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Abstract

In this paper we tackle the problem of topolagy for-
mationin BluetoothWrelessPersonal Area Networks(BT-
WPANS). We first overviev and extenda previously pro-
poseccentalizedoptimizationapproacd, anddiscussts re-
sults. Thenwe outlinethe mainstepsof two proceduesthat
canleadto feasibledistributedalgorithmsfor theincremen-
tal constructionof thetopology of a BT-WPAN.

The centralized optimizationappmoac has the advan-
tage of producingtopologiesthat minimizethe traffic load
of the mostcongestednodein the network(thusalso min-
imizing enegy consumptionyvhile meetingthe constaints
onthe BT-WPAN structuie and capacity However, thecen-
tralizednature and the high compleity of the optimization
are a stronglimitation of the proposedapproach.

Distributedalgorithmsfor thetopology formationof BT-
WRPANs are mud more attractive providedtheir algorith-
mic compleity and enegy costare suficiently low to al-
low implementationin large B-WPANs. We discussdis-
tributed proceduesfor the insertionand the removal of a
nodein/froma BT-WPAN, which are easilyimplementable
and able to compomisebetweerthe systenefficiencyand
its ability to promptlyrecoverfromtopolagy changes.These
proceduesare the key building blocksfor a distributedso-
lution approad to the BT-WPAN topology formationprob-
lem.

1 Intr oduction

The Bluetoothtechnologyallows short-rangeaadio de-
vicesto communicaten theunlicensed?.4 GHz ISM band
[1]. Thebasicarchitecturalunitin Bluetoothsystemss the
piconet composedf a masterdevice and at most seven
active slave devices, which are allowed to communicate
with the masteronly. Overlappingpiconetscan be inter-
connectedhroughbridge nodesthuscreatinga largernet-
work, the so-calledscatternetor BluetoothWrelessPer-
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sonal Area Network (BT-WPAN). A Frequeng Hopping
SpreadSpectrum(FHSS) schemeis usedat the physical
level; eachmasterchoosesa differenthopping sequence,
so that piconetscan operatein the sameareawithout sig-
nificantly interferingwith eachother Within eachpiconet,
a TDD techniquds employedto transmitandreceive data.
Theradiochanneis dividedinto time slots,which arecen-
trally allocatedby the masterandalternatelyusedfor mas-
ter andslave transmissionsBecausef the useof different
hoppingsequences bridge cannotbe active in morethan
onepiconetat atime; thus,bridgeshave to switch between
piconetonatime-divisionbasis and,while switching,they
mustre-synchronizavith the currentpiconet. This implies
asignificantoverhead.

Theestablishmentf alink connectiorbetweerary pair
of nodesis performedthroughthe inquiry andpaging pro-
ceduresTheinquiry protocolenablesnodeto discoverthe
deviceslocatedin its proximity, while the paging protocol
is usedto establishthe communicationlink betweentwo
nodes. The device initiating the pagingprocedureactsas
themasterof the connectionandthe othernodeasa slave;
however, rolescanbe exchangedateron.

It is clearthat masterandbridge nodesare subjectto a
muchhighertraffic load,relatively to slaves. Also, the per
formanceof aBT-WPAN in termsof throughpuiandenegy
efficiency, aswell assystemcompleity, greatlydependon
how nodesaregroupedinto piconets,andwhich nodesare
selectedas mastersor bridges. Therefore,it is of funda-
mentalimportanceto develop algorithmsfor the formation
of BT-WPAN topologies,which optimizethe performance
metricsof interest,while meetingthe Bluetoothspecifica-
tions.

Recently several schemesfor BT-WPANs formation
have beenproposed?, 3, 4,5, 6, 7,8, 9, 10, 11, 12]. The
first attemptat addressinghe problemof topologyforma-
tion is presentedn [2]. In [3], Miklos etal. generatean-
domtopologies,andinvestigatethe effect of the topology
parameter®n the systemperformancethrougha simula-
tion study A scatterneformationalgorithm,the so-called



Bluetrees is proposedn [4]. The Bluetreesschemdorms
scatternetwith a spanningtree topology, wherethe par
entnodeis a masterandthe childrennodesare slaves. A
network tree structureis also consideredn [5]. There,a
schemédor theincrementaformationof aBT-WPAN is pre-
sentedwhich combinesa routing stratey with anaddress
allocationmechanism.A randomizeddistributed stratey
for constructinga BT-WPAN is proposedn [6]; the strat-
egy guaranteeshat eachnodebelongsto two piconetsat
most,andthat the numberof piconetsis closeto minimal.
In [7], a 3-phasealgorithmfor scatterneformation,named
Bluenet is proposed. Bluenetaims at creatinga flat net-
work structureandreducingthe numberof scatternetinks,
while still maintainingnetwork connectity. In [9], a BT-
WPAN is createdasa connectedneshwith multiple paths
betweenary pair of nodesto provide fault-tolerance.The
algorithmin [9] consistf threephasesneighbordiscov-
ery, formationof isolatedpiconets,and piconetsintercon-
nection. Thework in [11] tacklestheissueof inter-piconet
interferenceandproposes constructiorschemenaximiz-
ing the network throughput.However, the schemeassumes
thatarny two nodesarewithin transmissiomange.ln [12], a
ring structure the so-calledBlueRing is proposedn order
to provide high reliability and efficient traffic routing and
scheduling.

