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Abstract

In this paper, we tackle the problem of topology for-
mationin BluetoothWirelessPersonalAreaNetworks(BT-
WPANs). We first overview and extenda previously pro-
posedcentralizedoptimizationapproach,anddiscussits re-
sults.Thenweoutlinethemainstepsof twoproceduresthat
canleadto feasibledistributedalgorithmsfor theincremen-
tal constructionof thetopologyof a BT-WPAN.

The centralized optimizationapproach has the advan-
tage of producingtopologiesthat minimizethe traffic load
of the mostcongestednodein the network(thusalso min-
imizingenergy consumption)while meetingtheconstraints
on theBT-WPANstructure andcapacity. However, thecen-
tralizednature andthehigh complexity of theoptimization
area stronglimitation of theproposedapproach.

Distributedalgorithmsfor thetopologyformationof BT-
WPANsare much more attractive, providedtheir algorith-
mic complexity and energy costare sufficiently low to al-
low implementationin large BT-WPANs. We discussdis-
tributedproceduresfor the insertionand the removal of a
nodein/from a BT-WPAN, which are easily implementable
andable to compromisebetweenthe systemefficiencyand
its ability to promptlyrecoverfromtopologychanges.These
proceduresare thekey building blocksfor a distributedso-
lution approach to theBT-WPAN topology formationprob-
lem.

1 Intr oduction

The Bluetoothtechnologyallows short-rangeradio de-
vicesto communicatein theunlicensed2.4GHz ISM band
[1]. Thebasicarchitecturalunit in Bluetoothsystemsis the
piconet, composedof a masterdevice and at most seven
active slave devices, which are allowed to communicate
with the masteronly. Overlappingpiconetscan be inter-
connectedthroughbridge nodes,thuscreatinga largernet-
work, the so-calledscatternetor BluetoothWirelessPer-

sonal Area Network (BT-WPAN). A Frequency Hopping
SpreadSpectrum(FHSS)schemeis usedat the physical
level; eachmasterchoosesa different hoppingsequence,
so that piconetscanoperatein the sameareawithout sig-
nificantly interferingwith eachother. Within eachpiconet,
a TDD techniqueis employedto transmitandreceive data.
Theradiochannelis dividedinto time slots,which arecen-
trally allocatedby themasterandalternatelyusedfor mas-
ter andslave transmissions.Becauseof theuseof different
hoppingsequences,a bridgecannotbeactive in morethan
onepiconetat a time; thus,bridgeshave to switchbetween
piconetsonatime-divisionbasis,and,while switching,they
mustre-synchronizewith thecurrentpiconet.This implies
asignificantoverhead.

Theestablishmentof a link connectionbetweenany pair
of nodesis performedthroughthe inquiry andpaging pro-
cedures.Theinquiry protocolenablesanodeto discoverthe
deviceslocatedin its proximity, while the paging protocol
is usedto establishthe communicationlink betweentwo
nodes. The device initiating the pagingprocedureactsas
themasterof theconnection,andtheothernodeasa slave;
however, rolescanbeexchangedlateron.

It is clearthat masterandbridgenodesaresubjectto a
muchhighertraffic load,relatively to slaves.Also, theper-
formanceof aBT-WPAN in termsof throughputandenergy
efficiency, aswell assystemcomplexity, greatlydependon
how nodesaregroupedinto piconets,andwhich nodesare
selectedas mastersor bridges. Therefore,it is of funda-
mentalimportanceto developalgorithmsfor theformation
of BT-WPAN topologies,which optimizethe performance
metricsof interest,while meetingthe Bluetoothspecifica-
tions.

Recently, several schemesfor BT-WPANs formation
have beenproposed[2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. The
first attemptat addressingthe problemof topologyforma-
tion is presentedin [2]. In [3], Miklos et al. generateran-
dom topologies,and investigatethe effect of the topology
parameterson the systemperformancethrougha simula-
tion study. A scatternetformationalgorithm,the so-called



Bluetrees, is proposedin [4]. TheBluetreesschemeforms
scatternetswith a spanningtree topology, wherethe par-
ent nodeis a masterandthe childrennodesareslaves. A
network tree structureis also consideredin [5]. There,a
schemefor theincrementalformationof aBT-WPAN is pre-
sented,which combinesa routingstrategy with anaddress
allocationmechanism.A randomizeddistributedstrategy
for constructinga BT-WPAN is proposedin [6]; the strat-
egy guaranteesthat eachnodebelongsto two piconetsat
most,andthat the numberof piconetsis closeto minimal.
In [7], a 3-phasealgorithmfor scatternetformation,named
Bluenet, is proposed.Bluenetaims at creatinga flat net-
work structureandreducingthenumberof scatternetlinks,
while still maintainingnetwork connectivity. In [9], a BT-
WPAN is createdasa connectedmeshwith multiple paths
betweenany pair of nodesto provide fault-tolerance.The
algorithmin [9] consistsof threephases:neighborsdiscov-
ery, formationof isolatedpiconets,andpiconetsintercon-
nection.Thework in [11] tacklestheissueof inter-piconet
interference,andproposesaconstructionschememaximiz-
ing thenetwork throughput.However, theschemeassumes
thatany two nodesarewithin transmissionrange.In [12], a
ring structure,theso-calledBlueRing, is proposedin order
to provide high reliability andefficient traffic routing and
scheduling.

