shaws the Scatterneformed when the nodesarrive
(i.e., devices get turnedon) all at the sametime (En Masse@,
whereasFig. 8 shavs the Scatternetformed when nodes
join the network at the rate of one node every 10 seconds
(Incrementalarrival) in the order of their nodelD shown in
the gure. We nd that in the caseof incrementalarrival,
the numberof Piconetsformed (14 in Fig. 8) were smaller
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with Piconetshaving a larger numberof slavesin a Piconet
on average.This is due to the fact that in the caseof En
Masse arrival, Piconetsare formed in parallel at multiple
locations and they may not memge with eachother Hence,
the numberof Piconetsformed (18 in Fig. 7) is larger, andto
maintain connectvity, the Scatternethas more bridge nodes,
which also meansa higher number of roles per node on
average. The Scatternetformation delay in this En Masse
casewas obsened to be 41.03 secondqseemore discussion
in SectionlV-B andIV-C).

2. CELL

Based on the number of nodesin the simulation, the
physicalterrainis divided into a numberof cells. Within each
cell, a nodeis placedrandomly In this case,we simulated
with 40 nodes.

Fig. 9 illustrate the Scatternetformed when nodesarrive
En Masse and Fig. 10 illustrate the Scatterneformed when
nodesjoin one after anotherin the order of their node ID
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(Incrementalarrival). In both cases,we nd the node6 is
left un-connectedThis is becausethe node 6 is physically
isolatedfrom the rest (i.e. no other nodewas within a radius
of 10 metersfrom it). In theincrementacasewe nd node35
is left un-connectedoo. This is becauseat presentBTSpin
restrictseachnode to belongto at mosttwo Piconets.This
is doneto increasethe systemcapacityas analyzedin [21].
Hencein BTSpin, a Master never schedulesa Slave-Slare
Bridge to spin. Thus, node 35 cannot connectto its only
neighbor (node 28) which already senes as a Slave-Slarve
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 obsened to be 28.05 seconds.This
is lessthan that in the GRID topology primarily due to the
factthatthe nodesin the CELL topologyarelessscatteredas
comparedto thosein GRID. Hence,in the CELL topology,
a spinningnodehason averagea larger numberof spinning



neighbors, thus increasingthe chance of connectingwith
them. This reduceghe time taken to form the Scatternet.

3. RANDOM

In this scenariowe placethe nodescompletelyat random
arywhere within the terrain.W\é simulated40 nodesfor this
scenario.
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Fig. 11 and Fig. 12 showv the casesfor En Massearrival
andIncrementalarrival respectiely. Notethatwheneerthere
is physical connectvity among nodes,BTSpin succeedsn
forming a Scatternet.Given the node placementas shovn
in our simulation,we have a numberof Scatternetformed
(3 in Fig. 11 and 2 in Fig. 12). Nodes2 and 14 remained
unconnectedincethey were physicallyisolatedfrom the rest
of thenodes As before,we nd thatin the incrementakrrival
the Piconetsformed have more slaves on averagethan when
all the nodesarrive at once.

B. Comparisonwith other single-hopapproaces

Two of the important performancemetrics are the initial
connectionsetupdelay (time taken by a Freenodeto join a
Piconetfor the rst time) andthe nal Scatterneformation
delay We comparedthe delay in BTSpin with the following
two schemesn [6]:

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

TSF: A Tree-based®catterneformation protocol.

Both of theseschemesare only suitedfor single-hopnet-
works, whereary nodecanpotentiallyconnectwith ary other
node, anywhere within the network. This is not requiredby
BTSpin. To evaluatethe effect of this difference(single-hop
vs. multi-hop) we comparedhesethreeschemesor the delays
involvedin Scatterneformation.In all the protocols,nodesare
assumedo 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 delayin BTSpin
is lessthan that in TSF where Free nodescan only connect
to other Free and non-Rootnodes(refer to [6]). In BTSpin,
the delay initially increasedwith the increaseof the number
of nodesdue to our “Spin' techniquebecauseof which the
Freenodehadto wait for a neighbornodeto be in the spin
mode. With more than 40 nodes,that delay stabilizesdue to
the increasechumberof spinningnodesnearby