In this paperwe tacklethe problemof BT-WPAN topol-
ogy formationfrom two differentperspecties.

1. We overview anoptimizationapproactoriginally pre-
sentedin [10] for the centralizedtopology formation
of BT-WPANSs, and discussthe characteristicof the
topologiesthatresultfrom the applicationof the cen-
tralized optimization. The centralizedoptimization
producegtopologiesthat minimize the traffic load of
themostcongesteahodein the network while meeting
the constraintoon the BT-WPAN structureandcapac-
ity. Althoughthe centralizechatureandthe high com-
plexity of theoptimizationarestronglimitationsof the
proposedapproachthe attainedsolutionsprovide up-
perboundgo theperformancef ary topologyderived
by meansof distributed heuristics. Knowing which
arethe characteristic®f the topologiesthat optimize
the BT-WPAN performanceis of critical importance
for the developmentof goodfeasibledistributedalgo-
rithms. Weinvestigatehetopologyperformanceasthe
systemrequirementwary, and evaluatethe trade-ofs
existing betweersystemcomplexity andnetwork effi-
cieng. In particular we highlightthefactthatincreas-
ing the numberof piconetsthat form the BT-WPAN
beyond a certainvalue doesnot accruethe network
throughputsincebridge nodesbecomethe communi-
cationbottlene&s

2. We outline the main stepsof the procedureghat can

lead to feasibledistributed algorithmsfor the incre-
mental constructionof the topology of a BT-WPAN.
The procedureshandlethe insertionandthe removal
of a nodein/from a BT-WPAN. They are easilyim-
plementableandableto compromisébetweerthesys-
temefficiency andits ability to promptlyrecoverfrom
topologychanges.

The restof this paperis organizedasfollows. Section
2 presentghe constraintsmposedby the Bluetoothtech-
nology and the systemrequirementghat we needto take
into accountwvhile creatingthe network topology Section3
describeghe centralizedoptimizationproblemwith partic-
ularemphasi®onthe BT-WPAN capacityconstraintssome
performanceaesultsare presentedthat shav the trade-of
existing betweersystemefficiency andcomplexity. Section
4 introduceghe distributed proceduredor theincremental
formationandthe maintenancef a BT-WPAN. Finally, in
Section5 we provide conclusionsanddiscusssomeaspects
thatwill be subjectof futureresearch.

2 SystemConstraints and Requirements

Themaingoalwhile formingaBT-WPAN shouldbethat
the designedopologyfulfills the Bluetoothspecifications
aswell asthe requirementghat may exist on the network
structureandthroughput.

We summarizehe constraintdmposedoy the Bluetooth
technologyasfollows.

1. Network structure:

(a) Thenumberof active nodesparticipatingin a pi-
conetcannotbe greaterthans;

(b) Two deviceshave to be within the transmission
rangeof eachotherin orderto communicate;

(c) A nodecanbemastelin onepiconetonly.

2. Systemcapacity: The maximumgrossbit rate that
can be provided by a piconetis equalto 1 Mbit/s.
Hereinafter we considerthe actual piconetcapacity
andtake its normalizedvalueto be equalto 1. Both
constantate,synchronougonnection-oriente(SCO)
links, andvariablerate,asynchronousonnection-less
(ACL) links aresupportedAll SCOlinks providebidi-
rectionaltransmissionsvith 64 kbit/sin eachdirection,
while the associatedcapacitydependson the paclet
type that is employed [13]. A node communicating
with a single mastercan have at mostthreesimulta-
neousSCOlinks. Whena nodeis actve in two pi-
conetsatmosttwo simultaneou$COlinks canbees-
tablished pecausef thetime overheaddueto switch-
ing from one piconetto another ACL links support



unidirectionaldatalinks with ARQ. Their capacityoc-
cupationcan be easily computedgiven the model of
thetraffic sourceandthe averagebit rateof the gener
ateddata.

The requirementshat may exist on the BT-WPAN sys-
temareasfollows.

1. Network connectvity. There mustbe at leastone
pathbetweenary two nodesin the network. Thisim-
pliesthatall mastershave to be connectedvith each
other, througheithermasteror bridge nodes;instead,
slavescancommunicatevith any nodein the network
throughthe masteithey areconnectedo.

2. System complexity. In order to keep the network
compleity small,themaximumnumberof formedpi-
conetsis limited to afixedvalue.

