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ABSTRACT

In this paperwe dealwith the optimaltopologydesign
in wirelesspersonahreanetworksbasentheBluetooth
technology The problemconsistsin determininghow
to connectnetwork nodesand grouptheminto piconets
in sucha way thatthe systemperformances optimized.
Eachpiconetincludesonecentralcontroller, the master,
andseveral nodescalledslaves. Sinceone of the major
issuesn WPANSs is enegy consumptiorat mastemodes,
we selectas the objective of topology optimizationthe
time elapsingfrom the instantwhen the network starts
functioningto theinstantwhenthefirst mastemoderuns
out of enegy. We first introducea centralizedalgorithm
thatelectsmastemodesandassignslavesto piconetsjn
this casethe solutionthatwe obtainis optimal, maximiz-
ing our objectie function. Then,we develop a heuristic
distributedalgorithmfor the assignmenbof slavesto pi-
conets,which is morein line with the distributed nature
of thenetwork. The performancef this distributedalgo-
rithm closelyapproximateshe resultsobtainedwith the
optimalcentralizedorocedure.

I. INTRODUCTION

Ad-hocwirelessnetworks have recentlyexperiencecda
wide popularity; in particular a greatdeal of attention
hasbeendevotedto short-rangeadio systemshasedon
the Bluetoothtechnology{1], [2], or, equivalently, to the
IEEE 802.15WPAN (WirelessPersonalArea Network)
standard3].

WPANS operatédn thelndustrial,Scientific,andMedi-
cal (ISM) bandat 2.4 GHz. They provide interconnec-
tion amongdevices that are typically battery-pevered,
i.e.,thathavelimited enegy resourcesandhave alimited
transmissiommange(of the orderof 10-30m). The basic
architecturalunit in WPANS is the piconet, composef
amaster device and? active dave devicesatmost,which
cancommunicatevith the masteronly. Device unitsare
all identicaland, in principle, any unit can becomethe
masterof a piconet. While thereis a maximumnumber
of active slavesallowedperpiconet,anunlimitednumber
of nodescanbe partof thepiconet,providedthatthey do
not participatein the piconettransmissiongl].

A Frequeng Hopping Spread Spectrum (FHSS)
schemas usedatthephysicallevel; eachmasterchooses
a different hopping sequenceso that multiple piconets
canoperatan thesameareawithoutinterferingwith each
other A Time Division Duplex (TDD) techniques used
to transmitandreceve datain eachpiconet:every paclet

transmittedin a slot correspondso the minimum dwell

time on a frequeny hop. Slots are centrally allocated
by the mastey and alternatelyusedfor masteror slave

transmissions.By usingtime multiplexing, nodesmay
participatein morethanonepiconet;a groupof piconets
in which connectiondetweendifferentpiconetsexist is

calleda scatternet, andthe nodesinterconnectingwo or

morepiconetsarecalledbridges.

One of the mostimportantaspectdn WPANSs is the
creationof thenetwork topology i.e., thedefinitionof pi-
conetsandtheinterconnectiorof the nodesdeployedin
the network area. Indeed,topology designhasa crucial
impacton thetraffic load distribution within the WPAN,
andon the nodesenegy consumption.For instance un-
der the assumptiorthat the offered traffic is uniformly
distributed amongthe network nodes,mastersare sub-
jectedto atraffic loadthatincreasesvith the numberof
controlledslaves (mastersmust forward and collect the
intra-piconeipaclets,andpossiblyplay asbridgenodes).
An erroneoughoiceof the numberof piconetsor anun-
even slaves distribution amongthe piconetscan cause
‘hot spots’in the network resultingin (i) an inefficient
useof theradioresourcesnd(ii) anunevzenenegy con-
sumptionamongmasters Moreover, the enegy required
for communicatiorbetweera masterandaslave strongly
depend®nthedistancebetweerthetwo nodes.An awk-
wardassignmentf slavesto piconetsmayresultin high
enepgy consumptiorat mastersaswell asslaves.

