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Abstract— In this paper, we addressthe problem of determin-
ing an optimal topology for Bluetooth Wir elessPersonal Ar ea
Networks (BT-WPANs). In BT-WPANs, multiple communication
channelsare available, thanks to the useof a fr equencyhopping
technique.The way network nodesare groupedto share the same
channel, and which nodes are selectedto bridge traffic fr om a
channel to another, has a significant impact on the capacity and
the thr oughput of the system,as well as the nodes’ battery life-
time. The determination of an optimal topology is thus extremely
important; nevertheless,to the best of our knowledge,this prob-
lem is tackled here for the first time.

Our optimization approach is basedon a model derived fr om
constraints that are specificto the BT-WPAN technology, but the
level of abstraction of the model is suchthat it canberelatedto the
more generalfield of ad hoc networking. By using a min-max for-
mulation, we find the optimal topology that providesfull network
connectivity, fulfills the traffic requirementsand the constraints
posedby the systemspecification,and minimizesthe traffic load of
the mostcongestednodein the network, or equivalently its energy
consumption. Results show that a topology optimized for some
traffic requirementsis also remarkably robust to changesin the
traffic pattern. Due to the problem complexity, the optimal so-
lution is attained in a centralized manner. Although this implies
severe limitations, a centralized solution can be applied whenever
a network coordinator is elected,and provides a useful term of
comparisonfor any distrib uted heuristics.

I . INTRODUCTION

W IRELESSPersonalArea Networks (WPANs) is a new
wirelesstechnology, which provides short-rangecon-

nectivity betweenbattery-operatedportableradiodevices,such
as mobile phones,headsetsand personaldigital assistants.
WPANs areintendedto operateat the2.4GHzISM (Industrial,
Scientific,Medical)band,whereno licenseis required,usinga
FHSS(Frequency HoppingSpreadSpectrum)technique.This
technologyis basedon theBluetoothspecification[1] andwill
becomean IEEE standardunderthe denominationof 802.15
WPANs [2].

BluetoothWPANs (BT-WPANs) are typically usedto turn
battery-operatedstand-alonedevices locatedin the rangeof
about10 m into networkedequipment.Thenetwork nodesare
organizedinto piconets, eachof themcomposedof onemaster
deviceandupto sevenactiveslaves, whichareallowedto com-
municatewith the masteronly. Eachpiconetusesa different
frequency hoppingsequencederived from the masteraddress.
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Fig. 1. BT-WPAN topology.

Masterandslavessendandreceive traffic alternatively, so as
to provide full-duplex connections,and slaves are entitled to
transmitonly whenpolledby themaster. It is intuitive that the
masteris subjectto highertraffic load,andthushigherenergy
consumption,relative to slaves.

Figure1 shows an exampleof BT-WPAN topology, where
overlappingpiconetsaredeployed. Being a masteror a slave
is only a logical statefor nodes.A unit canparticipatein two
or more overlying piconets,althoughit canbe masterin one
piconetonly. A masteror a slave involved in the activity of
morethanonepiconetscanact asa bridge, allowing piconets
to form a larger network, a so-calledscatternet. Becauseof
theuseof differenthoppingsequences,a bridgecannotbeac-
tive in morethanonepiconetat a time; thus,bridgeshave to
switch betweenpiconetson a time division basis,and, while
switching, they must re-synchronizewith the currentpiconet.
This impliesasignificantoverheadthatmayseverelyeffect the
systemperformance.

One of the most challengingproblemsin deploying a BT-
WPAN consistsin forming a scatternetthat meetsthe con-
straintsposedby the systemspecificationsand the traffic re-
quirements. The way nodesare groupedinto piconets,and
which nodesareselectedasmastersor bridges,hasa signifi-
cantimpacton the capacityandthe throughputof the system,
aswell asonthenodes’batterylifetime – acrucialfactorin net-
work connectivity [3], [4], [5]. Knowing which topologyopti-
mizestheBT-WPAN performanceis thereforeof fundamental
importance.

So far, little researchactivity wasdevotedto algorithmsfor
thegenerationof efficient topologiesfor BT-WPANs, andfor-
mer work dealingwith moregeneralwirelessad hoc systems



is not applicable.For instance,approachesbasedon thenodes’
position,� asthe oneproposedin [6], aresuitablefor networks
thatusea singlecommunicationchannel,suchas802.11wire-
lessLANs, but cannotbeappliedto BT-WPANs wheremulti-
ple channelsaremadeavailableby the FH scheme[4]. Algo-
rithmsproposedin thecontext of multihopwirelessnetworks,
thatcontrol thetopologyby varyingthenodes’transmitpower
[3], [7], [8], arenotapplicableaswell. Indeed,BT-WPANs de-
vicesuseavery low outputpower(namely, equalto 1 mW) and
typically donotperformpowercontrol1.

