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ABSTRACT

In thispaper, wedealwith theoptimaltopologydesign
in wirelesspersonalareanetworksbasedontheBluetooth
technology. The problemconsistsin determininghow
to connectnetwork nodesandgrouptheminto piconets
in sucha way that thesystemperformanceis optimized.
Eachpiconetincludesonecentralcontroller, themaster,
andseveral nodescalledslaves. Sinceoneof the major
issuesin WPANs is energy consumptionatmasternodes,
we selectas the objective of topology optimizationthe
time elapsingfrom the instantwhen the network starts
functioningto theinstantwhenthefirst masternoderuns
out of energy. We first introducea centralizedalgorithm
thatelectsmasternodesandassignsslavesto piconets;in
thiscase,thesolutionthatweobtainis optimal,maximiz-
ing our objective function. Then,we developa heuristic
distributedalgorithmfor the assignmentof slavesto pi-
conets,which is morein line with thedistributednature
of thenetwork. Theperformanceof thisdistributedalgo-
rithm closelyapproximatesthe resultsobtainedwith the
optimalcentralizedprocedure.

I. INTRODUCTION

Ad-hocwirelessnetworkshaverecentlyexperienceda
wide popularity; in particular, a greatdeal of attention
hasbeendevotedto short-rangeradio systemsbasedon
theBluetoothtechnology[1], [2], or, equivalently, to the
IEEE 802.15WPAN (WirelessPersonalArea Network)
standard[3].

WPANs operatein theIndustrial,Scientific,andMedi-
cal (ISM) bandat 2.4 GHz. They provide interconnec-
tion amongdevices that are typically battery-powered,
i.e.,thathavelimitedenergyresources,andhavealimited
transmissionrange(of the orderof 10-30m). Thebasic
architecturalunit in WPANs is thepiconet, composedof
amaster deviceand7 active slave devicesatmost,which
cancommunicatewith themasteronly. Device unitsare
all identical and, in principle, any unit can becomethe
masterof a piconet. While thereis a maximumnumber
of activeslavesallowedperpiconet,anunlimitednumber
of nodescanbepartof thepiconet,providedthatthey do
not participatein thepiconettransmissions[1].

A Frequency Hopping Spread Spectrum (FHSS)
schemeis usedat thephysicallevel; eachmasterchooses
a different hoppingsequenceso that multiple piconets
canoperatein thesameareawithout interferingwith each
other. A Time Division Duplex (TDD) techniqueis used
to transmitandreceivedatain eachpiconet:everypacket

transmittedin a slot correspondsto the minimum dwell
time on a frequency hop. Slots are centrally allocated
by the master, and alternatelyusedfor masteror slave
transmissions.By using time multiplexing, nodesmay
participatein morethanonepiconet;a groupof piconets
in which connectionsbetweendifferentpiconetsexist is
calleda scatternet, andthenodesinterconnectingtwo or
morepiconetsarecalledbridges.

One of the most importantaspectsin WPANs is the
creationof thenetwork topology, i.e.,thedefinitionof pi-
conets,andtheinterconnectionof thenodesdeployedin
the network area. Indeed,topologydesignhasa crucial
impacton thetraffic loaddistribution within theWPAN,
andon thenodesenergy consumption.For instance,un-
der the assumptionthat the offered traffic is uniformly
distributed amongthe network nodes,mastersare sub-
jectedto a traffic load that increaseswith the numberof
controlledslaves(mastersmust forward andcollect the
intra-piconetpackets,andpossiblyplayasbridgenodes).
An erroneouschoiceof thenumberof piconetsor anun-
even slaves distribution amongthe piconetscan cause
‘hot spots’ in the network resultingin (i) an inefficient
useof theradioresourcesand(ii) anunevenenergy con-
sumptionamongmasters.Moreover, theenergy required
for communicationbetweenamasterandaslavestrongly
dependsonthedistancebetweenthetwo nodes.An awk-
wardassignmentof slavesto piconetsmayresultin high
energy consumptionatmastersaswell asslaves.