In thispaper, wetackletheproblemof BT-WPAN topol-
ogy formationfrom two differentperspectives.

1. We overview anoptimizationapproachoriginally pre-
sentedin [10] for the centralizedtopology formation
of BT-WPANs, anddiscussthe characteristicsof the
topologiesthat resultfrom the applicationof thecen-
tralized optimization. The centralizedoptimization
producestopologiesthat minimize the traffic load of
themostcongestednodein thenetwork while meeting
theconstraintson theBT-WPAN structureandcapac-
ity. Althoughthecentralizednatureandthehigh com-
plexity of theoptimizationarestronglimitationsof the
proposedapproach,theattainedsolutionsprovide up-
perboundsto theperformanceof any topologyderived
by meansof distributed heuristics. Knowing which
arethe characteristicsof the topologiesthat optimize
the BT-WPAN performanceis of critical importance
for thedevelopmentof goodfeasibledistributedalgo-
rithms.Weinvestigatethetopologyperformanceasthe
systemrequirementsvary, andevaluatethe trade-offs
existing betweensystemcomplexity andnetwork effi-
ciency. In particular, wehighlight thefactthatincreas-
ing the numberof piconetsthat form the BT-WPAN
beyond a certainvalue doesnot accruethe network
throughput,sincebridgenodesbecomethecommuni-
cationbottlenecks.

2. We outline the main stepsof the proceduresthat can

lead to feasibledistributed algorithmsfor the incre-
mentalconstructionof the topology of a BT-WPAN.
The procedureshandlethe insertionand the removal
of a nodein/from a BT-WPAN. They are easily im-
plementable,andableto compromisebetweenthesys-
temefficiency andits ability to promptlyrecover from
topologychanges.

The restof this paperis organizedas follows. Section
2 presentsthe constraintsimposedby the Bluetoothtech-
nology and the systemrequirementsthat we needto take
into accountwhile creatingthenetwork topology. Section3
describesthecentralizedoptimizationproblemwith partic-
ular emphasison theBT-WPAN capacityconstraints;some
performanceresultsarepresented,that show the trade-off
existingbetweensystemefficiency andcomplexity. Section
4 introducesthedistributedproceduresfor the incremental
formationandthemaintenanceof a BT-WPAN. Finally, in
Section5 weprovideconclusionsanddiscusssomeaspects
thatwill besubjectof futureresearch.

2 SystemConstraints and Requirements

Themaingoalwhile formingaBT-WPAN shouldbethat
the designedtopology fulfills the Bluetoothspecifications
aswell asthe requirementsthat may exist on the network
structureandthroughput.

We summarizetheconstraintsimposedby theBluetooth
technologyasfollows.

1. Network structur e:

(a) Thenumberof activenodesparticipatingin api-
conetcannotbegreaterthan8;

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

(c) A nodecanbemasterin onepiconetonly.

2. Systemcapacity: The maximumgrossbit rate that
can be provided by a piconet is equal to 1 Mbit/s.
Hereinafter, we considerthe actualpiconetcapacity,
andtake its normalizedvalueto be equalto 1. Both
constantrate,synchronousconnection-oriented(SCO)
links, andvariablerate,asynchronousconnection-less
(ACL) linksaresupported.All SCOlinksprovidebidi-
rectionaltransmissionswith 64kbit/sin eachdirection,
while the associatedcapacitydependson the packet
type that is employed [13]. A nodecommunicating
with a single mastercanhave at most threesimulta-
neousSCO links. When a nodeis active in two pi-
conets,atmosttwo simultaneousSCOlinks canbees-
tablished,becauseof thetime overheaddueto switch-
ing from one piconetto another. ACL links support



unidirectionaldatalinks with ARQ. Theircapacityoc-
cupationcanbe easily computedgiven the model of
thetraffic sourceandtheaveragebit rateof thegener-
ateddata.

The requirementsthatmayexist on theBT-WPAN sys-
temareasfollows.

1. Network connectivity. There must be at least one
pathbetweenany two nodesin thenetwork. This im-
plies that all mastershave to be connectedwith each
other, througheithermasteror bridgenodes;instead,
slavescancommunicatewith any nodein thenetwork
throughthemasterthey areconnectedto.

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

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

4. Nodes’ role. Constraintson therole that somenodes
canhave in thenetwork mayexist. A nodemayneed
to act aseithera slave or a master, dependingon the
applicationit is ableto support,andon its processing
capabilitiesandbatterycapacity. For instance,nodes
thataregatewaysto thefixednetwork shouldbecho-
senasmasters,while earphonedevicesarelikely to act
asslavesratherthanmasters.