Theissueof determininganoptimaltopologyspecificallyfor
BT-WPANs is discussedin [4] but is not actually addressed
there. The first attemptat finding a solution to the problem
is representedby thework in [5]. Dueto theproblemcomplex-
ity, the authorsadopta statisticalapproach,i.e., they generate
randomtopologiesandstudytheeffectof thetopologyparame-
terson thesystemperformance,deriving someusefulinsights:
thebridgingoverheadandthenumberof links establishedbe-
tweennodesarefound to have a major impacton throughput,
while slightly lessimportantis thenumberof piconetsthatare
created.

In this paper, we solve the problemof forming an optimal
BT-WPAN topologythatminimizesthetraffic loadof themost
congestednodein thenetwork, or equivalently its energy con-
sumption,andis suchthat:

1) full network connectivity is guaranteed;
2) systemspecificationsaremet;
3) thetraffic requirementsarefulfilled;
4) specificrestrictionsare met, that may exist on the role

thatsomenodescanplay.
To the bestof our knowledge,this problemwasnot solved so
far.

Weprovideamin-maxformulationof theoptimizationprob-
lem,andwe solve it in acentralizedmanner, sincetheproblem
complexity andthe largenumberof parametersinvolvedseem
to prohibit a distributedapproach.This is certainlya limitation
of the proposedformulation. However, besidesproviding an
upperboundto any topologyderivedthroughdistributedheuris-
tics, thecentralizedoptimalsolutioncanbeappliedwhenevera
network coordinatoris elected.Thework in [4] is anexample
of asynchronousdistributedprotocolthatcanbeusedto select
a coordinator, which is in chargeof determiningtherole of all
nodesin the scatternet.Our schemecanbe thoughtof aspart
of this protocol,andexecutedat thecoordinatornodeto deter-
minetheoptimaltopology. Clearly, whenever therearesignifi-
cantmodificationsin thenetwork composition,thecoordinator
needsto solve theproblemfor thenew network configuration.
However, our resultsshow thattheattainedtopologyis surpris-
ingly robustto changesin thetraffic pattern.

Finally, althoughour modelspecificallyaddressesthe issue
of topology designin BT-WPANs, the level of abstractionis
suchthat it canbe appliedto the moregeneralcaseof ad hoc
networkswhenmultiplechannelcommunicationsareavailable.
Theproblemof determiningwhich nodessharethesamechan-
nel andwhich nodeshave to bridge traffic from a channelto�

BT-WPAN applicationscanbe in the rangeof 10 or 100 m; however, the
typical usagemodel is in the rangeof 10 m. Power control is only usedby
devicesoperatingin therangeof 100m.

anothercanbeposedin thesameway, undertheconstraintsof
thespecificphysicallayerandtraffic requirements[4].

The remainderof this paperis organizedas follows. Sec-
tion II describesthe network scenarioandstatesthe problem
understudy; SectionIII presentsan Integer Linear Program-
ming (ILP) formulationof theproblem. Numericalresultsare
presentedanddiscussedin SectionIV. SectionV concludesthe
paperandpointsto someaspectsthatwill besubjectof future
research.

I I . PROBLEM STATEMENT

In BT-WPANs,connectionestablishmentis atwo-stepproce-
dure. By relayingon a universalfrequency hoppingsequence,
first an inquiry protocolis usedto let a nodediscover theunits
locatedin its proximity, thenapagingprotocolis usedto estab-
lish the communicationlink betweentwo units. The unit that
initiatestheprocedureactsasthemasterof theconnection,and
theotherunit asa slave, althoughrolescanbeexchangedlater
on. A masteror slavecanbecomeaslave in anotherpiconetby
beingpagedby themasterof theotherpiconet;also,aunit par-
ticipatingin onepiconetcanpagethemasteror slaveof another
piconet. In this case,the masteror slave unit actsasa bridge
betweenthetwo overlappingpiconets[1].