In this paper, we deal with the masterselectionand
the assignmentof the slaves to the piconets,while we
do not addressthe electionof the bridgenodes.We de-
fine an objective function to be optimized through the
network topologydesign,which representstheabovere-
quirementson traffic load distribution and energy con-
sumptionatthenetwork nodes.Then,wedevisetopology
designalgorithmsfor WPAN systems,that both maxi-
mize the objective function, and satisfy the constraints
on the maximum numberof active slaves allowed per
piconetandon the maximumtransmissionrangeof the
radio devices. While defining the objective function,
we mainly focuson energy efficiency andneglect traffic
quality of service(QoS) requirements.Taking into ac-
countQoSmetrics,suchasthroughputandtraffic delay,
in theexpressionof theobjectivefunctionwill besubject
of furtherresearch.

II. THE OBJECTIVE FUNCTION

We take asmain performancemetricsin WPANs the
network lifetime, i.e., the time elapsingfrom the instant



whenthe network startsfunctioningto the instantwhen
the first piconetcollapsesbecauseits masternoderuns
out of energy.

The definition of the performancemetrics considers
that mastersconsumemuch more energy than slaves,
becausemasterscontrol all the transmissionswithin a
piconet and (contrary to slaves, that can go to ‘sleep’
modes)cannevermoveto low-poweroperationalstates.

Themajorcontributionsto powerconsumptionin mas-
ter nodesare: (i) thepower consumedby thedigital part
of the device circuitry; (ii) the power consumedby the
transceiver in transmittingandreceiving mode; (iii) the
outputtransmissionpower.

For devicesthatoperatein theISM bands,typical val-
uesof the power amplifier output, rangeover the inter-
val �������
	���
������ ; instead,thetransceiverpowercon-
sumptionis of the orderof tensto hundredsof mW [4].
Clearly, the output transmissionpower of a masterde-
pendson theradiusof thecorrespondingpiconet,andthe
totalpowerconsumptiondependsontheamountof trans-
mitted/received/processedtraffic, thatis a functionof the
numberof controllednodes.

Undertheassumptionthatthetraffic loadis uniformly
distributedamongthenetwork nodes,the lifetime of the
genericmaster� canbewrittenas

����� � ������� �"!$# % � # 	 (1)

where� � is theinitial energy levelatmaster� ; � � is thepi-
conetradius,i.e.,theEuclideandistancebetweenthemas-
terandthefarthestnodeparticipatingin thepiconet;

% �
is

thenumberof nodeswithin thepiconet,and � and
!

are
constantweight factors. In (1), the two termsat the de-
nominatorrepresentthedependency of power consump-
tion on the transmissionrangeandon the mastertrans-
mitting/receiving/processingactivity, respectively. The
valuestakenby � and

!
mustreflectthe relative weight

of the two contributionsto power consumption.For in-
stance,in laptops,PDAs, or sensorsbasedon the Blue-
tooth technology, the energy consumptiondueto output
transmissionpower is quitesignificant,while it becomes
almostnegligible in deviceswhereBluetoothis theonly
wirelessinterface.Noticethat,for thesake of simplicity,
the relationbetweenthe masterpower consumptionand
the numberof controllednodeswasassumedto be lin-
ear;however, any othertypeof relationcouldhave been
consideredaswell, with minorcomplexity increase.

Let &(' �*) �+	-,.,-,/	1032 be thesetof masters;the net-
work lifetime canbedefinedas

�4� ��576�98;:+< )=� � 2>, (2)

Theobjectiveof thetopologyoptimizationis to maxi-
mize

�
while satisfyingthefollowing constraints:? every nodein the network mustparticipatein onepi-

conetat least;? therecannotbemorethan7 activeslavesperpiconet;? the radiusof the piconetcannotexceeda maximum
value, @BA�CED , that dependson the transmissioncapabil-
ity of theradiodevices.

We observe that with the proposeddefinition, by maxi-
mizing

�
weachievebothanevendistributionof thetraf-

fic loadoverthenetwork, andlow-powercommunication
links betweenmastersandslaves.