3 A Centralized Approach

In this section, we describea min-max optimization
problemfor theBT-WPAN topologyformation. Theprob-
lem is solvedin a centralizedmannerdueto its complexity
andthe largenumberof parametersinvolved. We obtaina
topologythatmeetstheconstraintsandrequirementslisted
in Section2, while minimizing the traffic loadof the most
congestednodein the network, or equivalently its energy
consumption.We presentsomeresultsthat show the net-
work performanceasthesystemrequirementsvary. Notice
that the optimizationproblemwas first presentedin [10],
but here its formulation is enhancedby adding the con-
straintson thenetwork capacity. Below we give just a brief
overview of theproblemformulation;the interestedreader
canreferto [10] for moredetails.

3.1 The Min-Max Problem

We consider � as the set of � stationary nodes,
that are randomly scatteredin a ����� region. All
nodes belong to the same power class1 and, hence,

1TheBluetoothspecificationsclassifydevicesinto threepowerclasses,
basedonthemaximumdeviceoutputpower, namely100mW, 2.5mW and

have a common transmissionrange. We define �
	�
�������
�����
is a sourceand

�
adestination� as the set of

source-destinationconnections,and � as the total num-
ber of connectionsthat have to be routedthroughthe net-
work. Weassumethatjustonerouteis usedfor eachsource-
destinationpair. For eachtraffic source

�
, we take the av-

eragetraffic rate,denotedby ��� , asan input parameterto
theproblem.As mentionedin Section2, variouslink types
with differentbit rateexist, thus � � will dependon thelink
typethatis considered.Let ��	 � � �"! � bethetraffic matrix
indicating the informationrateon eachsource-destination
connection,normalizedto theradiolink capacity. For each
source-destinationconnection

�������
�
, we take

� �#! asa ran-
domvariableuniformly distributedbetween0 and $%� � , and$%� � to belessthanor equalto 0.5.Beingthenormalizedpi-
conetcapacityequalto 1, thisensuresthatthetraffic gener-
atedby asinglesourcecanbereceivedandforwardedby in-
termediatenodeswithout violating thecapacityconstraint.
We denoteby & MAX themaximumnumberof piconets,and
by & and ' thenumberof nodesthatareforcedto bemas-
tersandslaves,respectively.

To formalizetheoptimizationproblem,weusethreesets
of variables:assignmentvariables,flowvariables,androut-
ing variables.For eachpair of nodes

�)(*��+,�-��(*�.+ 	0/ �21 121 � ,
wehave that:3 anassignmentvariableis setto 1 if node

+
is assigned

to master
(
, otherwiseit is setto 0;3 a flow variableis setto 1 if thereexistsany flow from(

to
+

and
(54	 +

, otherwiseit is setto 0;3 for eachsource-destinationpair
�6�7�8�,�:9 � , a routing

variableis setto 1 if connection
���7�8�,�

is routedon arc�)(*�.+
�
, andto 0 otherwise.Notice that the setof vari-

ables
� ; �"!<>= � definesthe connectionpath through the

network for any connectionin � .

Next, assumethat the setof routing variablesis given.
Then,the traffic loadof thegenericnode

(
, canbedefined

asthesumof theincomingandoutgoingtraffic that
(

hasto
handle.We write theloadof node

(
as? < 	 @A ��B !*C.DFE

? �"!< 	 @A �*B !*C.DFE
� �"! @= D G

�H; �#!=8<JI ; �"!<K= � (1)

where
; �"!=8< and

; �"!<>= aretheroutingvariablesassociatedwith
nodes

(
and

+
. Morespecifically, for eachconnection

�6�7�8�,�
,

the term
� �#! ; �"!=8< representsthe amountof traffic that node(

receivesfrom
+
, while the term

� �"! ; �#!<K= is the traffic that(
forwardsto

+
, being

+
the next nodein the connection

path.Wedefineasthenetwork bottleneck thenodewith the

1 mW. Thesevaluesof outputpower correspondto a maximumtransmis-
sionrangeof about100m, 10m and0.1m, respectively.



highesttraffic load,i.e., thenodewhosetraffic load, L , is

L0	NMPOFQ< D G ? < 1 (2)

Our objective is to selectthe network topology so as
to minimize the traffic load of the most congestednode,
i.e., its energy consumption,while guaranteeingthedesired
throughput.We denotetheoptimizationproblemby R , and
write R as,

R � MPSUTV8W*X6YZ\[�] L_^6� �`�a; �"!<K= �%b
subjectto constraintson:

(i) theassignmentvariables

(ii) theflowvariables

(iii) theroutingvariables
1

(3)

(i) Theconstraintson assignmentvariablesensurethat:

(a) eachnodeis assigneda role (master, or slave, or both
masterandbridge,or bothslave andbridge);

(b) a nodecannotbe assignedto a piconetif its distance
from the correspondingmasteris greaterthanthe pi-
conetradius;