3. Traffic demand. The network must supportthe de-
siredsource-destinationonnections.

4. Nodes'role. Constrainton therole thatsomenodes
canhave in the network may exist. A nodemay need
to actaseithera slave or a master dependingon the
applicationit is ableto support,andon its processing
capabilitiesand batterycapacity For instance hodes
thatare gatavaysto the fixed network shouldbe cho-
senasmastersyhile earphonelevicesarelik ely to act
asslavesratherthanmasters.

3 A Centralized Approach

In this section, we describea min-max optimization
problemfor the BT-WPAN topologyformation. The prob-
lemis solvedin a centralizedmannerdueto its complexity
andthe large numberof parametersnvolved. We obtaina
topologythatmeetsthe constraintsandrequirementsisted
in Section2, while minimizing the traffic load of the most
congestechodein the network, or equivalently its enegy
consumption.We presentsomeresultsthat shov the net-
work performancesthe systemrequirementsary. Notice
that the optimization problemwas first presentedn [10],
but hereits formulation is enhancedoy adding the con-
straintson the network capacity Below we give justa brief
overview of the problemformulation;the interestedeader
canreferto [10] for moredetails.

3.1 The Min-Max Problem

We consider A/ as the set of N stationary nodes,
that are randomly scatteredin a @ x @ region. All
nodes belong to the same power clas$ and, hence,

1TheBluetoothspecificationglassifydevicesinto threepower classes,
basednthemaximumdevice outputpower, namelyl00mW, 2.5mW and

have a common transmissionrange. We defineC =
{(s,d) : sisasourceandd adestinatior} as the set of
source-destinatiomonnections,and C' as the total num-
ber of connectionghat have to be routedthroughthe net-
work. We assumehatjustonerouteis usedfor eachsource-
destinationpair. For eachtraffic sources, we take the av-
eragetraffic rate,denotedby p,, asan input parameteto
theproblem.As mentionedn Section2, variouslink types
with differentbit rateexist, thusps will dependon the link
typethatis consideredLet T = {t,q4} bethetraffic matrix
indicating the informationrate on eachsource-destination
connectionnormalizedto theradiolink capacity For each
source-destinationonnection(s, d), we take ¢t;4 asaran-
domvariableuniformly distributedbetweerD and2p,, and
2ps to belessthanor equalto 0.5. Beingthenormalizedpi-
conetcapacityequalto 1, this ensureghatthetraffic gener
atedby asinglesourcecanberecevedandforwardedoy in-
termediatenodeswithout violating the capacityconstraint.
We denoteby M.« the maximumnumberof piconetsand
by M andV thenumberof nodeghatareforcedto bemas-
tersandslaves,respectiely.

To formalizethe optimizationproblem we usethreesets
of variables:assignmentariablesflow variablesandrout-
ing variables.For eachpair of nodes(s, 5), i,j = 1,... N,
we have that:

e anassignmenvariableis setto 1 if nodej is assigned
to masteri, otherwiseit is setto 0;

e aflow variableis setto 1 if thereexistsary flow from
i to j andi # j, otherwiseit is setto O;

¢ for eachsource-destinatiopair (s,d) € C, arouting
variableis setto 1 if connection(s, d) is routedonarc
(i, ), andto 0 otherwise. Notice that the setof vari-
ables{r{'} definesthe connectionpath throughthe
network for arny connectiorin C.

Next, assumethat the setof routing variablesis given.
Then,the traffic load of the genericnodei, canbe defined
asthe sumof theincomingandoutgoingtraffic that: hasto
handle.We write theload of nodei as

Li= > L= Y tad (+rd) @

(s,d)ecC (s,d)eC JEN

wherer${ andr{f aretheroutingvariablesassociatedvith
nodes; andj. More specifically for eachconnectior(s, d),
the term tsdrj-;.i representshe amountof traffic that node
i recevesfrom j, while the term tsdrfj‘-i is the traffic that
i forwardsto j, beingj the next nodein the connection
path.We defineasthe network bottlene& thenodewith the

1 mW. Thesevaluesof outputpower correspondo a maximumtransmis-
sionrangeof about100m, 10 m and0.1m, respectiely.



highesttraffic load,i.e.,the nodewhosetraffic load, B, is

B = maxL (2)
iEN
Our objective is to selectthe network topology so as
to minimize the traffic load of the most congestechode,
i.e.,its enegy consumptionwhile guaranteeinghedesired
throughputWe denotethe optimizationproblemby P, and
write P as,

P: min B (T,{r;
min (T, {r3'})

subjectto constaintson:
(i) theassignmentariables
(i) theflowvariables
(iii) theroutingvariables 3

(i) Theconstrainton assignmenvariablesensurehat:

(a) eachnodeis assignedh role (masteyor slave, or both
masterandbridge,or bothslave andbridge);

(b) anodecannotbe assignedo a piconetif its distance
from the correspondingnasteris greaterthanthe pi-
conetradius;

(c) abridgeis assignedo two piconetsatleastwhile other
nodesareassignedo onepiconet;

(d) the maximumnumberof nodesassignedo a piconet
is equalto 8;

(e) the total numberof piconetsis lessthanor equalto
MMAX;

() the nodesfixed a priori to be mastersor slaves are
forcedto beso.

