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Abstract—In this paper, we addressthe problem of determin-
ing an optimal topology for Bluetooth WirelessPersonal Area
Networks (BT-WPANS). In BT-WPANs, multiple communication
channelsare available, thanks to the useof a frequencyhopping
technique. The way network nodesare groupedto share the same
channel, and which nodesare selectedto bridge traffic from a
channelto another, has a significant impact on the capacity and
the throughput of the system,as well as the nodes’ battery life-
time. The determination of an optimal topology is thus extremely
important; nevertheless,to the bestof our knowledge, this prob-
lem is tackled herefor the first time.

Our optimization approach is basedon a model derived from
constraints that are specificto the BT-WPAN technology but the
level of abstraction of the modelis 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
connectvity, fulfills the traffic requirementsand the constraints
posedby the systemspecification,and minimizesthe traffic load of
the mostcongestechodein 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

IRELESSPersonalArea Networks (WPANS) is a new
wirelesstechnology which provides short-rangecon-
nectvity betweerbattery-operategortableradiodevices,such

as mobile phones, headsetsand personaldigital assistants.

WPANSs areintendedo operateatthe 2.4 GHz ISM (Industrial,
Scientific,Medical)band,whereno licenseis required,usinga
FHSS(Frequeng Hopping SpreadSpectrum)echnique.This
technologyis basedon the Bluetoothspecificatior[1] andwill
becomean IEEE standardunderthe denominationof 802.15
WPANSs [2].

BluetoothWPANs (BT-WPANS) are typically usedto turn
battery-operatesgtand-alonedevices locatedin the range of
about10 m into networked equipment.The network nodesare
organizedinto piconets eachof themcomposedf onemaster
device andupto sevenactive slaveswhich areallowedto com-
municatewith the masteronly. Eachpiconetusesa different

frequeny hoppingsequencelerived from the masteraddress.
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Fig.1. BT-WPAN topology

Masterand slaves sendandreceve traffic alternatiely, so as
to provide full-duplex connectionsand slaves are entitled to
transmitonly whenpolled by the master It is intuitive thatthe
masteris subjectto highertraffic load, andthushigherenegy
consumptionrelative to slaves.

Figure 1 shavs an exampleof BT-WPAN topology where
overlappingpiconetsare deployed. 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 actiity of
morethanone piconetscanactasa bridge, allowing piconets
to form a larger network, a so-calledscatternet Becauseof
the useof differenthoppingsequencesa bridge cannotbe ac-
tive in morethanone piconetat a time; thus, bridgeshave to
switch betweenpiconetson a time division basis,and, while
switching, they mustre-synchronizewith the currentpiconet.
Thisimpliesasignificantoverheadhatmay severely effect the
systemperformance.

One of the most challengingproblemsin deplg/ing a BT-
WPAN consistsin forming a scatternetthat meetsthe con-
straintsposedby the systemspecificationsand the traffic re-
quirements. The way nodesare groupedinto piconets,and
which nodesare selectedas mastersor bridges,hasa signifi-
cantimpacton the capacityandthe throughputof the system,
aswell asonthenodes’batterylifetime —acrucialfactorin net-
work connecwity [3], [4], [5]. Knowing which topologyopti-
mizesthe BT-WPAN performancas thereforeof fundamental
importance.

Sofar, little researchactivity wasdevotedto algorithmsfor
the generatiorof efficient topologiesfor BT-WPANS, andfor-
mer work dealingwith more generalwirelessad hoc systems



is notapplicable.For instanceapproachebasedn thenodes’
positian, asthe one proposedn [6], aresuitablefor networks
thatusea singlecommunicatiorchannel suchas802.11wire-
lessLANSs, but cannotbe appliedto BT-WPANs wheremulti-
ple channelsare madeavailable by the FH schemd4]. Algo-
rithms proposedn the context of multihop wirelessnetworks,
thatcontrolthetopologyby varyingthe nodes’transmitpower
[3], [7], [8], arenotapplicableaswell. Indeed BT-WPANSs de-
vicesuseavery low outputpower (namely equalto 1 mW) and
typically do not performpower controf.