(c) abridgeis assignedto twopiconetsatleast,while other
nodesareassignedto onepiconet;

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

(e) the total numberof piconetsis lessthan or equal to& MAX;

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

(ii) In order to guaranteethe full connectivity of the net-
work, a graph connectingall the mastersin the network
mustbecreated.Theconstraintsontheflow variablesguar-
anteethat all mastersareconnectedto eachotherthrough
eithermasteror bridgenodes.
(iii) Given the source-destinationconnectionsthat the net-
work mustsupport,theconstraintson theroutingvariables
ensurethat:

(a) for eachsource-destinationpair
���7�8�,�

, thereis a route
connecting

�
to

�
;

(b) aconnectionis routedthroughedge
�)(*��+,�

only if a link
existsbetween

(
and

+
;

(c) a connectionis routedthrougha pair of nodes
�H(*��+,�

,
which aremastersor bridges,if edge

�)(*��+,�
belongsto

thegraphconnectingall masters;

(d) loop-freeroutesareestablished.

Next, weintroducetheconstraintsonthenetwork capac-
ity, thatwerenot includedin [10].

First, we verify that for eachpiconet(i.e., master)the
aggregatedtraffic doesnot exceedthepiconetcapacity. We
imposethat the traffic load of the bottlenecknodeis less
than the piconetcapacity, i.e., Ldce/ . Sucha condition
ensuresthat the traffic load of any nodein the network is
lessthanor equalto 1. Sinceeachmasterhandlesall the
traffic connectionswithin its piconet,this implies that the
traffic loadof any piconetis lessthanor equalto thepiconet
capacity.

Second,for every bridgenodewe verify that the traffic
loadplustheoverheaddueto switchingfrom onepiconetto
anotherdoesnotexceed1. Wesettheswitchoverheadto be
equalto 2 time slots,i.e., onethird of thepiconetcapacity,
andwe neglect the delay in startinga master-bridgecom-
municationdue to the fact that, when the switching takes
place,the mastermay be busy with anothertransmission.
Hence,for everybridgenode f , we musthave

@A ��B !*CgDFE
� �"!h@< D G

�); �"!<ji I ; �#!i�< � ck/mln/poFq 1 (4)

In orderto deriveafeasibleBT-WPAN topology, weuse
the following procedure. We solve problem R as in (3),
and we verify a-posterioriwhetherthe obtainedtopology
fulfills the capacityconstraints. This is motivatedby the
factthat,evenif a solutionto problem R doesnot meetthe
capacityconstraints,it suggestshow muchwe shouldscale
down traffic in orderto attaina feasibletopology.

Once a feasible solution is found, for any source-
destinationpair

�������
�
, wecansearchfor analternativeroute

if thereis any. Themethodwe useis asfollows. We fix the
assignmentandflow variablesto the valuesthat they take
in thesolutionof R , while we setto 0 theroutingvariables
(
; �"!<>= ) whosevalueis equalto 1 in thesolution.By doingso,

we generatea new problem, Rsr , in which the solutionob-
tainedby solving R is forbidden.If a solutionto R r exists,
this providesa new routefor

�6�7�8�,�
; otherwise,no alterna-

tive routefor
�6�7���
�

canbefound.
It canbeshown thatproblem R is at leastascomplex as

the GeometricConnectedDominatingSetproblem,which
is provento beNP-complete[14]; henceR is NP-complete.

3.2 Numerical Results

In [10] we presentedresultsof thecentralizedtopology
optimization,showing thetraffic loadof thebottlenecknode
as a function of the averagesourcesload and for a fixed
valueof themaximumnumberof piconets.We considered
thatthesource-destinationconnectionsandtheirassociated
ratewereknown, andthat someuncertaintyexistedin the
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Figure 1. Traffic load of the most cong ested
node in the netw ork as a function of the
maxim um number of piconets and for ��	t 1 t
u � t 1 / u � and 0.25. Results are obtained for�
	�/a$ , �v	xw , and by forcing 3 nodes to
be slaves. The cur ve labeled by feasiblesolu-
tion is related onl y to topologies that meet the
capacity constraints.

traffic flowing over eachsource-destinationconnectionas
well asin thesource-destinationconnectionsthatwerecre-
ated.Theresultssuggestedthatatopologyattainedby solv-
ing the min-max optimizationproblemis surprisinglyro-
bustto changesin thetraffic demand.

Here, we focus on the performanceof the BT-WPAN
topologyasthemaximumnumberof piconets,& MAX, varies.
Theresultspresentedin thissectionarederivedfor �y	y/ t
anda piconetradiusequalto �{z $�oFq . We assumea net-
work with 12 nodesand6 traffic connections;3 out of the
12 nodesareforcedto beslaves.For thesake of simplicity,
we assumethatall thetraffic links in thenetwork arealike,
andthat � � 	�� for any traffic source,with � a varyingpa-
rameterof thesystem.Theextensionto thecasewhereSCO
andACL links aremixed,anddifferentkindsof packetsare
used,is straightforward.