In this paper, we refer to a masterasa nodethat is assigned
to ����� piconetsandis themasterin oneof them,to aslaveas
aslavenodethatis assignedto onepiconetonly, andto abridge
asa nodethat is assignedto �	��
 overlappingpiconetsandis
aslave in all of them.

BeingBT-WPAN technologyintendedfor local connectivity
of battery-drivenequipment,it supportslow-power implemen-
tations. The outputpower of BT-WPAN devices is limited to
1 mW andtheentireradiotranceiver is designedfor low power
consumption.The major factor influencingthe nodes’energy
consumptionbecomestheamountof transmitted,received,and
processedtraffic ratherthan the distancebetweentransmitter
andreceiver. Notice thatmastersandbridgesarethereforethe
nodesthat experiencethe highestenergy consumptionin the
network.

Designingthe BT-WPAN topology meansdeterminingthe
set of communicationlinks betweennodepairs that are used
to routetraffic from eachsourceto thecorrespondingdestina-
tion node. Considera set of network nodes;we look at the
topologyformationproblemasoneof optimizingachosenper-
formancemetric undera given set of constraints. We select
asperformancemetric to be minimized,the traffic load of the
mostcongestednode,or equivalently its energy consumption,
andwe requirethat theoptimalBT-WPAN topologymeetsthe
following constraints.

1) Full network connectivity. Theremustbe at leastone
pathbetweenany two nodesin thenetwork. This implies
that all the mastershave to be connectedto eachother,
eitherthroughmasteror bridgenodes;instead,slavescan
communicatewith any nodein the network throughthe
masterthey areconnectedwith.

2) Systemspecification.Thenumberof nodesparticipating
in a piconetcannotbegreaterthana givenvalue,andthe
distancebetweeneachmaster-slavepairmustbelessthan



themaximumpiconetradius.Also, a nodecanbemaster
in� onepiconetonly.

3) Systemcomplexity. In orderto keepthe network com-
plexity small,thenumberof formedpiconetsis limited to
afixedvalue.

4) Traffic requirement. Thenetwork mustsupportthede-
siredsource-destinationconnections.

5) Constraints on the nodes’ role. Constraintson therole
that somenodescanhave in the network may exist. A
nodemay needto act aseithera slave or a master, de-
pendingon the applicationit is able to support,andon
thenatureof thedevice. For instance,nodesthataregate-
waysto thefixednetwork shouldbechosenasmasters.

I I I . ILP FORMULATION

In thissection,first weintroduceournotationanddefinitions,
thenwe describethemathematicalformulationof theproblem
andthe topologyconstraints.Finally, an exampleof how the
optimizationprocedureworksis given.

A. NotationandDefinitions

TheBT-WPAN is representedas ��
������ , where
 is theset
of network nodesand � is thematrix containingthevaluesof
thedistancesbetweenany two nodes��������������������
 . Let � be
thesetof traffic sourcesand � bethesetof destinationnodes. 

, ! and " denotethe numbersof nodes,sourcesanddesti-
nations,respectively, while � MAX is the maximumradiusof a
piconet.

We define#%$�&'��()�+*,�.-/(0�1�2�3*4�1�15 asthesetof source-
destinationconnections,and 67$98 #:8 as the total numberof
connectionsthathave to beroutedthroughthenetwork. Weas-
sumethatjustonerouteis usedfor eachsource-destinationpair.
Let ;<$=&?>A@CB)5 be the traffic matrix indicatingthe information
rateon eachsource-destinationconnection,normalizedto the
network capacity. For eachtraffic source()�D(0�1� , we take the
total averagetraffic rate,denotedby E/F , asan input parameter
to theproblem.

For eachnode�����G�%
 , threebinary variablesaredefined:H @ , ID@ and J�@ , whichareequalto 1 if node� is amaster, abridge
or aslave,respectively, andareequalto 0 otherwise.Wedenote
the maximumnumberof piconetsby K MAX andthe maximum
numberof active nodesthat can be assignedto a piconetbyL

MAX. Sincea piconetincludesone andonly one master, we
refer to thegenericpiconet� throughits masternode. Theset
of nodesthatareforcedto bemastersis indicatedby M , with8 MN8PO<K MAX; the setof nodesthat are forced to be slaves is
indicatedby Q , with 8 Q08/O  =R K MAX.