Theissueof determininganoptimaltopologyspecificallyfor
BT-WPANSs is discussedn [4] but is not actually addressed
there. The first attemptat finding a solution to the problem
is representedy thework in [5]. Dueto the problemcomplex-
ity, the authorsadopta statisticalapproachj.e., they generate
randomtopologiesandstudytheeffect of thetopologyparame-
terson the systemperformancederving someusefulinsights:
the bridging overheadandthe numberof links establishede-
tweennodesarefoundto have a majorimpacton throughput,
while slightly lessimportantis the numberof piconetsthatare
created.

In this paper we solve the problemof forming an optimal
BT-WPAN topologythatminimizesthetraffic load of the most
congestedhodein the network, or equivalentlyits enegy con-
sumptionandis suchthat:

1) full network connecwity is guaranteed;

2) systemspecificationgremet;

3) thetraffic requirementsrefulfilled;

4) specificrestrictionsare met, that may exist on the role

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

We provide amin-maxformulationof the optimizationprob-
lem,andwe solwe it in a centralizedmannersincethe problem
complity andthe large numberof parametersnvolved seem
to prohibitadistributedapproachThisis certainlya limitation
of the proposedformulation. However, besidesproviding an
upperboundto ary topologyderivedthroughdistributedheuris-
tics, thecentralizedptimalsolutioncanbeappliedwheneer a
network coordinatoris elected. Thework in [4] is anexample
of asynchronouslistributed protocolthat canbe usedto select
a coordinatorwhich is in chage of determiningthe role of all
nodesin the scatternet.Our schemecanbe thoughtof aspart
of this protocol,andexecutedat the coordinatomodeto deter
minethe optimaltopology Clearly wheneer therearesignifi-
cantmodificationsin the network compositionthe coordinator
needgo solve the problemfor the new network configuration.
However, our resultsshow thatthe attainectopologyis surpris-
ingly robustto changesn thetraffic pattern.

Finally, althoughour modelspecificallyaddressethe issue
of topology designin BT-WPANS, the level of abstractionis
suchthatit canbe appliedto the more generalcaseof ad hoc
networkswhenmultiple channecommunicationgareavailable.
The problemof determiningwhich nodessharethe samechan-
nel and which nodeshave to bridge traffic from a channelto

IBT-WPAN applicationscanbe in the rangeof 10 or 100 m; however, the

typical usagemodelis in the rangeof 10 m. Power controlis only usedby
devicesoperatingn therangeof 100m.

anothercanbe posedin the sameway, underthe constraintsof
the specificphysicallayerandtraffic requirement$4].

The remainderof this paperis organizedas follows. Sec-
tion Il describeghe network scenarioand statesthe problem
understudy; Sectionlll presentsan Integer Linear Program-
ming (ILP) formulationof the problem. Numericalresultsare
presenteénddiscussedh SectionlV. SectionV concludeghe
paperandpointsto someaspectshatwill be subjectof future
research.

Il. PROBLEM STATEMENT

In BT-WPANS, connectiorestablishmens atwo-stepproce-
dure. By relayingon a universalfrequeng hoppingsequence,
first aninquiry protocolis usedto let a nodediscover the units
locatedin its proximity, thena paging protocolis usedto estab-
lish the communicationlink betweentwo units. The unit that
initiatesthe procedureactsasthe masterof the connectionand
the otherunit asa slave, althoughrolescanbe exchangedater
on. A masteror slave canbecomea slave in anothempiconetby
beingpagedby themasterof the otherpiconet;also,a unit par
ticipatingin onepiconetcanpagethe masteror slave of another
piconet. In this case the masteror slave unit actsasa bridge
betweerthetwo overlappingpiconetg1].

In this paper we referto a masterasa nodethatis assigned
top > 1 piconetsandis the masteiin oneof them,to aslave as
aslave nodethatis assignedo onepiconetonly, andto abridge
asanodethatis assignedo p > 2 overlappingpiconetsandis
aslavein all of them.

BeingBT-WPAN technologyintendedfor local connectvity
of battery-drven equipmentjt supportdow-power implemen-
tations. The outputpower of BT-WPAN devicesis limited to
1 mW andtheentireradiotrancever is designedor low power
consumption.The major factorinfluencingthe nodes’enegy
consumptiorbecomeshe amountof transmittedreceved,and
processedraffic ratherthan the distancebetweentransmitter
andrecever. Notice thatmastersandbridgesarethereforethe
nodesthat experiencethe highestenegy consumptionin the
network.