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

Figure 1 presentscurvesof the traffic load of the bot-
tlenecknode, L , asa functionof themaximumnumberof
piconetsin the network andfor differentvaluesof � . No-
tice thatat leasttwo piconetshave to beformed,sinceeach
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Figure 2. Traffic load of the most cong ested
node in the netw ork versus the maxim um
number of piconets and for �|	 t 1 t7u � t 1 / u � and
0.25. Results are obtained for �}	0/p$ , �0	�w ,
and by forcing 3 nodes to be slaves and 2
nodes to be master s. The cur ves labeled by
feasiblesolution are related onl y to topologies
that meet the capacity constraints.

piconetcannotincludemorethan8 nodes.For �~	 t 1 $ u ,
two curvesareplottedin correspondenceto thesamevalue
of the averagesourcerate. In fact, in this case,not all
theattainedsolutionsto problem R fulfill thecapacitycon-
straints. In the plot, the curve labeledby feasiblesolution
representstheperformanceof the feasibletopologiesonly,
while thecurve labeledby just thevalueof � representsthe
network performancewhenthecapacityconstraintsarene-
glected.Notice that in thelattercasewe mayhave L���/ .
Figure1 shows that thebottlenecktraffic loaddecreasesas& MAX increases.This is becausethe greaterthe numberof
formedpiconets,the smallerthe numberof slavesper pi-
conetand,thus,thelower thetraffic loadof themasters.As
expected,smaller� ’s correspondto lowervaluesof L .

Figure 2 shows similar resultsfor a network scenario
where2 out of the 12 nodesare forced to be masters.In
thiscase,infeasiblesolutionsareattainedalsofor �|	 t 1 / u ,
and,for all � ’s, thevaluesof L arehigherthanin thecase
wherethereis nofixedmaster. Thissuggeststhatfixing the
role of somenodesin the network leadsto a moreuneven
traffic distribution, thusreducingthenetwork capacity.

Figure3 presentsthe numberof feasiblesolutions,i.e.,
solutionsto problem R meetingthe capacityconstraints,
normalizedto the total numberof probleminstancesthat
wesolved.Two out of thetotal numberof nodesin thenet-
work are forced to be masters.Resultsareplottedversus
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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 ��	 t 1 / u � t 1 $ u . We assume �x	�/p$ , ��	_w ,
and that 3 nodes are forced to be slaves and
2 nodes to be master s.

the maximumnumberof piconetsand for ��	 t 1 / u and
0.25.For �|	 t 1 / u and & MAX � u

, all theattainedsolutions
satisfythe capacityconstraints.This is in agreementwith
the resultsshown in Fig. 2, wherethe curvescorrespond-
ing to �N	 t 1 / u overlapfor & MAX � u

. On the contrary,
for ��	 t 1 $ u , we get someinfeasibletopologieseven for& MAX 	e� . This is becauseincreasing& MAX reducesthe
masterstraffic loadbut, on theotherhand,makestheinter-
piconettraffic grow, thusincreasingthe load of the bridge
nodes.

Finally, Figure4 shows the averagevalueof the actual
numberof piconetsthatarecreatedin theBT-WPAN when
two nodesare forced to be mastersand & MAX and � vary.
Only the feasibletopologiesare considered.We observe
that the averagenumberof piconetsdecreasesas � grows,
andtendsto saturateasweconsiderlargervaluesof & MAX’s.
Theseresultsconfirmthatthebenefitof increasingthemax-
imumnumberof piconetsfadesawayas & MAX grows,dueto
theincreasein theinter-piconettraffic.

To conclude,we canfix & MAX on the basisof the max-
imum level of systemcomplexity andof inter-piconetin-
terferencethatwe considerto beacceptable.Once & MAX is
fixed,theproposedcentralizedproceduregivestheoptimal
BT-WPAN topologysupportingtherequiredtraffic connec-
tions,providedthatsucha topologyexists.
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Figure 4. Average number of piconets that are
actuall y created in the netw ork topology as a
function of the maxim um number of piconets
and for diff erent values of � . Results are ob-
tained for ��	e/p$ , ��	}w , and by forcing 3
nodes to be slaves and 2 nodes to be mas-
ters.

4 A Distrib uted Approach

Theoptimizationproblemdescribedin theprevioussec-
tion requiresasinputdetailedsysteminformation,andisnot
suitedfor a distributed implementation,both for the algo-
rithm characteristics,andfor its intrinsiccomplexity, which
forcedus to dealwith a limited numberof network nodes.
Becauseof theselimitations of the min-max formulation,
it is necessaryto devisesimpledistributedheuristicswhich
canbeeasilyimplementedandcanbeappliedevento large
BT-WPANs.