For eachpair of nodes�����S�T�������S�U�V
 , we definethesetof
assignmentvariables,WX$Y&?Z3@CB)5 , asfollows

ZD@�B2$ � if � is assignedto master�[
otherwise

(1)

andthesetof flow variables,\]$Y&_^+@�B)5 , as

^+@CBP` [ if thereexistsany flow from � to � and�ba$c�^+@CBd$ [ otherwise.
(2)

For eachsource-destinationpair �S()�+*,�b�e# , andfor eachpair
of nodes �����S�T�������S�f��
 , we introducethe following routing
variables,

g F�h@CB $ � if connection��()�+*,� is routedonarc ���������[
otherwise

(3)

so that theset ij$k& g Flh@�B 5 definestheconnectionpaththrough
thenetwork for any connectionin # .

B. OptimizationProblem

Considera setof network nodeswith distancematrix � and
a setof source-destinationconnections,# , with traffic matrix; .

Given the setof routing variablesi , the traffic load of the
genericnode�����4�m
 , is definedasthe sumof the incoming
andoutgoingtraffic that � hasto handle. For eachconnection��()�+*,�n�o# , wehave thattheloadof node� is

p Flh@ $ qsrut g Flhq @ E�Fv>AF�h2w B r�t
g Flh@CB E�Fv>AFlh (4)

wherethefirst termis theamountof traffic relatedto connection��()�+*,� that node� receives,andthe secondterm representsthe
traffic that � hasto forward to the next nodein the connection
path. By adding

p Flh@ over all the connectionsin # , we obtain
theloadof node� as

p @:$ x F�y h{z ru|
p Flh@~} (5)

We defineasthenetwork bottleneck thenodethatexperiences
thehighesttraffic load,i.e.,whosetraffic load, � , is

��$%�4�s�@ rut p @ } (6)

Ourobjectiveis to selectthenetwork topologysoasto obtain
the optimal BT-WPAN topology, which minimizesthe traffic
loadof themostcongestednode,i.e., its energy consumption,
while guaranteeingthe desiredthroughput. This is definedto
betheoptimizationproblemidentifiedas � :

��- �4�C����+������ ru�d� � ;2��&?E/Fd�o�d5��u& g Flh@CB �oi�5
subjectto constraintson &AZ @CB 5_��&_^ @CB 5_��& g F�h@CB 5 } (7)

Constraintsonassignmentvariables&AZ3@CB)5 areasfollows.

H @3w�ID@�w%J�@:$~� �����o
 (8)

@ rut Z3@CB2OYJ�B�wm8 
~8_�?IDB�wm8 
Y8s�
H B �����o
 (9)

@ rut Z @CB �m

R J B R H B �����o
 (10)

Z3@C@:$ H @������o
 (11)

Z3@CB.�_��@CB2OY� MAX � H @��������4�o
 (12)

B r�t Z3@CBPO
L

MAX � H @������o
 (13)




bw�Z B�@ � H @ w H B w�Z @CB �������4�o

�ba$�� (14)

Z3@ q w�Z3B q Om� R H @ R H B R Z3@CB �������_�+���o

�ba$��_���
�	a$Y� (15)

@ rut
H @vOYK MAX (16)

@ ru 
H @:$Y8 MN8 (17)

@ r�¡ J�@:$Y8 Q�8 } (18)

Constraint(8) ensuresthata nodeis eithera master, or a slave
or a bridge. Constraint(9) ensuresthat a slave is assignedto
onemasterat most; (10) ensuresthat a slave or a masterare
assignedto onepiconetat least,while a bridgeis assignedto
two piconetsat least;(11) forcesa masterto beassignedto it-
self. Accordingto requirement2 in SectionII, inequality(12)
forbidsassigninga nodeto a masterif their distanceis greater
than � MAX, and(13) limits thenumberof nodesassignedto api-
conetto

L
MAX. Giventhatnodes� and� aremasters,(14) forces

theassignmentof � to � if � is assignedto � ; (15)preventscycles
amongsetsof threenodeswhich areeithermastersor bridges:
if master� is assignedto master� , node � cannotbe assigned
to both � and � . Notice that this constraintis not posedby the
systemspecification,but was introducedin order to keepthe
complexity of thenetwork topologysmall. Basedon criteria3
and5, constraint(16) guaranteesthat thetotal numberof mas-
tersis lessthanor equalto K MAX, and(17)forcesnodesin M to
bemasters.Constraint(18) forcesnodesin setQ to beslaves.