Designingthe BT-WPAN topology meansdeterminingthe
setof communicationlinks betweennode pairs that are used
to routetraffic from eachsourceto the correspondinglestina-
tion node. Considera setof network nodes;we look at the
topologyformationproblemasoneof optimizingachoserper
formancemetric undera given set of constraints. We select
asperformancametric to be minimized, the traffic load of the
mostcongestedhode,or equivalently its enegy consumption,
andwe requirethatthe optimal BT-WPAN topologymeetsthe
following constraints.

1) Full network connectvity. Theremustbe at leastone
pathbetweerary two nodesn thenetwork. Thisimplies
that all the mastershave to be connectedo eachother
eitherthroughmasteror bridgenodesjnstead slavescan
communicatewith ary nodein the network throughthe
masterthey areconnectedvith.

Systemspecification. Thenumberof nodearticipating
in a piconetcannotbe greaterthana givenvalue,andthe
distancebetweereachmasterslave pair mustbelessthan

2)



themaximumpiconetradius.Also, anodecanbe master
in onepiconetonly.

Systemcomplexity. In orderto keepthe network com-
plexity small,the numberof formedpiconetds limited to

afixedvalue.

Traffic requirement. The network mustsupportthe de-
siredsource-destinatioononnections.

Constraints on the nodes’role. Constraintsontherole

that somenodescan have in the network may exist. A

nodemay needto act as eithera slave or a master de-
pendingon the applicationit is ableto support,andon

thenatureof thedevice. For instancenodeghataregate-
waysto thefixed network shouldbe choserasmasters.

3)

4)

5)

I1l. ILP FORMULATION

In this section first we introduceour notationanddefinitions,
thenwe describethe mathematicaformulationof the problem
andthe topology constraints.Finally, an exampleof how the
optimizationprocedurevorksis given.

A. Notationand Definitions

TheBT-WPAN is representeds(N, Z), where\ is theset
of network nodesand 7 is the matrix containingthe valuesof
thedistancedetweenrary two nodes(s, j), i, 5 € N. LetS be
the setof traffic sourcesandD bethe setof destinatiomodes.
N, S and D denotethe numbersof nodes,sourcesand desti-
nations,respectiely, while 7, is the maximumradiusof a
piconet.

We defineC = {(s,d) : s € S, d € D} asthesetof source-
destinationconnectionsand C' = |C| asthe total numberof
connectionshathave to beroutedthroughthe network. We as-
sumethatjustonerouteis usedfor eachsource-destinatiopair.
LetT = {t;;} bethetraffic matrix indicatingthe information
rate on eachsource-destinationonnection normalizedto the
network capacity For eachtraffic sources, s € S, wetake the
total averagetraffic rate,denotedby p,, asaninput parameter
to theproblem.

For eachnodei, i € N, threebinary variablesare defined:
i, 3; ando;, whichareequalto 1 if node: is amasterabridge
or aslave, respectrely, andareequalto 0 otherwise We denote
the maximumnumberof piconetsby M, andthe maximum
numberof active nodesthat can be assignedo a piconetby
Xuax- Sincea piconetincludesone and only one mastey we
referto the genericpiconeti throughits mastemode. The set
of nodesthatareforcedto be masterds indicatedby M, with
M| < My the setof nodesthat areforcedto be slavesis
indicatedby V, with |V| < N — M.

For eachpair of nodes(i, j), i,7 € N, we definethe setof
assignmenvariables X = {z;;}, asfollows

~_ | 1 if jisassignedo master
Tij = { 0 otherwise (1)
andthesetof flow variables,F = {f;;}, as

fi; > 0 if thereexistsary flow fromi to j andi # j @)

fij =0 otherwise.

For eachsource-destinatiopair (s, d) € C, andfor eachpair
of nodes(, ), i,7 € N, we introducethe following routing
variables,

psd _ 1 if conngctior(s, d) is routedonarc (i, ) 3)
4 0 otherwise

sothatthesetR = {r;¢} definesthe connectiorpaththrough
the network for any connectiorin C.