In this paper we deal with the masterselectionand
the assignmenbf the slaves to the piconets,while we
do not addresghe electionof the bridgenodes. We de-
fine an objective function to be optimized throughthe
network topologydesign,which representshe above re-
quirementson traffic load distribution and enegy con-
sumptionatthenetwork nodes.Then,we devisetopology
designalgorithmsfor WPAN systems that both maxi-
mize the objective function, and satisfy the constraints
on the maximum numberof active slaves allowed per
piconetand on the maximumtransmissiorrangeof the
radio devices. While defining the objective function,
we mainly focuson enegy efficiency andneglecttraffic
quality of service(QoS)requirements.Taking into ac-
countQoSmetrics,suchasthroughputandtraffic delay
in theexpressiorof the objective functionwill besubject
of furtherresearch.

[I. THE OBJECTIVE FUNCTION

We take as main performancemetricsin WPANSs the
network lifetime, i.e., the time elapsingfrom the instant



whenthe network startsfunctioningto the instantwhen
the first piconetcollapseshecausdts masternoderuns
out of enepy.

The definition of the performancemetrics considers
that mastersconsumemuch more enegy than slaves,
becausemasterscontrol all the transmissionswithin a
piconetand (contraryto slaves, that can go to ‘sleep’
modes)cannever move to low-power operationaktates.

Themajorcontributionsto powerconsumptionn mas-
ter nodesare: (i) the power consumedy thedigital part
of the device circuitry; (ii) the power consumedy the
transcever in transmittingand recevving mode; (iii) the
outputtransmissiorpower.

For devicesthatoperaten the ISM bandstypical val-
uesof the power amplifier output, rangeover the inter
val [1 mW, 20 mW]; instead the transcevier power con-
sumptionis of the orderof tensto hundredsof mw [4].
Clearly, the outputtransmissiorpower of a masterde-
pendsontheradiusof thecorrespondingiconet,andthe
total power consumptiordepend®ntheamountof trans-
mitted/receved/processetiaffic, thatis a functionof the
numberof controllednodes.

Underthe assumptionthatthetraffic loadis uniformly
distributedamongthe network nodes the lifetime of the
genericmaster; canbewrittenas

E;
b= Al .

whereE; istheinitial enegy level atmaster; r; is thepi-
conetradius,i.e.,theEuclideardistancebetweerthemas-
terandthefartheshodeparticipatingin thepiconet;n; is
the numberof nodeswithin the piconet,anda andg are
constantweightfactors. In (1), the two termsat the de-
nominatorrepresenthe dependeng of power consump-
tion on the transmissiorrangeand on the mastertrans-
mitting/receving/processingactivity, respectiely. The
valuestaken by o and 8 mustreflectthe relative weight
of the two contributionsto power consumption.For in-
stance,n laptops,PDAs, or sensordasedon the Blue-
tooth technology the enegy consumptiordueto output
transmissiorpower is quite significant,while it becomes
almostnggligible in deviceswhereBluetoothis the only
wirelessinterface.Noticethat, for the sale of simplicity,
the relation betweenthe masterpower consumptiorand
the numberof controllednodeswas assumedo be lin-
ear;however, ary othertype of relationcould have been
considereaswell, with minor compleity increase.

LetSy = {1,..., M} bethesetof mastersthe net-
work lifetime canbe definedas

L= min {L} . )

The objective of thetopologyoptimizationis to maxi-
mize L while satisfyingthefollowing constraints:
« every nodein the network mustparticipatein one pi-
conetatleast;
« therecannotbe morethan7 active slavesperpiconet;
« the radiusof the piconetcannotexceeda maximum
value, R,,., that dependson the transmissiorcapabil-
ity of theradiodevices.

We obsene that with the proposeddefinition, by maxi-
mizing L we achieve bothanevendistribution of thetraf-
fic loadoverthenetwork, andlow-powercommunication
links betweermastersandslaves.