Next, in orderto meetrequirement1 in SectionII, we con-
sidera graphconnectingall the mastersin the network. The
constraintson theflow variables&�^�@CB)5 , guaranteethatall mas-
tersareconnectedto eachothereitherthroughmasteror bridge
nodes. We take a master, denotedby H�¢ , as the origin of the
graph;every othermasteris a sink node.Noticethatany mas-
ter canbe takenasorigin of thegraphandthat thesolutionof
problem � doesnot dependon which masternodeis chosen.
Wehave

B rut ^�@CB
R
B r�t ^+B�@:$

R H @������o

�ba$ [ (19)

B rut ^
¢ B R B rut ^�B

¢ $ qsr�t H q R H�¢ (20)

^�@CB2OYK MAX �'�CZ3@�B�w£Z3B�@{�����¤�S�4�o
 (21)

^ @C@ $ [ �����o
 } (22)

Constraints(19)and(20)guaranteeflow conservation,i.e.,they
ensurethattheflow originatedin H�¢ reacheseverymasterin the
network. Inequality(21) ensuresthat thereis no flow between
node� andnode� if neither� is assignedto � nor � is assigned
to � . Constraint(22) forcestheflow betweena nodeanditself
to beequalto 0.

Finally, giventhesource-destinationconnectionsthatthenet-
work hasto support,theconstraintsontheroutingvariablesare

asfollows.

B rut
g F�h@CB R B rut

g FlhB�@ $~� �¥��(u��*��v�o#v�+(4a$�*
�¦$�( (23)

B rut
g Flh@�B R B rut

g F�hB�@ $ R � �¥��(u��*��v�o#v�+(4a$�*
�¦$�* (24)

B rut
g F�h@CB R B rut

g FlhB�@ $ [ �¥��(u��*��v�o#v�+(4a$�*
�����o
Y�S�ba$�()�+* (25)

g F�hFl@ OcZ3@CF�w£Z3Fl@��¥��(u��*��v�o#v�������o
 (26)

g Flh@Ch OcZ3@Ch2w£Z3h�@��¥��(u��*��v�o#v�������o
 (27)

g Flh@CB OY^�@CB�wm^�B�@��¥��(u��*��v�o#v�������S���o

�ba$�()�S��a$�* (28)

B rut
g Flh@�B O�� �¥��(u��*��v�o#v�������o
 (29)

g F�h@CB w g FlhB�@ O�� �¥��(u��*��v�o#v�������S���o
 } (30)

Equations(23)-(25) are constraintson flow conservation and
ensurethat for each ��()�+*,�¦��# thereis a routeconnecting( to* . Inequalities(26) and(27) allow a connectionto be routed
throughedge�����S�T� only if � and� communicate,i.e.,either� is
assignedto � , or � is assignedto � . A connectioncanberouted
througha pair of nodes �����S�T� , which are mastersor bridges,
if edge �����S�T� belongsto the graphconnectingall the masters
(28). Constraints(29) and(30) guaranteethat loop-freeroutes
areestablished.

C. Remarks

It can be shown that problem � is at leastas complex as
the GeometricConnectedDominatingSet problem,which is
provento beNP-complete[9]; hence� is NP-complete.

By solving � , we obtain the optimal BT-WPAN topology,
which minimizesthe traffic load of the mostcongestednode,
i.e., its energy consumption,while guaranteeingthe desired
throughput. Then, for any source-destinationpair ��(u��*�� , we
canverify whetheranalternative routeexistsby usingthe fol-
lowing procedure.We fix variablesJ @ s, I @ s, H @ s, and ^ @CB s to
thevaluesthatthey take in thesolutionof � , while we setto 0
thevariablesg F�h@CB whosevalueis equalto 1 in thesolution. By
doingso,wegenerateanew problem,�2§ , in which thesolution
obtainedby solving � is forbidden. If �P§ is feasible,its solu-
tion providesa new routefor ��()�+*,� ; otherwise,it is provedthat
analternative routefor ��()�+*,� doesnotexist.

Finally, we observe thatwe did not includein themodelany
constraintrelatedto thecapacityof thenetwork nor of thesin-
gle radiolink; constraintsrelatedto thesystemcapacitycanbe
verified a posteriori. This is motivatedby the fact that, even
if a solutiondoesnot meetthecapacityconstraints,it suggests
how muchwe shouldscalethetraffic down in orderto attaina
feasibletopology.

D. AnExample

For the sake of clarity, herewe presentan instanceof the
optimizationproblem. We assumethat network nodesarein-



TABLE I
INPUT PARAMETERS.