(i) In orderto guaranteahe full connectvity of the net-

work, a graph connectingall the mastersin the network

mustbe created The constraintontheflow variablesguar

anteethat all mastersare connectedo eachotherthrough
eithermasteror bridgenodes.

(iii) Giventhe source-destinationonnectionghatthe net-

work mustsupport.the constrainton the routing variables
ensurehat:

(a) for eachsource-destinatiopair (s, d), thereis a route
connectings to d;

(b) aconnectioris routedthroughedge(s, ) only if alink
existsbetween; andy;

(c) aconnectionis routedthrougha pair of nodes(s, j),
which aremasterr bridges,if edge(i, j) belongsto
thegraphconnectingall masters;

(d) loop-freeroutesareestablished.

Next, we introducethe constraint®nthenetwork capac-
ity, thatwerenotincludedin [10].

First, we verify that for eachpiconet(i.e., master)the
aggrejatedtraffic doesnot exceedthe piconetcapacity We
imposethat the traffic load of the bottlenecknodeis less
thanthe piconetcapacity i.e., B < 1. Sucha condition
ensureghat the traffic load of any nodein the network is
lessthanor equalto 1. Sinceeachmasterhandlesall the
traffic connectionswithin its piconet,this implies that the
traffic loadof ary piconetis lessthanor equalto thepiconet
capacity

Secondfor every bridge nodewe verify thatthe traffic
loadplustheoverheadlueto switchingfrom onepiconetto
anotherdoesnotexceedl. We settheswitchoverheado be
equalto 2 time slots, i.e., onethird of the piconetcapacity
andwe neglectthe delayin startinga mastetbridge com-
municationdueto the fact that, whenthe switching takes
place,the mastermay be busy with anothertransmission.
Hence for every bridgenodeb, we musthave

Z Sdz zb+rbz <1_1/3 (4)

(s,d)eC 1EN

In orderto derive afeasibleBT-WPAN topology we use
the following procedure. We solve problemP asin (3),
and we verify a-posterioriwhetherthe obtainedtopology
fulfills the capacityconstraints. This is motivated by the
factthat, evenif a solutionto problemP doesnot meetthe
capacityconstraintsjt suggesthiov muchwe shouldscale
down traffic in orderto attainafeasibletopology

Once a feasible solution is found, for ary source-
destinatiorpair (s, d), we cansearctor analternatveroute
if thereis any. The methodwe useis asfollows. We fix the
assignmenandflow variablesto the valuesthat they take
in the solutionof P, while we setto 0 therouting variables
(rff) whosevalueis equalto 1 in thesolution.By doingso,
we generatea nev problem,P’, in which the solutionob-
tainedby solving P is forbidden.If asolutionto P’ exists,
this providesa new routefor (s, d); otherwise,no alterna-
tive routefor (s, d) canbefound.

It canbeshawn thatproblemP is atleastascomplex as
the GeometricConnecteddominatingSetproblem,which
is provento beNP-completg14]; henceP is NP-complete.

3.2 Numerical Results

In [10] we presentedesultsof the centralizedopology
optimization shaving thetraffic loadof thebottlenecknode
as a function of the averagesourcesoad andfor a fixed
valueof the maximumnumberof piconets.We considered
thatthe source-destinatiooonnectionsandtheir associated
rate were known, andthat someuncertaintyexistedin the
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Figure 1. Traffic load of the most cong ested
node in the network as a function of the
maxim um number of piconets and for p =
0.05,0.15, and 0.25. Results are obtained for
N =12, C = 6, and by forcing 3 nodes to
be slaves. The curve labeled by feasiblesolu-
tionis related only to topologies that meet the
capacity constraints.

traffic flowing over eachsource-destinatiomonnectionas
well asin the source-destinationonnectionghatwerecre-
ated.Theresultssuggestethatatopologyattainedoy solv-
ing the min-max optimization problemis surprisinglyro-
bustto changesn thetraffic demand.

Here, we focus on the performanceof the BT-WPAN
topologyasthemaximumnumberof piconets M,,.«, varies.
Theresultspresentedh this sectionarederivedfor Q = 10
anda piconetradiusequalto Q+/2/3. We assumea net-
work with 12 nodesand6 traffic connections3 out of the
12 nodesareforcedto beslaves. For the sale of simplicity,
we assumehatall thetraffic links in the network arealike,
andthatp, = p for ary traffic source with p a varyingpa-
rameterof thesystem.Theextensiornto thecasevhereSCO
andACL links aremixed,anddifferentkindsof pacletsare
used|s straightforvard.