[11. THE NETWORK TOPOLOGY DESIGN

Theproblemof topologycreationn WPANs canbedi-
videdinto two subproblemstheelectionof thenodeghat
haveto actasmastersandtheassignmenof theslavesto
thepiconets.Theproblemof theelectionof mastemodes
is known to be NP-hard[5]; however, heuristicscanbe
found, which approachthe optimal solutionin polyno-
mial time. In orderto find the optimal solutionto the two
subproblemswe needto have a globalknowledgeof the
nodesin the network and, therefore,to use centralized
algorithms.

In [6], the authorspresentedh distributed procedure
to electa centralnetwork coordinator thatis supposed
to collectinformationaboutthe whole network, centrally
computethe network topology andorganizethe network
accordingly In this paperinitially we assumehata cen-
tralizedprocedurecanbe performedandwe find the op-
timal set of mastersas well asthe optimal assignment
of slavesto piconets. Then, by maintainingthe set of
mastersdentified via the centralizedalgorithm, we de-
velop a distributed assignmenscheme which well ap-
proximatesthe performanceof the centralizedsolution.
In fact,althoughanoptimalnetwork topologycanbeob-
tainedthroughacentralizedschemenly, adistributedal-
gorithmis preferabldao easilyadapthenetwork topology
to possiblechangesn the nodesnumberandposition.

Finally, for the purposeof comparison,the central-
izedandthe distributedalgorithmsarecomparedagainst
awell known distributedassignmentechniquebasedon
theminimumdistancecriterion[7].

A. The Centralized Algorithm

The approachwe proposen orderto find the optimal
network topologyin a centralizedmanney relieson the
useof thetabu searchTS) methodology{8]. Tabu search
algorithmscan be seenas an evolution of the classical
local optimum solution searchcalled SteepesDescent
(SD). However, thanksto the TS mechanisnthatallows
worseningsolutionsto be alsoacceptedcontraryto SD,
TS is not subjectto local minima entrapments. TS is
basedon a partial explorationof the spaceof admissible
solutions,finalizedto the discovery of a good solution.
Theexplorationstartsfrom aninitial solutionthatis gen-
erally obtainedwith a greedyalgorithmand,whena stop
criterionis satisfiedjt returnsthe bestvisited solution.

We defineasneighborhood thesetof solutionsthatcan
beobtainedrom thecurrentoneby applyinganappropri-
atetransformationgalledperturbation. At eachiteration
of the talu searchalgorithm, all solutionsin the neigh-
borhoodareevaluatedandthe bestoneis selectedasthe
new currentsolution. A specialrule, the tabu list, is in-
troducedin orderto preventthe algorithmto determinis-
tically cycle amongalreadyvisited solutions. The tabu
list storesthe last acceptedperturbationsuntil a pertur
bationis storedin thetahu list, it cannotbe usedto gen-
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Fig. 1. Graphusedin thecentralizedopologydesignalgorithm.

eratea new perturbation.The choiceof thetaku list size
is animportantfactorin the optimizationproceduretoo
smallasizecould causehecyclic repetitionof the same
solutions,while too large a size could severely limit the
numberof applicableperturbations.While deriving the
numericalresultsin SectionlV, we will useastahu list a
fixedtable,whosesizehasbeenproperlysetup to obtain
agoodexplorationof thesolutionsspace.

Fourfundamentahspectseedto bedefinedin TS:

« thechoiceof theinitial solution;

« thedefinitionof the perturbatiorthatgenerateshe so-
lution neighborhood,;

« theevaluationof thevisitedsolutions;

« thestopcriterion.

Let N bethe numberof nodesin the network and M
bethenumberof masterssuchthatM > N/8. Asinitial
solutionwe randomlychoosethe M mastersamongthe
N nodes.A perturbationis operatedby changinga mas-
ter with the nearesslave. Applying this perturbationto
every master we obtainthe neighborhoodf the current
solution.Oncethe M masterdave beenselectedye ex-
ecutethe following algorithmto optimally assignslaves
to the M piconets.