In the following, we considera BT-WPAN with given
topology, anddiscusstwo distributedproceduresto handle
topologychanges.Thefirst procedureallows the insertion
of a new nodein theWPAN; theseconddealswith the re-
movalof anetwork node.Bothproceduresaimatsatisfying
the Bluetoothtechnologyconstraints,while providing full
network connectivity, high throughput,and reducedover-
headdueto control messages.We observe that the proce-
durefor theinsertionof anew nodeinto thenetwork alsoal-
lowstheinsertionof morethanonenodesatatime. Thus,it
canbeusedeitherto constructa BT-WPAN incrementally,
i.e., onenodeat a time, or to form the network topology
from scratch,givenaninitial setof Bluetoothdevices.



4.1 The NodeInsertion Procedure

A nodewishing to join the BT-WPAN startsan inquiry
procedureby broadcastingID (Identity) packets [1]. The
nodesin its proximity, whicharelisteningonthepredefined
channelfor inquiry messages,respondwith a FHS (Fre-
quencyHop Synchronization)packet if they arewilling to
accepta new neighbor. Whenmorethanonenodesreply,
thenew nodehasto decidewhichnodeit shouldconnectto.
The decisioncanbe madebasedon the responsesthat the
new nodereceivesandon theinformationit canacquireon
thenodesin its proximity.

We considerthat a Bluetoothdevice can be classified
basedon its physicalcharacteristics,its currentrole in the
WPAN, andtheamountof traffic it transmitsandreceives,
i.e., the total traffic that it generates,relays,or receivesas
a destination. We denotethe genericnodeclasswith the
triplet

�H���8�����
�
, where:

� 	

���������� ���������

��� �
generalcharacteristics��� �
high computationalcapabilitiesandlarge
batterycapacity��� �
high computationalcapabilitiesandnot
specifiedbatterycapacity��� �
largebatterycapacityandnot specified
computationalcapabilities

� 	

���������� ���������

; � �
role not specified; � �
slave; � �
master; � �
slave& bridge;a�s�
master& bridge;a�s�
masteralreadyconnectedto 7 active
slaves

� 	
������ �����

� � �
loadnot specified� � �
low traffic load� � �
high traffic load� � �
null, i.e.,new nodewith no established
connection.

(Thenodetraffic loadis definedaslow if it is below a cer-
tain threshold,ashigh otherwise.)

According to the Bluetoothspecifications,a nodeper-
forming aninquiry caneitherusea GeneralInquireAccess
Code(GIAC) or a DedicatedInquiry AccessCode(DIAC).
By employing theGIAC, thenodeaddressesany device in
its proximity, while throughaDIAC it caninquirefor apar-
ticular type of devices. Sinceonly 63 codescan be used
for dedicatedinquiry, wemakeclass

� � � �#; � � � � � correspond
to theGIAC,andconsideronly themostmeaningfulclasses
outof all others.In particular, it seemsreasonableto assume
thata nodedoesnot inquire for deviceswith a high traffic
load;thus,we definetheclassesidentifiedby theDIACsas
follows:

47 classes:
�H���8�����
�

with
� 	 ��� � ��� � ��� � � � ; � 9� ; � �8; � �#; � �#; � �8; �7�#; � � ; ��9�� � � � � � � ; and

�H���8�����
� 4	� � � �8; � � � � � ;
4 classes:

�)�¡�2¢j� � � � with
� 	 � � � � � � � � � ��� .

Observethatanodewishinga fastconnectionto theWPAN
will likely sendout a generalinquiry to solicit a response
from any availablenodein its proximity. Instead,a node
aimingat a goodconnectionin thenetwork, i.e., at joining
a piconetwith low traffic loador playing a particularrole,
will usea dedicatedinquiry.

Next, we look at the inquiry responsewhich is carried
by theFHSpacket. We noticethatanFHSpacket includes
the indication of the device class,plus 5 bits that can be
employedtoconvey furtherinformation.The5 bitsarethe2
bitsreservedfor futureuseandthe3 bitsof theAM ADDR
field that arenot usedin an inquiry response.We assume
thatthe5 bitsconvey thefollowing information:

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

2 bits: thelevel of thenodetraffic load;

1 bit: whetherthenodebelongsto an isolatedpiconet.We
definea piconetas isolatedif it is not connectedwith
any otherpiconetor all the neighboringpiconetsare
connectedwith this piconetonly. The bit is set to 1
for a nodebelongingto an isolatedpiconet,andto 0
otherwise.

Let £ be the nodestarting the inquiry procedure. As
mentionedabove, dependingon the responsesreceived
from the neighboringnodes, £ hasto decidewhich node
it will page.A nodereplying to £ maybelongeitherto an
isolatedor anot-isolatedpiconet.In addition,it maybe

1. a masterwith lessthan7 connectedactiveslaves;

2. a slave;

3. a slave& bridge;

4. a master& bridge;

5. a masterwith already7 connectedactiveslaves;

6. a new node which, like £ , wishes to join the BT-
WPAN.

£ selectsthenodeto pageaccordingto thefollowing order
of preference.