B. OptimizationProblem

Considera setof network nodeswith distancematrix Z and
a setof source-destinatiosonnections(, with traffic matrix
T.

Giventhe setof routing variablesR, the traffic load of the
genericnodei, i € N, is definedasthe sumof theincoming
andoutgoingtraffic thati hasto handle. For eachconnection
(s,d) € C, we havethattheload of nodei is

L?d = Z ri?ps tsq + Z Tf]dps tsd
keEN JEN

(4)

wherethefirst termis theamountof traffic relatedto connection
(s, d) thatnodei receiies,andthe secondterm representshe
traffic thati hasto forward to the next nodein the connection
path. By adding L over all the connectionsn C, we obtain
theloadof node: as

>

(s,d)eC

L; = (5)

We defineasthe network bottlene& the nodethat experiences

thehighesttraffic load,i.e., whosetraffic load, B, is
B = Ilrg\)[( L;. (6)

Ourobjectveisto selecthenetwork topologysoasto obtain
the optimal BT-WPAN topology which minimizesthe traffic

load of the mostcongestediode,i.e., its enegy consumption,

while guaranteeinghe desiredthroughput. This is definedto
bethe optimizationproblemidentifiedasP:

P: min B(T,{ps €S}, {rfj‘-i €R})

{rffleR}
subjectto constrainton {xij},{fij},{rf]’f . @

Constrainton assignmentariables{z;; } areasfollows.

pi+Bitoi=1 VieN (8)
D<o+ IN| B HIN| - ViEN 9)
iEN

ZTZ‘sz*O']*,U,] VJEN (10)
1EN
Tij - 2ij < Zuax- i Vi, jeN  (12)
Zwij < Xyax - i VieN (13)

JEN



i#£ ] (14)
Tigp +xjp <4 —pi —pj— i Vi, jkeN
i #jk
J#k (15)
Z Hi < Myax (16)
iEN
> =M (17)
ieM
> o =V. (18)
i€V

Constraint(8) ensureghata nodeis eithera masteyor a slave
or a bridge. Constraint(9) ensuredhat a slave is assignedo
one masterat most; (10) ensureghat a slave or a masterare
assignedo one piconetat least,while a bridgeis assignedo
two piconetsat least;(11) forcesa masterto be assignedo it-
self. Accordingto requiremen® in Sectionll, inequality (12)
forbids assigninga nodeto a masterif their distances greater
thanZ ., and(13) limits thenumberof nodesassignedo a pi-
conetto X .. Giventhatnodes: and; aremasters(14)forces
theassignmenof i to j if j isassignedo i; (15) preventscycles
amongsetsof threenodeswhich areeithermasterr bridges:
if master: is assignedo master;j, nodek cannotbe assigned
to both¢ and;j. Notice thatthis constraintis not posedby the
systemspecification,but was introducedin orderto keepthe
compleity of the network topologysmall. Basedon criteria3
and5, constraint(16) guaranteethatthe total numberof mas-
tersis lessthanor equalto M ., and(17)forcesnodesn M to
bemastersConstraint(18) forcesnodesn set) to beslaves.

Next, in orderto meetrequirementl in Sectionll, we con-
sidera graphconnectingall the mastersn the network. The
constraintson the flow variables{ f;; }, guarante¢hatall mas-
tersareconnectedo eachothereitherthroughmasteror bridge
nodes. We take a mastey denotedby o, asthe origin of the
graph;every othermasteiis a sink node. Notice thatary mas-
ter canbetakenasorigin of the graphandthatthe solutionof
problemP doesnot dependon which mastemodeis chosen.
We have

Zfij—ijiZ—Mi Vie N
JEN JjEN P40 (19)
Zij—ijOZZMk—MO (20)
JEN JEN keN
fij < M- (zij +250) Vi, jeN  (21)
fi=0 VYieN. (22

Constraintg19) and(20) guarantedow conseration,i.e.,they
ensurehattheflow originatedin 1o reachegvery masteiin the
network. Inequality(21) ensureghatthereis no flow between
nodei andnodej if neitheri is assignedo j nor j is assigned
to i. Constraint(22) forcesthe flow betweena nodeanditself
to beequalto 0.