For eachslave j and eachmasteri, we computethe

lifetime, denotedby L?, that master; would have if its
transmissiorrangecoveredslave j. Obsenre thatif the
distancebetweenmasteri and slave j is greaterthan
Rpnaz, L7 is setat 0. Then,we orderthe lifetime val-
uesfrom Lin = minges,, L; t0 Lo, = max;es,, L;
and,asshovnin Fig. 1, we createa graphwhichincludes
a SOURCE node,a SINK node, M MASTER nhodes,and

N — M sLAVE nodes. The SOURCE nodeis connected
to eachof the MASTER nodesthroughone edgewhose
weight, Zsource, i, 1S €qualto the numberof actve slaves
associatetvith thatmasterzsoyrce,; (i = 1,..., M) can-
not be greaterthan 7. Each of the MASTER nodesis
connectedo every SLAVE nodethroughoneedgewhose
weightis of theform {y;;, L]}, wherey; ; is equalto 1
if slave j is associateavith masteri andequalto O other
wise. Finally, eachsL AV E nodeis connectedo the SINK
nodethroughanedgewith weight z; g« €qualto 1 if the
slave hasbeenalreadyassignedo a masterandequalto
0 otherwise.

We fix atargetlifetime valueTy, initially setat7y, =
(Lmin + Lmaz)/2. In the graphwe describedpnly the
edgeshetweerMASTER nodesandsLAVE nodesthatare
associatesvith avalueL] equalto or greatetthan7’, are
enabled andthe Ford-Fulkersonalgorithm[9] is run. If
an admissiblesolutionis obtained,i.e., a solution such
thatZéV:]M zj,sne = N — M, thevalueof T, is updated
t0 (T, + Lmas)/2; Otherwise,it is setequalto (T, +
Lin)/2. This dicotomicprocedures repeatedintil an
admissiblesolutionthatmaximizesT, is found.

Thevisited solutionsare evaluatedon the basisof the
value of network lifetime that they provide. After a
propernumberof iterations,denotedby I, talu search
approacheshe optimal topology for which the network
lifetime is maximized.Thevalueof I is setupin sucha
way thata goodtrade-of betweerthe runningtime and
the performancef thealgorithmis achieved.

The compleity of the algorithmdependon the num-
ber of iterations,on the dimensionof the neighborhood,



K, onthenumberof timesthe Ford-Fulkersonalgorithm
is repeatedi.e., log, (N?/2)), andon the complexity of
the Ford-Fulkersonalgorithm(i.e., O(M N?)) [9]. Thus,
theoverallcompleity is equalto O(IK -log N2- M N?).

B. The Distributed Assignment Algorithms

In this sectionwe briefly outline the proposeddis-
tributed algorithm, as well as the distributed scheme
basedon the minimum distancecriterion, that was pro-
posedin [7]. Thesamesetof masterfoundthroughthe
centralizedalgorithmis used,while the distributedalgo-
rithmsdecidetheassignmendf slavesto the piconets.

The Minimum Energy Assignment (MEA) algorithm.
During the procedureperformedby the WPAN nodesto
discover their neighborgq2], nodescandidateto play the
role of slavesareableto collectthefollowing information
aboutthemastersiearby:(i) theenepgy level of themas-
ter; (ii) the numberof slavesalreadyunderthe control of
the master;(iii) the masters transmissiorrange. Also,
by using the receved signal strengthindicator (RSSI),
theslave is ableto estimatets distancerom the masters
in its proximity. Basedon this information, eachslave
canselectthe piconetswith lessthan7 active slaves,and
computethe lifetime of the correspondingnasters.The
lifetime is calculatedby consideringas masters trans-
missionrangethe maximumbetweerthe currentpiconet
radiusandthe distancebetweerthe slave andthe candi-
datemaster Theslave will join thepiconetwhosemaster
presentshebestvalueof lifetime. Thecompleity of the
algorithmis O(NM).

The Minimum Distance Assignment (MDA) algo-

rithm [7].

During the discovering procedurethat takes place in

WPANS [2], eachslave needsto only estimatethe dis-

tancefrom nearbymastersTheslave selectghepiconets
with lessthan7 active slaves,andcomputesdts distance
from the selectednasters.Among these,it chooseghe
piconetwhosemasteris at the smallestdistance. The
compleity of thealgorithmis O (N M).