Plots are obtainedby averagingthe resultsof several
runs, eachof them correspondingo a differentinstance
of the randomvariablesof the systemmodel. Eachprob-
lem instanceis solved by usingthe softwaretool CPLEX,
which solvesmixedinteger problemsby applyinga branch
andboundalgorithm[15].

Figure 1 presentscurves of the traffic load of the bot-
tlenecknode, B, asa function of the maximumnumberof
piconetsin the network andfor differentvaluesof p. No-
tice thatat leasttwo piconetshave to be formed,sinceeach
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Figure 2. Traffic load of the most cong ested
node in the network versus the maximum
number of piconets and for p = 0.05,0.15, and
0.25. Results are obtained for N =12, C = 6,
and by forcing 3 nodes to be slaves and 2
nodes to be masters. The curves labeled by
feasiblesolutionare related only to topologies
that meet the capacity constraints.

piconetcannotinclude morethan8 nodes. For p = 0.25,
two curvesareplottedin correspondence® the samevalue
of the averagesourcerate. In fact, in this case,not all
theattainedsolutionsto problemP fulfill the capacitycon-
straints. In the plot, the curve labeledby feasiblesolution
representshe performanceof the feasibletopologiesonly,
while the curve labeledby justthe valueof p representshe
network performancavhenthe capacityconstraintarene-
glected.Noticethatin thelatter casewe mayhave B > 1.
Figurel shows thatthe bottleneckiraffic load decreaseas
M, increasesThis is becausehe greaterthe numberof
formed piconets,the smallerthe numberof slaves per pi-
conetand,thus,thelower thetraffic load of themastersAs
expectedsmallerp’s correspondo lower valuesof B.
Figure 2 shaws similar resultsfor a network scenario
where?2 out of the 12 nodesare forcedto be masters.In
this casejnfeasiblesolutionsareattainedalsofor p = 0.15,
and,for all p's, thevaluesof B arehigherthanin the case
wherethereis nofixedmaster This suggestshatfixing the
role of somenodesin the network leadsto a moreuneven
traffic distribution, thusreducingthe network capacity
Figure 3 presentghe numberof feasiblesolutions,i.e.,
solutionsto problemP meetingthe capacityconstraints,
normalizedto the total numberof probleminstanceshat
we solved. Two out of thetotal numberof nodesin the net-
work are forcedto be masters. Resultsare plotted versus
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Figure 3. Average number of attained topolo-
gies satisfying the capacity constraints, nor-
maliz ed to the total number of topologies ob-
tained by solving diff erent instances of the
optimization problem. Results are plotted
versus the maxim um number of piconets and
for p = 0.15,0.25. We assume N = 12, C = 6,
and that 3 nodes are forced to be slaves and
2 nodes to be masters.

the maximumnumberof piconetsandfor p = 0.15 and
0.25.For p = 0.15 and M.« > 5, all the attainedsolutions
satisfythe capacityconstraints.This is in agreementvith

the resultsshown in Fig. 2, wherethe curvescorrespond-

ing to p = 0.15 overlapfor My.x > 5. On the contrary
for p = 0.25, we get someinfeasibletopologieseven for
M = 8. This is becauséancreasingM,,« reducesthe
mastergraffic load but, on the otherhand,makestheinter-
piconettraffic grow, thusincreasingthe load of the bridge
nodes.

Finally, Figure 4 shows the averagevalue of the actual
numberof piconetshatarecreatedn the BT-WPAN when
two nodesare forcedto be mastersand M, and p vary.
Only the feasibletopologiesare considered. We obsene
thatthe averagenumberof piconetsdecreasesas p grows,
andtendsto saturateaswe considedargervaluesof M,,.'s.
Theseresultsconfirmthatthebenefitof increasinghe max-
imum numberof piconetfadesaway asM,,.x grows, dueto
theincreasean theinter-piconettraffic.

To conclude we canfix M.y on the basisof the max-
imum level of systemcompleity and of inter-piconetin-
terferencehatwe considerto be acceptableOnce M, is
fixed,the proposedtentralizedoroceduregivesthe optimal
BT-WPAN topologysupportingherequiredtraffic connec-
tions, providedthatsuchatopologyexists.
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Figure 4. Average number of piconets that are
actuall y created in the network topology as a
function of the maxim um number of piconets
and for diff erent values of p. Results are ob-
tained for N = 12, C = 6, and by forcing 3
nodes to be slaves and 2 nodes to be mas-
ters.

4 A Distrib uted Approach

The optimizationproblemdescribedn the previoussec-
tionrequiresasinputdetailedsysteninformation,andis not
suitedfor a distributed implementation poth for the algo-
rithm characteristicsandfor its intrinsic complexity, which
forcedusto dealwith alimited numberof network nodes.
Becauseof theselimitations of the min-max formulation,
it is necessaryo devisesimpledistributedheuristicswhich
canbe easilyimplementecandcanbeappliedevento large
BT-WPANS.