Fig. 14 shows the nal Scatterneformation delay PROB
has the lowest delay amongthe three, but due to its non-
deterministic nature it cannot guaranteea fully connected
ScatternetThe delay in BTSpin initially increaseswith the
increasein the numberof nodes,but with 40 nodesor more,
it stabilizes.The overall delayin BTSpinremainsmuchlower
thanthatin TSE In TSE whenthe nodesarrive En Masse
several disconnectedree componentsre formed, which take
a long time to meige with eachother This is becauseonly
the Root nodescanmerge with other Root nodes(refer to [6]
for further details). Thus its delay keepsincreasingwith an



80

72

64 -

56 -

Scatternet Formation Delay (seconds)

16

0 ! ! ! ! J
30 40

Number of nodes

Fig. 14. Final Scatterneformationdelay varying with numberof nodes

increasein the numberof nodes.In BTSpin with En Masse
arrival, the number of Piconetsformed increaseswith the
numberof nodes.Hencethe delayfor gettingthemconnected
increasednitially. However, thatdelay stabilizeswith a larger
numberof nodesdueto increasechodedensity

C. Comparisonwith other multi-hop schemes

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

total numberof Piconetsformed
averagenumberof roles per node
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Fig. 15. Total numberof Piconetsvarying with numberof nodes

Among all the operationsthat a Bluetooth node performs,
Piconet formation (Inquiry and Inquiry Scan)is the most
resourceintensive with respectto the time and enegy spent
by a node.Hencethe numberof Piconetsformed during the
procesf Scatterneformationis of importanceFig. 15 shawvs
that BTSpin forms comparablenumberof total Piconetswith
respectto BlueMesh even though BTSpin does not engage
in a multi-phaseprocessincluding topology discovery which
BlueMeshusesto reducethe numberof Piconetscontainedn
the Scatterneformed. However, the total numberof Piconets

formedin BlueMeshis higherthanthe numberof piconetsin
BTSpin due to the large numberof tempoary Piconetsthat
are formed during the topology discovery phasealone.

The numberof Piconetsformedin BTSpinis alsocloseto
thetheoreticaiminimum. For examplein oneof our simulation
runs,wehad nodesna terrain.Sincethenodes
wereplacedat random the approximateaveragenodedensity
was:

@)

nodes per square meter With the transmissionradius of
, we had approximately:

)

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

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

®3)

while in the simulation we get Piconetsare formed in

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



V. CONCLUDING REMARKS

BTSpin is a single phasedistributed Scatternetformation
processthat is effective in creatinga mesh-basednulti-hop
Scatternebothwith En Masseandincremental—arrival of the
nodes.Unlike ary of the existing protocols,it supportsfully
dynamicnodejoining/leaving withoutthe neecto rely on some
central repository of the network topology information and
without collecting one-hopor two-hop neighborinformation
througha resourceconsumingtopologydiscovery. It employs
the proposedSpin techniqueto achieve concurreng between
Scatterneformation and datacommunication.The Scatternet
formationdelayis shavn to be lower thansomeotherexisting
schemesThetotal numberof Piconetdormedandthe average
numberof roles per nodeare shavn to be smallercompared
to othermeshbasedprotocols,eventhougheachPiconetdoes
not contain more than seven Slaves. The Spin techniqueis
fair to all the nodesin the Piconetand doesnot burdenary
particularnodewith the task of connectingwith other nodes
in the network. It also enablesa Piconetto connectomni-
directionally BTSpin hasan adaptve strat@y to accountfor
nodedeaving (turning off) the network atary time. It usesthe
proposedconceptof Backup Gatavays to quickly heal from
a single node failure (causedby turning off a node). Thus,
BTSpin lendsitself as an attractve candidatefor distributed
and multi-hop Scatterneformationin Bluetooth.

Currently we are in the processof testing BTSpin's ro-
bustnessagainstnode failures by using the backup gatevay
information collectedfrom all the failed node connectionsas
describedn Section.IlI-D. As an extensionto the Scatternet
formation process,we are also devising an ef cient routing
protocolthat leverageghe bene ts of BTSpin technique.
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