 6 K MAX

L
MAX � MAX M 8 Q�8

20 15 4 8 ¨ ¢�© ª« &s¬��u�s¬_5 0

TABLE II
ROUTING OF NETWORK CONNECTIONS.

Connection Traffic Routes No.hops

� [ �u��
­� 0.291 & [ �u�?®��u¬��u��
T5 3�l���u���­� 0.066 &'��� [ �)�?¯��u���T5 3��
��u�s¬s� 0.764 &¤
��u�?¯��l°��u�s¬_5 3�±��� [ � 0.081 &¤���u�?¯�� [ 5 2��®��u� [ � 0.063 &¤®��u¬��u�?®�� [ �u��¯��u� [ 5 5�l¬��u��²­� 0.295 &'¬��u��²�5 1��³��u��¯­� 0.946 &¤³��u�_¬��l°��u��¯T5 3�l�s���l®­� 0.328 &'�s�)� [ �u��®��u¬��l®T5 4�l��
��u¬s� 0.077 &'��
/�)¬�5 1�l��¯��l
­� 0.872 &'��¯/�{
�5 1�l�����l²­� 0.548 &'���/�)�?¯�� [ �u��®��u¬��l²T5 5�l��²��l°­� 0.518 &'��²/�u¬��l°T5 2�l�s¬��u��®­� 0.504 &'�s¬)�{°/�)�?¯�� [ �u��®T5 4�l��³��u��°­� 0.100 &'��³/�)¬)�)�?²��u�s¬��u��°T5 4�l��°��u��³­� 0.891 &'��°/�)�_¬��u��²��u¬��u��³T5 4

dependently, identically, anduniformly distributedin a ´¶µU´
region with ´k$·� [ distanceunits,andtheinput parametersto
the problemareasreportedin TableI. Note that nodes7 and
17 areforcedto act asmasters.The active source-destination
connectionsandtheassociatedtraffic arelisted in thefirst two
columnsof TableII.

The optimal topology attainedby solving problem � is
shown in Figure2, wherecontinuouslinesrepresentthenode-
masterassignmentsanddottedlinesdelimit thepicocells’area.
Columns3-4of TableII reportfor eachnetwork connectionthe
selectedroute,alongwith thecorrespondingnumberof hops.

Fromtheproblemsolutionwehavethat,besidesnodes7 and
17,nodes0 and13arechosenasmasters.In fact,theoptimiza-
tion procedureselectsa numberof mastersequalto K MAX, so
that the masters’traffic load is reduced.Masters0 and13 are
directly connectedto eachother, while masters7 and17 have
to beconnectedto othermastersthroughbridgenodesbecause
they arenot locatedin overlappingareas.

Nodes9, 15 and 16 are selectedas bridges. Observe that
bridge 9 would be sufficient to provide connectivity for the
wholenetwork; however, by electingalso15and16asbridges,
the load of bridge 9 and master13 decreases.For instance,
connection(11,6)is routedthroughnodes& [ �)�?®��u¬_5 insteadof
beingroutedon & [ �u��¯/�{°/�u¬_5 , thusavoiding13and9 to beover-
loaded.

Although in (6) themaximumtraffic load is computedover
all network nodes,the bottlenecknodeis likely to be eithera
masteror a bridge. In this example,the bottleneckis master
7, giving the objective function a valueof 0.596,asshown in
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Fig. 2. Optimaltopologyobtainedfor theinput parametersin TableI andthe
traffic demandin TableII.

TABLE III
TOTAL TRAFFIC THROUGH MASTERS AND BRIDGES.

Node Total traffic

7 0.596
13 0.587
17 0.514
9 0.495
0 0.350
16 0.307
15 0.279

TableIII.

IV. NUMERICAL RESULTS

The numericalresultspresentedin this sectionare derived
by usingthe input parametersreportedin TableI. We assumeE�Fm$¸E£�b(%�¹� , with E a varying parameterof the system.
Plotsarederived by averagingthe resultsobtainedfrom sev-
eral runs, eachof them correspondingto a different instance
of the randomvariablesof the systemmodel. Eachproblem
instanceis solved by using the software tool CPLEX, which
solvesmixedintegerproblemsby applyingabranchandbound
algorithm[10]. By usinga PentiumII 266 MHz, the compu-
tation time per instanceis equalto 7268.31s on averageand
equalto 14086.74s in theworstcase.