Finally, giventhesource-destinatioconnectionshatthenet-
work hasto supporttheconstraintontheroutingvariablesare

asfollows.

S-S et =1 V(sd)€Cs£d
JEN JEN i=s (23)

STt oS et 1 V(sd)eCs#d
JEN JEN i—=d (24)

S-St =0 V(sd)eCs£d
JEN  JEN VieN,i#s,d (25)
rd < 41y V(s,d)eCYieN  (26)
3 < xig+xes V(s,d) €CNiEN (27)

Tff < fij +fji V(S,d) eCVi,jeN

i#8,j#d (28)
Yord<1 V(sdeCVieN  (29)

jEN
red 4 <1 V(s,d)€C,Vi.jEN. (30)

Equations(23)-(25) are constraintson flow conseration and

ensurethatfor each(s, d) € C thereis arouteconnectings to

d. Inequalities(26) and (27) allow a connectionto be routed
throughedge(s, j) only if i and;j communicatei.e., eitheri is

assignedo j, or j is assignedo i. A connectiorcanberouted
througha pair of nodes(i, j), which are mastersor bridges,
if edge(i, ;) belongsto the graphconnectingall the masters
(28). Constraintg29) and(30) guaranteehatloop-freeroutes
areestablished.

C. Remarks

It canbe shavn that problemP is at leastas complex as
the GeometricConnectedDdominating Set problem, which is
provento be NP-completd9]; henceP is NP-complete.

By solving P, we obtainthe optimal BT-WPAN topology
which minimizesthe traffic load of the mostcongestedode,
i.e., its enegy consumption,while guaranteeinghe desired
throughput. Then, for ary source-destinatiopair (s, d), we
canverify whetheran alternatve route exists by usingthe fol-
lowing procedure.We fix variableso;s, 3;s, ;S, and f;;s to
thevaluesthatthey take in the solutionof P, while we setto O
thevariablesﬁf whosevalueis equalto 1 in the solution. By
doingso,we generate new problem,P’, in whichthesolution
obtainedby solving P is forbidden. If P’ is feasible,its solu-
tion providesanew routefor (s, d); otherwisejt is provedthat
analternatve routefor (s, d) doesnotexist.

Finally, we obsenre thatwe did notincludein themodelary
constraintrelatedto the capacityof the network nor of the sin-
gleradiolink; constraintgelatedto the systemcapacitycanbe
verified a posteriori. This is motivatedby the fact that, even
if a solutiondoesnot meetthe capacityconstraintsit suggests
hov muchwe shouldscalethetraffic down in orderto attaina
feasibletopology

D. AnExample

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



TABLE |
INPUT PARAMETERS.

N C M, MAX X MAX Z MAX M |V‘
20 | 15| 4 8 | 192 ({717} | o
TABLE Il
ROUTING OF NETWORK CONNECTIONS.
Connection Traffic Routes No.hops
(0,12) 0.291 {0,16,7,12} 3
(1,14) 0.066 {1,0,13,14} 3
(2,17) 0.764 {2,13,9,17} 3
(4,0) 0.081 {4,13,0} 2
(6,10) 0.063 {6,7,16,0,13,10} 5
(7,15) 0.295 {7,15} 1
(8,13) 0.946 {8,17,9,13} 3
(11,6) 0.328  {11,0,16,7,6} 4
(12,7) 0.077 {12,7} 1
(13,2) 0.872 {13,2} 1
(14,5) 0.548 {14,13,0,16,7,5} 5
(15,9) 0.518 {15,7,9} 2
(17,16) 0.504  {17,9,13,0,16} 4
(18,19) 0.100 {18,7,15,17,19} 4
(19, 18) 0.891 {19,17,15,7,18} 4

dependentlyidentically, anduniformly distributedin a @ x @
regionwith ¢ = 10 distanceunits,andtheinput parameterso
the problemareasreportedin Tablel. Notethatnodes7 and
17 areforcedto actas masters.The active source-destination
connectionaindthe associatedraffic arelistedin thefirst two
columnsof Tablell.

The optimal topology attained by solving problem P is
shavn in Figure2, wherecontinuoudines representhe node-
masterassignmentanddottedlinesdelimit the picocells’area.
Columns3-4 of Tablell reportfor eachnetwork connectiorthe
selectedoute,alongwith the correspondingnumberof hops.