In the following, we considera BT-WPAN with given
topology, anddiscusswo distributed procedurego handle
topologychanges.Thefirst procedureallows theinsertion
of anew nodein the WPAN; the seconddealswith there-
moval of anetwork node.Both proceduregim at satisfying
the Bluetoothtechnologyconstraintswhile providing full
network connectvity, high throughput,and reducedover-
headdueto control messagesWe obsene thatthe proce-
durefor theinsertionof anew nodeinto thenetwork alsoal-
lowstheinsertionof morethanonenodesatatime. Thus,it
canbe usedeitherto constructa BT-WPAN incrementally
i.e., onenodeat a time, or to form the network topology
from scratchgivenaninitial setof Bluetoothdevices.



4.1 The Nodelnsertion Procedure

A nodewishingto join the BT-WPAN startsaninquiry
procedureby broadcastingD (ldentity) paclets[1]. The
nodedn its proximity, which arelisteningon the predefined
channelfor inquiry messagestespondwith a FHS (Fre-
guencyHop Syndironization)paclet if they arewilling to
accepta new neighbor Whenmorethanonenodesreply,
thenew nodehasto decidewhichnodeit shouldconnecto.
The decisioncanbe madebasedon the responseshatthe
new noderecevesandon theinformationit canacquireon
thenodesn its proximity.

We considerthat a Bluetooth device can be classified
basedon its physicalcharacteristicsits currentrole in the
WPAN, andthe amountof traffic it transmitsandreceves,
i.e., the total traffic thatit generatestelays,or recevesas
a destination. We denotethe genericnodeclasswith the
triplet (z,y, z), where:

( p1: generakcharacteristics

p2 : highcomputationatapabilitiesandlarge

batterycapacity

high computationatapabilitiesandnot

specifiedbatterycapacity

ps : largebatterycapacityandnot specified
computationatapabilities

T = { p3:

r1 : rolenotspecified

re 1 Slave
r3 : Mmaster
y = < r4: slave& bridge

rs : Mmaster& bridge
rg : Masteralreadyconnectedo 7 active
slaves

(1, : loadnotspecified

I, : low traffic load

hightraffic load

l4 : null,i.e.,nenv nodewith no established
connection.

\

(The nodetraffic loadis definedaslow if it is belov a cer
tainthreshold ashigh otherwise.)

According to the Bluetooth specificationsa node per
forming aninquiry caneitherusea Generalinquire Access
Code(GIAC) or a Dedicatednquiry AccessCode(DIAC).
By employing the GIAC, the nodeaddresseary device in
its proximity, while througha DIAC it caninquirefor apar
ticular type of devices. Sinceonly 63 codescan be used
for dedicatednquiry, we make class(p, 71, 11) correspond
tothe GIAC, andconsideronly themostmeaningfukclasses
outof all others.In particularit seemseasonabléo assume
thata nodedoesnot inquire for deviceswith a high traffic
load;thus,we definethe classesdentifiedby the DIACsas
follows:

47classes:(z,y,2z) with * = p1,p2,ps3,ps; y €
{ri,m2,r3,74,75,76}; 2 € {l1,l2}; and (z,y,2) #

(p1,71,h);
4 classes:(z, -, l4) with £ = py1, p2, P3, P4.

Obsenethatanodewishingafastconnectiorto the WPAN
will likely sendout a generalinquiry to solicit a response
from ary available nodein its proximity. Instead,a node
aiming ata goodconnectionin the network, i.e., atjoining
a piconetwith low traffic load or playing a particularrole,
will useadedicatednquiry.

Next, we look at the inquiry responsewhich is carried
by the FHS paclet. We noticethatan FHS pacletincludes
the indication of the device class,plus 5 bits that can be
employedto corvey furtherinformation. The5 bitsarethe2
bitsresenedfor futureuseandthe 3 bitsof the AM_ADDR
field thatarenot usedin aninquiry response.We assume
thatthe5 bits corvey thefollowing information:

2 bits: the batterychagelevel (e.g.,belov 25%, between
25% and 50%, between50% and 75%, higher than
75%);

2 bits: thelevel of the nodetraffic load;

1 bit: whetherthe nodebelongsto anisolatedpiconet.We
definea piconetasisolatedif it is not connectedvith
ary other piconetor all the neighboringpiconetsare
connectedwith this piconetonly. The bit is setto 1
for a nodebelongingto an isolatedpiconet,andto O
otherwise.

Let o be the node startingthe inquiry procedure. As
mentionedabove, dependingon the responsegeceied
from the neighboringnodes,a hasto decidewhich node
it will page.A nodereplyingto a« may belongeitherto an
isolatedor a not-isolatecpiconet.In addition,it maybe

1. amastemwith lessthan7 connectedctive slaves;
. aslave;
. aslave & bridge;

2
3
4. amaster& bridge;
5. amastemwith already7 connectedctive slaves;
6

. a nev node which, like «, wishesto join the BT-
WPAN.

a selectghe nodeto pageaccordingto the following order
of preference.