III. THE NETWORK TOPOLOGY DESIGN

Theproblemof topologycreationin WPANs canbedi-
videdinto two subproblems:theelectionof thenodesthat
haveto actasmasters,andtheassignmentof theslavesto
thepiconets.Theproblemof theelectionof masternodes
is known to be NP-hard[5]; however, heuristicscanbe
found, which approachthe optimal solution in polyno-
mial time. In orderto find theoptimalsolutionto thetwo
subproblems,we needto havea globalknowledgeof the
nodesin the network and, therefore,to usecentralized
algorithms.

In [6], the authorspresenteda distributed procedure
to elect a centralnetwork coordinator, that is supposed
to collectinformationaboutthewholenetwork, centrally
computethenetwork topology, andorganizethenetwork
accordingly. In thispaper, initially weassumethata cen-
tralizedprocedurecanbeperformed,andwe find theop-
timal set of mastersas well as the optimal assignment
of slaves to piconets. Then, by maintainingthe set of
mastersidentifiedvia the centralizedalgorithm,we de-
velop a distributed assignmentscheme,which well ap-
proximatesthe performanceof the centralizedsolution.
In fact,althoughanoptimalnetwork topologycanbeob-
tainedthroughacentralizedschemeonly, adistributedal-
gorithmispreferabletoeasilyadaptthenetwork topology
to possiblechangesin thenodesnumberandposition.

Finally, for the purposeof comparison,the central-
izedandthedistributedalgorithmsarecomparedagainst
a well known distributedassignmenttechniquebasedon
theminimumdistancecriterion[7].

A. The Centralized Algorithm

Theapproachwe proposein orderto find the optimal
network topology in a centralizedmanner, relieson the
useof thetabu search(TS)methodology[8]. Tabu search
algorithmscan be seenas an evolution of the classical
local optimum solution searchcalled SteepestDescent
(SD). However, thanksto theTS mechanismthatallows
worseningsolutionsto bealsoaccepted,contraryto SD,
TS is not subjectto local minima entrapments.TS is
basedon a partialexplorationof thespaceof admissible
solutions,finalized to the discovery of a goodsolution.
Theexplorationstartsfrom aninitial solutionthatis gen-
erallyobtainedwith a greedyalgorithmand,whena stop
criterionis satisfied,it returnsthebestvisitedsolution.

Wedefineasneighborhood thesetof solutionsthatcan
beobtainedfromthecurrentonebyapplyinganappropri-
atetransformation,calledperturbation. At eachiteration
of the tabu searchalgorithm,all solutionsin the neigh-
borhoodareevaluatedandthebestoneis selectedasthe
new currentsolution. A specialrule, the tabu list, is in-
troducedin orderto preventthealgorithmto determinis-
tically cycle amongalreadyvisited solutions. The tabu
list storesthe last acceptedperturbations;until a pertur-
bationis storedin thetabu list, it cannotbeusedto gen-
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Fig. 1. Graphusedin thecentralizedtopologydesignalgorithm.

eratea new perturbation.Thechoiceof thetabu list size
is animportantfactorin theoptimizationprocedure:too
smalla sizecouldcausethecyclic repetitionof thesame
solutions,while too largea sizecouldseverely limit the
numberof applicableperturbations.While deriving the
numericalresultsin SectionIV, we will useastabu list a
fixedtable,whosesizehasbeenproperlysetup to obtain
a goodexplorationof thesolutionsspace.

Four fundamentalaspectsneedto bedefinedin TS:? thechoiceof theinitial solution;? thedefinitionof theperturbationthatgeneratestheso-
lution neighborhood;? theevaluationof thevisitedsolutions;? thestopcriterion.

Let F be the numberof nodesin the network and 0
bethenumberof masters,suchthat 0HGIFKJ�L . As initial
solutionwe randomlychoosethe 0 mastersamongtheF nodes.A perturbationis operatedby changinga mas-
ter with the nearestslave. Applying this perturbationto
every master, we obtaintheneighborhoodof thecurrent
solution.Oncethe 0 mastershavebeenselected,weex-
ecutethe following algorithmto optimally assignslaves
to the 0 piconets.