Fromtheproblemsolutionwe have that,besideshodesr and
17,nodesd and13 arechoserasmastersin fact,theoptimiza-
tion procedureselectsa numberof mastersequalto M., SO
thatthe masters'traffic load is reduced.MastersO and 13 are
directly connectedo eachother while masters7 and17 have
to be connectedo othermasterghroughbridgenodesbecause
they arenotlocatedin overlappingareas.

Nodes9, 15 and 16 are selectedas bridges. Obsenre that
bridge 9 would be sufiicient to provide connectity for the
whole network; however, by electingalso15and16 asbridges,
the load of bridge 9 and master13 decreases.For instance,
connection(11,6)is routedthroughnodes{0, 16, 7} insteadof
beingroutedon {0, 13, 9, 7}, thusavoiding 13and9 to beover
loaded.

Althoughin (6) the maximumtraffic 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 value of 0.596,asshowvn in

10

_____ B Master
T Tl O Slave
- ~. A Bridge

Fig. 2. Optimaltopologyobtainedfor theinput parameterin Tablel andthe
traffic demandn Tablell.

TABLE 1lI
TOTAL TRAFFIC THROUGH MASTERS AND BRIDGES.

Node Totaltraffic

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

Tablelll.

IV. NUMERICAL RESULTS

The numericalresultspresentedn this sectionare derived

by usingthe input parameterseportedin Tablel. We assume

= p Vs € S, with p avarying parametenf the system.

Plots are derived by averagingthe resultsobtainedfrom sev-

eral runs, eachof them correspondingo a differentinstance
of the randomvariablesof the systemmodel. Eachproblem
instanceis solved by using the software tool CPLEX, which

solvesmixedintegerproblemsby applyinga branchandbound
algorithm[10]. By usinga Pentiumll 266 MHz, the compu-
tation time per instanceis equalto 7268.31s on averageand
equalto 14086.74s in theworstcase.

Figure 3 shaws the traffic load of the bottlenecknode, B
as a function of the averagesourcerate, p. For eachvalue
of p, resultsare plotted for two different cases. Resultsla-
beledin the plot by OPT are derived by assumingthat for
eachprobleminstancethe traffic matrix is knovn and opti-
mizing the topology for sucha traffic scenario. Resultsla-
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Fig. 3. Traffic loadof thebottlenecknode(B) vs. theaveragesourcerate(p).

Curweslabeledby OPT are derived for the optimal topology whenthe traffic

matrix is known. Resultslabeledby Varz (z = 0.1,0.3,0.5) are obtained
for the sametopology and source-destinatiosonnectionshut introducinga
varianceequalto x in the traffic load. Labels A andW indicatethe average
andtheworstcaseperformancetespectiely, over differentinstances.

beledby Varz (z = 0.1,0.3,0.5) are obtainedby maintain-
ing for eachinstancethe topology derived in the OPT case
and the samesource-destinatiomonnectionsput introducing
a varianceequalto z in the traffic flowing over eachsource-
destinationconnection. For eachsource-destinatiomonnec-
tion, thecorrespondingntryin thetraffic matrixis aninstance
of a randomvariable uniformly distributed between0 and 1.

This enableausto testthe topologygeneratedor giventraffic

conditionsin network scenariosvhereonly the averagecon-
nections’ratesareknown. LabelsA andW denotethe average
andtheworst caseperformancerespectiely, thatareobtained
from thedifferentruns.

Looking at Figure3, we noticethatwhenthe averageperfor
manceis consideredcurvescorrespondingo ary of the Varz
casevverlapthe curvesderivedfor the OPT case.This shavs
that the attainedtopologyis surprisinglyrobustto changesn
theconnectionsate. Whentheworstcaseperformances con-
sideredthe load of the bottlenecknodeincreasesvith the un-
certaintyintroducedn thetraffic demandHowever, the perfor
mancederivedin the Var-z casesarestill very closeto that of
the OPT case gespeciallyfor smallvaluesof p.