IV. NUMERICAL RESULTS

Resultsarepresentedn termsof the network lifetime
that can be obtainedby using the proposedalgorithms,
and are comparedagainstthe results producedby the
MDA schemeproposedn [7]. Recallthatthethreepro-
ceduresconsiderthe sameset of network masters,and
differ in theassignmenélgorithmonly. The solutionob-
tainedthroughthe centralizedalgorithmis computedby
settingthe size of the taku list to 10 andthe maximum
numberof iterationsto 100.

While deriving theresultswe settheparameters and
B in (1) in suchaway thatthe masterspower consump-
tion dueto thetransmitting/receiing/processin@ctiity
is tentimesgreatethanthetransmissiorpower contribu-
tion.

Nodesareuniformly distributedoverarectangulaarea
anddistancesrenormalizedwith respecto thediagonal
dimensionof the network area. R, is setto be equal
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Fig. 3. Network lifetime asthe numberof masterssaries;the number
of network nodesis equalto 35.

to onefourth of the diagonalvalue. The performanceof
thethreeproceduregreobtainedoy averagingtheresults
derivedfrom 10differentinstance®f thenodes'distribu-
tion overthe network area.

Fig. 2 shonvsthenetwork lifetime versughe numberof
network nodes;the numberof piconets(i.e., masters)s
equalto 5. As expectedthe optimalassignmenscheme
outperformsboth the MEA and the MDA algorithms;
theimprovementin the network lifetime thatis achieved
throughthe optimal schemawith respecto the MDA al-
gorithm, is about20%. From Fig. 2, it is interestingto
notice that for almostany numberof nodesin the net-



work, the performanceof the centralizedalgorithmand
of the MEA algorithmarevery close.The curvesrelated
to the centralizedand to the MEA schemedliffer only
whenthe systemis saturatedi.e., whenthe systemcon-
sistsof 40 nodesandeachpiconetsenes? active slaves.
This suggestshat,if we fix a-priorithe setof nodesthat
have to act as masters the distributed MEA algorithm
providesa network topology whoseperformances sur
prisingly closeto the optimal systembehavior.

Now, we fix the numberof network nodesto 35 and
study the behaior of the network lifetime asthe num-
ber of mastersvaries. Fig. 3 shavs the resultsobtained
whenthe numberof mastersrangesfrom 5 to 11, with
5 and 11 correspondingo an averagenumberof slaves
per piconetequalto 6 and2, respectiely. Obsene that
undertheseconditions,the performanceof the optimal
assignmenandof the MEA schemeoverlap,andtheim-
provementwith respecto the MDA algorithmincreases
asthe averagenumberof slaves per piconetdecreases.
In fact, for small valuesof M thereis little variability
in theassignmensolution,while as M increasestheas-
signmentbasedon the minimum distancecriterion gives
significantly worse performance. As an example, for
M = 10, the improvementthat can be achieved with
the MEA schemewith respectto the MDA algorithm,
is equalto 16%.

V. CONCLUSION AND FUTURE WORK

In this paper we addressedhe problemof topology
creationin WPAN systems. We definedan objective
function, thatis maximizedthroughthe network design
procedureasthetime elapsingfrom theinstantwhenthe
network startsfunctioning to the instantwhen the first
masternode runs out of enegy. We proposeda cen-
tralized algorithm that both electsthe network masters,
andassignsslavesto piconetsin anoptimalway. Then,
by keepingthe samesetof mastemodes we developed
a distributed procedurefor the assignmenbf slavesto
piconets. Numericalresultsshaved that the distributed
algorithm closely approximateghe performanceof the
centralizedsolution for almostany numberof nodesin
thenetwork area.

Futurework will focusonthe performanceassessment

of the distributed assignmentalgorithm when a time-
varying topologyis considerecand on the identification
of bridgenodedetweerdifferentpiconets A fundamen-
tal issuethat needsto be addresseds alsothe trade-of
betweemetwork lifetime andquality of servicerequire-
mentsin termsof traffic delayandthroughput.
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