1. Master (or master & bridge) belongingto an iso-
lated piconet.
If o receivesa responsdrom morethanone masters



(or master& bridge nodes)belongingto an isolated
piconet,it selectesheonewith lessthan? active slaves
andthe lowesttraffic load. If therearemorethanone
nodesin sucha situation,the level of batterychageis
consideredfollowed by the distanceof the nodefrom
a. Noticethata canestimatethe distancefrom each
of the respondingnodesthroughthe associatedRSSI
(Receved SignalStrengthindicator). Denotethe cho-
senmastemwith . Nodea pagesu andcreatesanew
piconet,wherea is the masterand i is a slave. Af-

terwards, the two nodesswitch their roles so that o

becomes slave in the piconetcontrolledby .

Then,if a recevesa responselsofrom a nodethat
doesnot belongto anisolatedpiconet,it actsasfol-
lows.

(i) If the respondingnodeis a mastey or a master&
bridge, with lessthan7 active slaves,a pagessucha
nodeand createsa new piconet. Througha master
slave switching, a becomesa slave in the piconetof
the selectechodeanda bridge toward the master(or
master& bridge)belongingto theisolatedpiconet.
(i) If therespondingnhodeis a slave (slave & bridge),
or a master(master& bridge) with already7 active
slaves,a createsanew piconetincludingsuchanode.

. Slave (or slave & bridge) belonging to an isolated

piconet.

Two differentsituationsmayoccur

(i) Thereare not other nodesconnectedo the scat-
ternet, that reply to the inquiry madeby «. In this

case,we may have thefollowing situations:(a) o has
enoughprocessin@ndenegy capabilitiedo beamas-
ter. Thena formsanew piconetby pagingoneor more
of the slavesthat have respondedo its inquiry. Such
slave nodesbecomebridgesbetweenthe new piconet
andtheir former piconet. The slavesto be pagedcan
bealsoselecteddy o on the basisof their traffic load,

batterystatusand spatialdistance. Assumethat each
piconetis identified by a shortstring of bits, namely
lessthan 5 bits long, and that the piconetidentifier
is known to all the nodesin the piconet[7]. A slave

pagedby a could notify this informationby usingthe

5 bits availablein the FHS paclet carryingits paging
response.In this way, a hasthe possibility to inter

rupt the pagingprocedurevheneer it contactsnodes
belongingto piconetsthathave beenalreadyintercon-
nected.(b) o wishesto actasaslave. o chooseshe

nodeto pageamongthe available oneson the basis
of the traffic load, the level of batterychage,andthe

spatialdistance Nodea formsanew piconetwith the

selecteddevice. Afterwards,the two nodesexchange
rolessothatin the new piconeta becomes slave and
the selecteddevice becomeghe masterand a bridge

towardits formerpiconet.

(i) a recevesaresponsdrom othernodeswhich do
notbelongto anisolatedpiconet.In thiscasex triesto
connecthenodebelongingto anisolatedpiconetwith
the restof the scatternet.It selectsone of the nodes
connectedo the scatternetaccordingto the follow-
ing orderof preferenceslave, slave & bridge,master
master&bridge, masterwith 7 active slaves. If nec-
essarya further selectionis madeon the basisof the
following criteria: traffic load, level of batterychage,
andspatialdistance.Then,a createsanew piconetin-
cluding both the selectechodeandthe slave (slave &
bridge)belongingto theisolatedpiconet.

. Master not belonging to an isolated piconet and

with lessthan 7 connectedactive slaves.

Among the available mastemodes,a selectsthe one
with thelowesttraffic load. If therearemorethanone
nodeswith the sametraffic load, the level of battery
chageis consideredfollowed by the distanceof the
nodefrom «.. Giving preferenceo closernodesavoids
alargeoverlappingbetweerpiconetsandthusreduces
the inter-piconetinterference.Let us denotethe cho-
senmastemwith . Nodea pagesu andcreatesanew
piconet,wherea is the masterand u is a slave. Af-
terwards, the two nodesswitch their roles so that o
becomes slave in the piconetcontrolledby .

. Slave not belongingto an isolated piconet.

Asin case?.i, two possiblecasesareconsidered.

(i) « hasenoughprocessingndenegy capabilitiesto
be a master Thena forms a new piconetby paging
oneor moreof theslavesthathave respondedo its in-
quiry. Suchslave nodesbhecomebridgesbetweenthe
new piconetandtheir formerpiconet.

(i) « wishesto actasa slave. a chooseghe nodeto
pageamongthe available onesand forms a new pi-
conetwith the selecteddevice. Afterwards,the two
nodesexchangerolessothatin the new piconeta be-
comesa slave and the selecteddevice becomesthe
masteranda bridgetowardits formerpiconet.

. Slave & bridge not belongingto anisolatedpiconet.

As before two possiblecasesareconsidered.