1. Master (or master & bridge) belonging to an iso-
lated piconet.
If £ receivesa responsefrom morethanonemasters



(or master& bridge nodes)belongingto an isolated
piconet,it selectstheonewith lessthan7 activeslaves
andthe lowesttraffic load. If therearemorethanone
nodesin sucha situation,thelevel of batterychargeis
considered,followedby thedistanceof thenodefrom£ . Notice that £ canestimatethe distancefrom each
of the respondingnodesthroughthe associatedRSSI
(ReceivedSignalStrengthIndicator).Denotethecho-
senmasterwith ¤ . Node £ pages¤ andcreatesa new
piconet,where £ is the masterand ¤ is a slave. Af-
terwards, the two nodesswitch their roles so that £
becomesa slave in thepiconetcontrolledby ¤ .

Then, if £ receivesa responsealso from a nodethat
doesnot belongto an isolatedpiconet,it actsasfol-
lows.
(i) If the respondingnodeis a master, or a master&
bridge,with lessthan7 active slaves, £ pagessucha
nodeand createsa new piconet. Througha master-
slave switching, £ becomesa slave in the piconetof
the selectednodeanda bridge toward the master(or
master& bridge)belongingto theisolatedpiconet.
(ii) If therespondingnodeis a slave (slave & bridge),
or a master(master& bridge) with already7 active
slaves, £ createsanew piconetincludingsuchanode.

2. Slave (or slave & bridge) belonging to an isolated
piconet.
Two differentsituationsmayoccur.
(i) Thereare not other nodesconnectedto the scat-
ternet, that reply to the inquiry madeby £ . In this
case,we mayhave thefollowing situations:(a) £ has
enoughprocessingandenergycapabilitiesto beamas-
ter. Then £ formsanew piconetby pagingoneor more
of the slavesthathave respondedto its inquiry. Such
slave nodesbecomebridgesbetweenthe new piconet
andtheir former piconet. The slavesto be pagedcan
bealsoselectedby £ on thebasisof their traffic load,
batterystatusandspatialdistance.Assumethat each
piconetis identifiedby a shortstring of bits, namely
less than 5 bits long, and that the piconet identifier
is known to all the nodesin the piconet[7]. A slave
pagedby £ couldnotify this informationby usingthe
5 bits availablein the FHS packet carryingits paging
response.In this way, £ hasthe possibility to inter-
rupt the pagingprocedurewhenever it contactsnodes
belongingto piconetsthathave beenalreadyintercon-
nected.(b) £ wishesto actasa slave. £ choosesthe
nodeto pageamongthe available oneson the basis
of the traffic load, the level of batterycharge,andthe
spatialdistance.Node £ formsa new piconetwith the
selecteddevice. Afterwards,the two nodesexchange
rolessothatin thenew piconet£ becomesa slaveand
the selecteddevice becomesthe masteranda bridge

towardits formerpiconet.
(ii) £ receivesa responsefrom othernodes,which do
notbelongto anisolatedpiconet.In thiscase,£ triesto
connectthenodebelongingto anisolatedpiconetwith
the restof the scatternet.It selectsoneof the nodes
connectedto the scatternetaccordingto the follow-
ing orderof preference:slave,slave & bridge,master,
master&bridge,masterwith 7 active slaves. If nec-
essary, a further selectionis madeon the basisof the
following criteria: traffic load,level of batterycharge,
andspatialdistance.Then, £ createsanew piconetin-
cludingboth the selectednodeandthe slave (slave &
bridge)belongingto theisolatedpiconet.

3. Master not belonging to an isolated piconet and
with lessthan 7 connectedactiveslaves.
Among the availablemasternodes,£ selectsthe one
with thelowesttraffic load. If therearemorethanone
nodeswith the sametraffic load, the level of battery
charge is considered,followed by the distanceof the
nodefrom £ . Giving preferenceto closernodesavoids
a largeoverlappingbetweenpiconetsandthusreduces
the inter-piconetinterference.Let us denotethe cho-
senmasterwith ¤ . Node £ pages¤ andcreatesa new
piconet,where £ is the masterand ¤ is a slave. Af-
terwards, the two nodesswitch their roles so that £
becomesa slave in thepiconetcontrolledby ¤ .

4. Slavenot belongingto an isolatedpiconet.
As in case2.i, two possiblecasesareconsidered.
(i) £ hasenoughprocessingandenergy capabilitiesto
be a master. Then £ forms a new piconetby paging
oneor moreof theslavesthathaverespondedto its in-
quiry. Suchslave nodesbecomebridgesbetweenthe
new piconetandtheir formerpiconet.
(ii) £ wishesto actasa slave. £ choosesthe nodeto
pageamongthe available onesand forms a new pi-
conetwith the selecteddevice. Afterwards, the two
nodesexchangerolessothat in thenew piconet £ be-
comesa slave and the selecteddevice becomesthe
masterandabridgetowardits formerpiconet.