Figure 4 shaws the traffic load of the bottleneckasa func-
tion of p, for a network scenariowhereonly the averagetraf-
fic load of the network is known (labeledin the plot by CL).
Thetopologyis optimizedfor a particularinstanceof the traf-
fic matrix and the network performanceis computedas the
source-destinatioconnectionsndtheirtraffic ratesarevaried.
Sourcesanddestinationsaarerandomlychosemamongthe net-
work nodes. Theresultsderived in the CL casearecompared
with thoseobtainedin the OPT case. Again, labels A and W
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Fig. 4. Traffic loadof thebottlenecknode(B) vs. theaveragesourcerate(p).
For eachvalueof p, curveslabeledby CL areobtainedor atopologyoptimized
for a particularinstanceof the traffic matrix and by varying both the source-
destinationconnectionsaindtheir traffic rates. Resultsare comparedwith the
performancelerived underthe network conditionsfor which the topologyhas
beenoptimized(labeledby OPT). Labels A and W indicatethe averageand
theworstcaseperformancetespectiely, obtainedrom differentruns.

indicatethe averageand the worst caseperformancerespec-
tively.

The curve representinghe averageperformanceof the CL
caseis still remarkablycloseto the onereferringto the OPT
casejnsteadalargergap canbe obsenedbetweercunesrep-
resentingthe worst performancen the two cases. This was
expected sincein this casethe optimizationis performedwith
very limited information aboutthe traffic carriedby the net-
work.

Next, we introduceasperformancenetric of the BT-WPAN,
the nodes’residualenegy at the time instantwhenthe bottle-
neckrunsout of enegy. We denotethe residualenegy of the
genericnetwork nodeby e,.. Let us assumethat all network
nodeshave the sameinitial amountof available enepgy, equal
to 1. We considerthe networklifetime to be the period from
thetime instantwhenthenetwork startsfunctioningto thetime
instantwhenthe first noderunsout of enegy, asfirst defined
in [11]. Sincethe main factorto power consumptionin BT-
WPANSs is the amountof traffic receved, transmittedandpro-
cessedy thenodeswe canassuméhatthe BT-WPAN lifetime
is givenby 1/B, with B beingthe bottleneckoad. Hence the
total enegy consumedby the genericnodein the time span
correspondingo the network lifetime is given by the ratio of
its traffic load to the load of the bottlenecknode. The nodes
residualenepy is computedasthe differencebetweenthe en-
emgy initially availableat the nodeandthe amountof enegy it
hasconsumed.

TablelV presentgshe meanandvarianceof the residualen-
ergy andtraffic load of the masterand bridge nodes. Indeed,
thesenodesare the onesthat determinethe network perfor
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Fig.5. Traffic load of the network nodesfor a topologyattainedasa solutionto a particularinstanceof the optimizationproblem. Therole of the nodesin the
topologyis indicatedas: m=masterb=bridge,s=slare. Resultdabeledby OPT referto the network scenaridor which the topologyhasbeenoptimized.Results
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TABLE IV
RESIDUAL ENERGY AND TRAFFIC LOAD OF MASTER AND BRIDGE NODES
FOR p = 0.3. THE SOURCE-DESTINATION CONNECTIONS ARE KNOWN; =
IS THE VARIANCE INTRODUCED IN THE TRAFFIC DEMAND.

x | Ave.e, | Var e, | 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
05| 0477 | 0.123 0.609 0.153

mance sincethey processnoredata,andhenceconsumamore
enegy thanslaves.

Theresultsarederivedfor p = 0.3 for boththeOPTandVar
x casesasdescribedabove (in thetable,x = 0 correspond$o
theOPTcase).

The averagevalue of theresidualenegy is minimumin the
OPT caseandincreasewvith z. In fact,the closerthe network
scenariois to the one for which the topology hasbeenopti-
mized, the longer is the network lifetime and the lessis the
residualenegy at the nodes. On the contrary the variancein
residualenegy doesnotsignificantlychangeaszx varies.

Looking at the meanandvarianceof the nodes'traffic load,
we noticethatit is maximumin the OPT caseand decreases
as z increases. Thus, minimizing the load of the bottleneck
doesnot correspondto minimizing the averagevalue or the
varianceof the mastersandbridges’load. This suggestghat,
dependingon the applicationsupportedby the BT-WPAN and
the nodes’physical characteristicsa different objective func-
tion which leadsto a betterbalanceof the network traffic load
mightbedesirable.