(i) « hasenoughprocessingndenegy capabilitiesto

be a master Node a selectsthe slave & bridgenode
to pageonthebasison thefollowing threecriteria: (a)

traffic load, (b) batterychaige,and(c) spatialdistance.
A new piconetis createdwherea actsasthe master
andtheselectechodeasaslave.

(il) a wishesto actasaslave. A new piconetis formed,
wherea is a slave andthe selectechodeis the master
andabridgetowardits formerpiconet.

6. Master & bridge not belonging to an isolated pi-



conet.

Amongtheavailablemaster& bridgenodesq selects
the oneto pageon the basisof the following criteria:

(a) traffic load, (b) batterychage, and(c) spatialdis-

tance. After o hascreateda new piconet,it switches
rolewith theselectedhodesothata becomesslavein

the piconetcontrolledby the chosenmaster& bridge
node.

7. Master not belonging to an isolated piconet and
with already7 connectedactive slaves.
Amongtheavailablenodes selectghe onewith the
lowesttraffic load. If thereare more thanonenodes
with the sametraffic load, the level of batterychage
is consideredaschoicecriterion, followed by the dis-
tanceof the nodefrom a. A new piconetis created,
whosemastelis a. Then,therearetwo possibleways
to proceed(i) In thenew piconet,a remainsa mastey
andtheselectechodeactsasaslave & bridge. (ii) The
two nodesexchangeroles. To do so,theselectechode
putsoneof its slavesin parkmodeandtakesa asan
additionalslave. The slave in park modecandecide
to searchfor a new piconetby performingan inser
tion procedurednits turn. Otherwise o andary of the
othernodesin the piconethave to be putalternatelyin
parkmode.

8. Newnode.

Node a pagesthe new node,thuscreatinga new pi-
conetwhereit playstherole of master Then,thetwo
nodescan switch their rolesif they wish to do so. a
canalsoincludein its piconetothernen nodeghatre-
spondedo its inquiry. However, in orderto maintain
the BT-WPAN topology connectedgithera or some
of the new nodesconnectedo « have to pagea node
thatis alreadypartof the BT-WPAN.

4.2 The NodeRemoval Procedure

The changesn the topology causedby a nodeleaving
the network dependon therole thatthe nodeplayedin the
BT-WPAN. Below, thepossiblecasesarediscussed.

1. The nodewasa slave: The nodeis simply removed
from the network without involving ary othermodifi-
cationof thetopology

2. The nodewas a master: The slaves belongingto its
piconetare seenas newv nodesthat needto be recon-
nectedo the BT-WPAN, henceaninsertionprocedure
is performedfor eachof them. The bridge nodesre-
main connectedo the network throughthe other pi-
conet(sthey belongto.

3. Thenodewasa master& bridge: This caseis handled
in the sameway ascase?.

4. Thenodewasaslave & bridge:|If otherbridgescanre-
placethenode,it is simply removedfrom the network.
Otherwise analternatve bridgenodehasto befound.
To this end, the masterof the piconetwill startanin-
quiry procedure. If it cannotfind ary bridge toward
the targetedpiconet,it will askits slavesto perform
theinquiry. If nonodeis in the transmissiomangeof
ary nodein therestof the BT-WPAN, thenthepiconet
will remaindisconnected.

5 Conclusionsand Future Work

In this paper we overviewed and extendeda min-max
formalization of the BT-WPAN topology formation prob-
lem. The min-max problem solution provides topologies
which minimizethetraffic loadof the mostcongestedhode
in the network while meetingthe constraintson the BT-
WPAN structureand capacity By varying the maximum
numberof piconetsthatcanbe createdwe derivedthe per
formanceof the attainedsolutionsas the requirementson
the throughputand on the role playedby someof the net-
work nodeschange. The resultscan be usedto find the
optimal trade-of betweensystemcompleity and network
efficiengy. However, the high compleity of the min-max
formulationforcedusto solve the problemin a centralized
mannerand to keepthe numberof network nodessmall.
Then,to overcomesucha limitation, we discussedhe key
building blocks for a distributed solution approachto the
BT-WPAN topology formation problem. We outlined two
procedureso handletheinsertionandtheremoval of anode
in/from the BT-WPAN, in a distributedfashion. Although
theseproceduresnaygeneratesub-optimatopologiesthey
canbe easilyimplementedandaredesignedo dealwith a
large numberof nodes.

Futureresearclwill focusontheperformancevaluation
of the proposedlistributed algorithms,in termsof lateng
in reactingto topology changesnetwork throughput,and
overheaddueto controlmessageexchange Whenasmall
numberof nodeds consideredtheresultsobtainedhrough
the centralizedoptimizationproblemwill provide a useful
termof comparisorfor thedistributedalgorithms.Finally, it
will benecessaryo developproceduresor periodicalman-
agementandreconfiguratiorof the BT-WPAN topology so
thatthe network characteristicsanprogressiely adaptto a
changingnetworking scenario.
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