5. Slave& bridge not belongingto an isolatedpiconet.
As before,two possiblecasesareconsidered.
(i) £ hasenoughprocessingandenergy capabilitiesto
be a master. Node £ selectsthe slave & bridgenode
to pageon thebasison thefollowing threecriteria: (a)
traffic load,(b) batterycharge,and(c) spatialdistance.
A new piconetis created,where £ actsasthe master
andtheselectednodeasa slave.
(ii) £ wishesto actasaslave. A new piconetis formed,
where £ is a slave andtheselectednodeis themaster
andabridgetowardits formerpiconet.

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



conet.
Amongtheavailablemaster& bridgenodes,£ selects
the oneto pageon the basisof the following criteria:
(a) traffic load, (b) batterycharge,and(c) spatialdis-
tance. After £ hascreateda new piconet,it switches
rolewith theselectednodesothat £ becomesaslavein
the piconetcontrolledby the chosenmaster& bridge
node.

7. Master not belonging to an isolated piconet and
with already7 connectedactiveslaves.
Amongtheavailablenodes,£ selectstheonewith the
lowest traffic load. If therearemore thanonenodes
with the sametraffic load, the level of batterycharge
is consideredaschoicecriterion, followedby thedis-
tanceof the nodefrom £ . A new piconetis created,
whosemasteris £ . Then,therearetwo possibleways
to proceed.(i) In thenew piconet,£ remainsa master,
andtheselectednodeactsasaslave& bridge.(ii) The
two nodesexchangeroles.To do so,theselectednode
putsoneof its slavesin parkmodeandtakes £ asan
additionalslave. The slave in park modecandecide
to searchfor a new piconetby performingan inser-
tion procedureon its turn. Otherwise,£ andany of the
othernodesin thepiconethave to beput alternatelyin
parkmode.

8. Newnode.
Node £ pagesthe new node,thuscreatinga new pi-
conetwhereit playstherole of master. Then,thetwo
nodescanswitch their rolesif they wish to do so. £
canalsoincludein its piconetothernew nodesthatre-
spondedto its inquiry. However, in orderto maintain
the BT-WPAN topologyconnected,either £ or some
of thenew nodesconnectedto £ have to pagea node
thatis alreadypartof theBT-WPAN.

4.2 The NodeRemoval Procedure

The changesin the topologycausedby a nodeleaving
thenetwork dependon therole that thenodeplayedin the
BT-WPAN. Below, thepossiblecasesarediscussed.

1. The nodewas a slave: The nodeis simply removed
from thenetwork without involving any othermodifi-
cationof thetopology.

2. The nodewas a master: The slaves belongingto its
piconetareseenasnew nodesthat needto be recon-
nectedto theBT-WPAN, henceaninsertionprocedure
is performedfor eachof them. The bridgenodesre-
main connectedto the network throughthe other pi-
conet(s)they belongto.

3. Thenodewasa master& bridge:This caseis handled
in thesamewayascase2.

4. Thenodewasaslave& bridge:If otherbridgescanre-
placethenode,it is simply removedfrom thenetwork.
Otherwise,analternativebridgenodehasto befound.
To this end,the masterof thepiconetwill startan in-
quiry procedure. If it cannotfind any bridge toward
the targetedpiconet,it will ask its slaves to perform
the inquiry. If no nodeis in thetransmissionrangeof
any nodein therestof theBT-WPAN, thenthepiconet
will remaindisconnected.

5 Conclusionsand Future Work

In this paper, we overviewed andextendeda min-max
formalizationof the BT-WPAN topology formation prob-
lem. The min-max problemsolution provides topologies
whichminimizethetraffic loadof themostcongestednode
in the network while meetingthe constraintson the BT-
WPAN structureand capacity. By varying the maximum
numberof piconetsthatcanbecreated,we derivedtheper-
formanceof the attainedsolutionsas the requirementson
the throughputandon the role playedby someof the net-
work nodeschange. The resultscan be usedto find the
optimal trade-off betweensystemcomplexity andnetwork
efficiency. However, the high complexity of the min-max
formulationforcedusto solve theproblemin a centralized
mannerand to keepthe numberof network nodessmall.
Then,to overcomesucha limitation, we discussedthekey
building blocks for a distributed solution approachto the
BT-WPAN topologyformationproblem. We outlinedtwo
proceduresto handletheinsertionandtheremovalof anode
in/from the BT-WPAN, in a distributedfashion. Although
theseproceduresmaygeneratesub-optimaltopologies,they
canbeeasilyimplementedandaredesignedto dealwith a
largenumberof nodes.

Futureresearchwill focusontheperformanceevaluation
of the proposeddistributedalgorithms,in termsof latency
in reactingto topologychanges,network throughput,and
overheaddueto controlmessagesexchange.Whena small
numberof nodesis considered,theresultsobtainedthrough
the centralizedoptimizationproblemwill provide a useful
termof comparisonfor thedistributedalgorithms.Finally, it
will benecessaryto developproceduresfor periodicalman-
agementandreconfigurationof theBT-WPAN topology, so
thatthenetwork characteristicscanprogressively adaptto a
changingnetworkingscenario.
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