For eachslave M andeachmaster � , we computethe
lifetime, denotedby

�ON �
, that master� would have if its

transmissionrangecoveredslave M . Observe that if the
distancebetweenmaster � and slave M is greaterthan@ A�CED , �ON � is setat 0. Then, we order the lifetime val-
uesfrom

� A �7P � ��576 �Q8;: <>� � to
� A�CED � �SR�T �98;: <>� �

and,asshown in Fig. 1, wecreateagraphwhich includes
a SOURCE node,a SINK node, 0 MASTER nodes,and

FVUI0 SLAVE nodes.The SOURCE nodeis connected
to eachof the MASTER nodesthroughoneedgewhose
weight, W SOURCE X � , is equalto the numberof active slaves
associatedwith thatmaster;W SOURCE X � ( � � �+	-,-,.,-	�0 ) can-
not be greaterthan 7. Each of the MASTER nodesis
connectedto every SLAVE nodethroughoneedgewhose
weight is of the form

)=Y � N 	 �ON � 2 , where
Y � X N is equalto 1

if slave M is associatedwith master� andequalto 0 other-
wise.Finally, eachSLAVE nodeis connectedto theSINK

nodethroughanedgewith weight Z N X SINK equalto 1 if the
slave hasbeenalreadyassignedto a masterandequalto
0 otherwise.

We fix a targetlifetime value []\ , initially setat [^\ �_ � A �`P � � A�CEDbacJ�� . In the graphwe described,only the
edgesbetweenMASTER nodesandSLAVE nodesthatare
associatedwith avalue

�ON �
equalto or greaterthan [^\ are

enabled,andthe Ford-Fulkersonalgorithm[9] is run. If
an admissiblesolution is obtained,i.e., a solution such
that dfehg 'Nji(k Z N X SINK

� F3Ul0 , thevalueof [^\ is updated
to
_ [^\ � � AmC-D+acJ;� ; otherwise,it is setequalto

_ [^\ �� A �7P acJ;� . This dicotomicprocedureis repeateduntil an
admissiblesolutionthatmaximizes[ \ is found.

Thevisitedsolutionsareevaluatedon thebasisof the
value of network lifetime that they provide. After a
propernumberof iterations,denotedby n , tabu search
approachesthe optimal topologyfor which the network
lifetime is maximized.Thevalueof n is setup in sucha
way thata goodtrade-off betweenthe runningtime and
theperformanceof thealgorithmis achieved.

Thecomplexity of thealgorithmdependson thenum-
berof iterations,on the dimensionof theneighborhood,



o
, on thenumberof timestheFord-Fulkersonalgorithm

is repeated(i.e., p7q;r � _ F � J��ba ), andon the complexity of
theFord-Fulkersonalgorithm(i.e., s _ 0tF � a ) [9]. Thus,
theoverallcomplexity is equalto s _ n ovu p`q+r$F � u 0tF � a .
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 waspro-
posedin [7]. Thesamesetof mastersfoundthroughthe
centralizedalgorithmis used,while thedistributedalgo-
rithmsdecidetheassignmentof slavesto thepiconets.

The Minimum Energy Assignment (MEA) algorithm.
During theprocedureperformedby theWPAN nodesto
discover their neighbors[2], nodescandidateto play the
roleof slavesareableto collectthefollowing information
aboutthemastersnearby:(i) theenergy level of themas-
ter; (ii) thenumberof slavesalreadyunderthecontrolof
the master;(iii) the master’s transmissionrange. Also,
by using the received signal strengthindicator (RSSI),
theslave is ableto estimateits distancefrom themasters
in its proximity. Basedon this information,eachslave
canselectthepiconetswith lessthan7 activeslaves,and
computethe lifetime of the correspondingmasters.The
lifetime is calculatedby consideringas master’s trans-
missionrangethemaximumbetweenthecurrentpiconet
radiusandthedistancebetweentheslave andthecandi-
datemaster. Theslavewill join thepiconetwhosemaster
presentsthebestvalueof lifetime. Thecomplexity of the
algorithmis s _ Fw0xa .
The Minimum Distance Assignment (MDA) algo-
rithm [7].
During the discovering procedurethat takes place in
WPANs [2], eachslave needsto only estimatethe dis-
tancefrom nearbymasters.Theslaveselectsthepiconets
with lessthan7 active slaves,andcomputesits distance
from the selectedmasters.Among these,it choosesthe
piconetwhosemasteris at the smallestdistance. The
complexity of thealgorithmis s _ Fw0xa .