Finally, Figure5 shaws the traffic load of all nodesfor the
topology attainedby solving a particularinstanceof the op-
timization problem. Masters,bridges,and slaves are denoted
by m, b, ands, respectiely. The network bottleneckis node

4. The resultsderived for the network scenariofor which the
topology hasbeenattained(labeledin the figure by OPT) are
comparedwith theresultsobtainedwhena varianceequalto x
is introducedn thetraffic flowing over eachsource-destination
connection(labeledin the figure by Varz, x = 0.1,0.3,0.5).
Notice that in this particularinstance,the connections'rates
generatedor the Var-x casesarelower thanthosein thetraffic
matrix of the OPT casethus,theloadof thebottlenecknodeis
higherin the OPT casethanin theVar-a casesWe alsoobsene
thatthe mastemodeshave the highestvalueof traffic load,and
the differencebetweenthe load of mastersandslavesis about
oneorderof magnitude.

V. CONCLUSIONS AND FUTURE WORK

In this paperwe tackledthe problemof determininganopti-
mal topologyfor BluetoothWirelessPersonalArea Networks.
For this problemwe provided an Integer Linear Programming
formulation, an example of solution, and somenumericalre-
sults.

The constructionof an optimaltopologyfor BluetoothNet-
worksis particularlyimportant,sincethe network lifetime crit-
ically dependsn the amountof enegy consumedy battery-
operatederminals,andthe latteris determinedoy the amount
of information handledby eachdevice, henceby the network
topology

Resultsshav thatoptimizedtopologiescanbequiterobustto
changesn thetraffic pattern.Thisis a very interestingfeature,
sincetraffic forecastsusedfor the topology optimizationare
boundto beonly partly reliable.

The main limitation of our approachiies in the centralized
natureof the optimizationalgorithm. However, it mustbe ob-
sened that a centralizedsolution can be appliedwhen&er a
network coordinatoiis electedmorecer, theavailability of the
resultsof a centralizedoptimizationprovidesa usefulterm of
comparisorfor ary distributedheuristics Neverthelesstheob-



vious next stepin our researchn this field will be the iden-
tification of heuristicapproachesor the constructionof good
topologiesin adistributedfashion.

(1]
(3]

[4]

(5]

(6]

[7]

(8]
[9]
(10]

[11]

REFERENCES

BluetoothCore Specificationhttp://wwwbluetooth.com
http://wwwieee802.ay/15/.

R. Ramanatharand R. Rosales-Hain, Topology Control of Multihop
WirelessNetworksusingTransmitPover Adjustment, IEEEINFOCOM
200Q Tel Aviv, Israel,March2000.

T. Salonidis, P. Bhagwat, L. Tassiulas,and R. LaMaire, “Distributed
TopologyConstructiorof BluetoothPersonaAreaNetworks, IEEE IN-
FOCOM2001,AnchorageAlaska,April 2001.

0. Miklos, A. Racz,Z. Turaryi, A. Valko, and P. Johansson;Perfor
manceAspectsof BluetoothScatternefFormation; First Annual\Work-
shopon Mobile and Ad Hoc Networkingand Computing(MobiHoc), Au-
gust2000,pp.147-48.

V. Rodopluand T.H. Meng, “Minimum Enegy Mobile WirelessNet-
works, IEEE JSAC, vol. 17,n0.8, August1999,pp.1333-44.

L. Lu, “Topology Control for Multihop Packet Radio Networks;
IEEE Transactionson Communicationsyol. 41, no.10, October1993,
pp.1474-81.

T.J. Kwon andM. Gerla,“Clusteringwith Pover Control; IEEE MIL-
COM’99, Atlantic City, NJ, OctoberNovember1999.

M. R. Gargy andD. S. JohnsonComputerand Intractability, W. H. Free-
manandCo.,1979.

CPLEX OptimizationInc., Using the CPLEX Callable Library, version
4.0,1995.

J.-H. ChangandL. Tassiulas,'Energy ConservingRoutingin Wireless
adhocNetworks, IEEEINFOCOM 2000, Tel Aviv, Israel,March2000.