Figure 3 shows the traffic load of the bottlenecknode, � ,
as a function of the averagesourcerate, E . For eachvalue
of E , resultsare plotted for two different cases. Resultsla-
beled in the plot by OPT are derived by assumingthat for
eachproblem instancethe traffic matrix is known and opti-
mizing the topology for such a traffic scenario. Resultsla-
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Fig. 3. Traffic loadof thebottlenecknode(» ) vs. theaveragesourcerate(¼ ).
Curveslabeledby OPT arederived for the optimal topologywhenthe traffic
matrix is known. Resultslabeledby Var-½ (½V¾%¿'À Á¤Â�¿'À Ã'Â�¿'À Ä ) areobtained
for the sametopology and source-destinationconnections,but introducinga
varianceequalto ½ in the traffic load. Labels Å and Æ indicatethe average
andtheworstcaseperformance,respectively, overdifferentinstances.

beledby Var-Z (ZÇ$ [ } ��� [ } ¯/� [ } ² ) are obtainedby maintain-
ing for eachinstancethe topology derived in the OPT case
and the samesource-destinationconnections,but introducing
a varianceequalto Z in the traffic flowing over eachsource-
destinationconnection. For eachsource-destinationconnec-
tion, thecorrespondingentryin thetraffic matrix is aninstance
of a randomvariableuniformly distributed between0 and 1.
This enablesus to testthe topologygeneratedfor given traffic
conditionsin network scenarioswhereonly the averagecon-
nections’ratesareknown. Labels È and É denotetheaverage
andtheworstcaseperformance,respectively, thatareobtained
from thedifferentruns.

LookingatFigure3, wenoticethatwhentheaverageperfor-
manceis considered,curvescorrespondingto any of theVar-Z
casesoverlapthecurvesderivedfor theOPTcase.This shows
that the attainedtopology is surprisinglyrobust to changesin
theconnectionsrate.Whentheworstcaseperformanceis con-
sidered,the loadof thebottlenecknodeincreaseswith theun-
certaintyintroducedin thetraffic demand.However, theperfor-
mancederived in theVar-Z casesarestill very closeto thatof
theOPTcase,especiallyfor smallvaluesof E .

Figure4 shows the traffic load of the bottleneckasa func-
tion of E , for a network scenariowhereonly the averagetraf-
fic load of the network is known (labeledin the plot by CL).
The topologyis optimizedfor a particularinstanceof the traf-
fic matrix and the network performanceis computedas the
source-destinationconnectionsandtheir traffic ratesarevaried.
Sourcesanddestinationsarerandomlychosenamongthe net-
work nodes.The resultsderived in the CL casearecompared
with thoseobtainedin the OPT case.Again, labels È and É
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Fig. 4. Traffic loadof thebottlenecknode(» ) vs. theaveragesourcerate(¼ ).
For eachvalueof ¼ , curveslabeledby CL areobtainedfor atopologyoptimized
for a particularinstanceof the traffic matrix andby varying both the source-
destinationconnectionsandtheir traffic rates. Resultsarecomparedwith the
performancederivedunderthenetwork conditionsfor which thetopologyhas
beenoptimized(labeledby OPT).Labels Å and Æ indicatethe averageand
theworstcaseperformance,respectively, obtainedfrom differentruns.

indicatethe averageand the worst caseperformance,respec-
tively.

The curve representingthe averageperformanceof the CL
caseis still remarkablycloseto the onereferring to the OPT
case;instead,a largergapcanbeobservedbetweencurvesrep-
resentingthe worst performancein the two cases. This was
expected,sincein this casetheoptimizationis performedwith
very limited information about the traffic carriedby the net-
work.

Next, we introduceasperformancemetricof theBT-WPAN,
thenodes’residualenergy at the time instantwhenthebottle-
neckrunsout of energy. We denotethe residualenergy of the
genericnetwork nodeby Ê � . Let us assumethat all network
nodeshave the sameinitial amountof availableenergy, equal
to 1. We considerthe networklifetime to be the period from
thetime instantwhenthenetwork startsfunctioningto thetime
instantwhenthe first noderunsout of energy, asfirst defined
in [11]. Sincethe main factor to power consumptionin BT-
WPANs is theamountof traffic received,transmitted,andpro-
cessedby thenodes,wecanassumethattheBT-WPAN lifetime
is givenby ��Ë_� , with � beingthebottleneckload. Hence,the
total energy consumedby the genericnodein the time span
correspondingto the network lifetime is given by the ratio of
its traffic load to the load of the bottlenecknode. The node’s
residualenergy is computedasthe differencebetweenthe en-
ergy initially availableat thenodeandtheamountof energy it
hasconsumed.