IV. NUMERICAL RESULTS

Resultsarepresentedin termsof thenetwork lifetime
that canbe obtainedby using the proposedalgorithms,
and are comparedagainstthe resultsproducedby the
MDA schemeproposedin [7]. Recallthat thethreepro-
ceduresconsiderthe sameset of network masters,and
differ in theassignmentalgorithmonly. Thesolutionob-
tainedthroughthecentralizedalgorithmis computedby
settingthe sizeof the tabu list to 10 andthe maximum
numberof iterationsto 100.

While deriving theresults,wesettheparameters� and!
in (1) in sucha way that themasters’power consump-

tion dueto thetransmitting/receiving/processingactivity
is tentimesgreaterthanthetransmissionpowercontribu-
tion.

Nodesareuniformlydistributedoverarectangulararea
anddistancesarenormalizedwith respectto thediagonal
dimensionof the network area. @�A�CED is setto be equal
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Fig. 3. Network lifetime asthenumberof mastersvaries;thenumber
of network nodesis equalto 35.

to onefourth of thediagonalvalue. Theperformanceof
thethreeproceduresareobtainedby averagingtheresults
derivedfrom 10differentinstancesof thenodes’distribu-
tion over thenetwork area.

Fig.2 showsthenetwork lifetime versusthenumberof
network nodes;the numberof piconets(i.e., masters)is
equalto 5. As expected,theoptimalassignmentscheme
outperformsboth the MEA and the MDA algorithms;
theimprovementin thenetwork lifetime that is achieved
throughtheoptimalschemewith respectto theMDA al-
gorithm, is about20%. From Fig. 2, it is interestingto
notice that for almostany numberof nodesin the net-



work, the performanceof the centralizedalgorithmand
of thez MEA algorithmarevery close.Thecurvesrelated
to the centralizedand to the MEA schemesdiffer only
whenthesystemis saturated,i.e., whenthesystemcon-
sistsof 40 nodesandeachpiconetserves7 active slaves.
This suggeststhat, if we fix a-priori thesetof nodesthat
have to act as masters,the distributed MEA algorithm
providesa network topologywhoseperformanceis sur-
prisinglycloseto theoptimalsystembehavior.

Now, we fix the numberof network nodesto 35 and
study the behavior of the network lifetime as the num-
ber of mastersvaries. Fig. 3 shows the resultsobtained
when the numberof mastersrangesfrom 5 to 11, with
5 and11 correspondingto an averagenumberof slaves
per piconetequalto 6 and2, respectively. Observe that
undertheseconditions,the performanceof the optimal
assignmentandof theMEA schemeoverlap,andtheim-
provementwith respectto theMDA algorithmincreases
as the averagenumberof slaves per piconetdecreases.
In fact, for small valuesof 0 thereis little variability
in theassignmentsolution,while as 0 increases,theas-
signmentbasedon theminimumdistancecriteriongives
significantly worse performance. As an example, for0 � �.
 , the improvementthat can be achieved with
the MEA scheme,with respectto the MDA algorithm,
is equalto 16%.

V. CONCLUSION AND FUTURE WORK

In this paper, we addressedthe problemof topology
creation in WPAN systems. We definedan objective
function, that is maximizedthroughthe network design
procedure,asthetimeelapsingfrom theinstantwhenthe
network startsfunctioning to the instantwhen the first
masternode runs out of energy. We proposeda cen-
tralizedalgorithm that both electsthe network masters,
andassignsslavesto piconetsin an optimalway. Then,
by keepingthe samesetof masternodes,we developed
a distributed procedurefor the assignmentof slaves to
piconets. Numericalresultsshowed that the distributed
algorithm closely approximatesthe performanceof the
centralizedsolution for almostany numberof nodesin
thenetwork area.

Futurework will focuson theperformanceassessment
of the distributed assignmentalgorithm when a time-
varying topologyis consideredandon the identification
of bridgenodesbetweendifferentpiconets.A fundamen-
tal issuethat needsto be addressedis alsothe trade-off
betweennetwork lifetime andquality of servicerequire-
mentsin termsof traffic delayandthroughput.
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