TableIV presentsthemeanandvarianceof the residualen-
ergy andtraffic load of the masterandbridgenodes. Indeed,
thesenodesare the onesthat determinethe network perfor-
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labeledby Var-½ referto thecasewhereanuncertaintyequalto ½ hasbeenintroducedin thetraffic demand.

TABLE IV
RESIDUAL ENERGY AND TRAFFIC LOAD OF MASTER AND BRIDGE NODES

FOR ¼P¾¥¿'À Ã . THE SOURCE-DESTINATION CONNECTIONS ARE KNOWN; ½
IS THE VARIANCE INTRODUCED IN THE TRAFFIC DEMAND.

Z Ave. Ê � Var. Ê � Ave. Load Var. Load

0 0.358 0.103 0.990 0.246
0.1 0.451 0.105 0.668 0.181
0.3 0.455 0.122 0.654 0.170
0.5 0.477 0.123 0.609 0.153

mance,sincethey processmoredata,andhenceconsumemore
energy thanslaves.

Theresultsarederivedfor E£$ [ } ¯ for boththeOPTandVar-Z cases,asdescribedabove (in thetable,Zm$ [ correspondsto
theOPTcase).

Theaveragevalueof the residualenergy is minimumin the
OPTcaseandincreaseswith Z . In fact, thecloserthenetwork
scenariois to the one for which the topology hasbeenopti-
mized, the longer is the network lifetime and the less is the
residualenergy at the nodes.On the contrary, the variancein
residualenergy doesnot significantlychangeasZ varies.

Looking at themeanandvarianceof thenodes’traffic load,
we notice that it is maximumin the OPT caseanddecreases
as Z increases.Thus, minimizing the load of the bottleneck
doesnot correspondto minimizing the averagevalue or the
varianceof the mastersandbridges’ load. This suggeststhat,
dependingon theapplicationsupportedby theBT-WPAN and
the nodes’physical characteristics,a differentobjective func-
tion which leadsto a betterbalanceof thenetwork traffic load
mightbedesirable.

Finally, Figure5 shows the traffic load of all nodesfor the
topology attainedby solving a particular instanceof the op-
timization problem. Masters,bridges,andslavesaredenoted
by m, b, ands, respectively. The network bottleneckis node

4. The resultsderived for the network scenariofor which the
topologyhasbeenattained(labeledin the figure by OPT) are
comparedwith theresultsobtainedwhena varianceequalto Z
is introducedin thetraffic flowing overeachsource-destination
connection(labeledin the figure by Var-Z , Z¹$ [ } ��� [ } ¯�� [ } ² ).
Notice that in this particular instance,the connections’rates
generatedfor theVar-Z casesarelower thanthosein thetraffic
matrixof theOPTcase;thus,theloadof thebottlenecknodeis
higherin theOPTcasethanin theVar-Z cases.Wealsoobserve
thatthemasternodeshave thehighestvalueof traffic load,and
thedifferencebetweenthe loadof mastersandslavesis about
oneorderof magnitude.

V. CONCLUSIONS AND FUTURE WORK

In thispaper, we tackledtheproblemof determininganopti-
mal topologyfor BluetoothWirelessPersonalAreaNetworks.
For this problemwe provided an Integer Linear Programming
formulation,an exampleof solution,andsomenumericalre-
sults.

Theconstructionof anoptimal topologyfor BluetoothNet-
worksis particularlyimportant,sincethenetwork lifetime crit-
ically dependson the amountof energy consumedby battery-
operatedterminals,andthe latter is determinedby theamount
of informationhandledby eachdevice, henceby the network
topology.

Resultsshow thatoptimizedtopologiescanbequiterobustto
changesin thetraffic pattern.This is a very interestingfeature,
sincetraffic forecastsusedfor the topology optimizationare
boundto beonly partly reliable.

The main limitation of our approachlies in the centralized
natureof theoptimizationalgorithm. However, it mustbeob-
served that a centralizedsolution can be appliedwhenever a
network coordinatoris elected;moreover, theavailability of the
resultsof a centralizedoptimizationprovidesa useful term of
comparisonfor any distributedheuristics.Nevertheless,theob-



vious next stepin our researchin this field will be the iden-
tificationÌ of heuristicapproachesfor the constructionof good
topologiesin adistributedfashion.
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