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Abstract

We presenta fast local clusteringservice, FLOC, that
partitions a multi-hop wirelessnetwork into nonoverlap-
ping andapproximatelyequal-sizedclusters. Each cluster
hasa clusterheadsuch that all nodeswithin unit distance
of theclusterheadbelongto theclusterbut no nodebeyond
distancem fromtheclusterheadbelongsto thecluster.

By assertingm � 2, FLOC achieveslocality: effectsof
clusterformationandfaults/changesat anypart of thenet-
work are containedwithin at mostm units. By takingunit
distanceto bethereliablecommunicationradiusandm to
bethemaximumcommunicationradius,FLOC exploitsthe
double-bandnature of wirelessradio-modeland achieves
clusteringin constanttimeregardlessof thenetworksize.

Through simulationsand experimentswith actual de-
ployments,weanalyzethetradeoffsbetweenclusteringtime
and the quality of clustering, and suggestsuitableparam-
eters for FLOC to achieve a fast completiontime without
compromisingthequalityof theresultingclustering.

Keywords: Clustering, locality, self-con�guration, self-
healing, local fault-tolerance.

1 Intr oduction

Large-scalead hoc wirelesssensornetworks introduce
challengesfor self-con�gurationandmaintenance.Central-
ized solutionsthat rely on pre-de�nedcon�gurer or main-
tainer nodesare unsuitable:Requiringall the nodesin a
large-scalenetwork to communicatetheir datato a central-
ized base-stationdepletesthe energy of the nodesquickly
dueto the long-distanceandmulti-hop natureof the com-
municationandalsoresultsin network contention.

Clusteringis a standardapproachfor achieving ef�cient
and scalablecontrol in thesenetworks. Clusteringfacili-
tatesthedistributionof controloverthenetwork. Clustering
savesenergy andreducesnetwork contentionby enabling

locality of communication:nodescommunicatetheir data
over shorterdistancesto their respective clusterheads.The
clusterheadsaggregatethesedatainto asmallersetof mean-
ingful information.Not all nodes,but only theclusterheads
needto communicatefar distancesto thebasestation;this
burdencanbe alleviatedfurtherby hierarchicalclustering,
i.e.,by applyingclusteringrecursivelyovertheclusterheads
of a lower level.

To enableef�cient andscalablecontrol of the network,
aclusteringserviceshouldcombineseveralproperties.The
serviceshouldachieveclusteringin afastandlocalmanner:
clusterformationandchanges/failuresin onepartof thenet-
work shouldbeinsulatedfrom otherparts.Furthermore,the
serviceshouldproduceapproximatelyequal-sizedclusters
with minimumoverlapamongclusters.Equal-sizedclusters
is a desirablepropertybecauseit enablesanevendistribu-
tion of control (e.g.,dataprocessing,aggregation,storage
load)overclusterheads;no clusterheadis over-burdenedor
under-utilized. Minimum overlapamongclustersis desir-
ablefor energyef�ciency becauseanodethatparticipatesin
multipleclustersconsumesmoreenergy by having to trans-
mit to multipleclusterheads.

In this paperwe are interestedin a strongerproperty,
namelya solid-discclusteringproperty, that implies mini-
mizationof overlap. The solid-discpropertyrequiresthat
all nodesthatarewithin a unit distanceof aclusterheadbe-
longonly to its cluster. In anotherwords,all clustershavea
nonoverlappingunit radiussolid-disc.

Solid-disc clustering is desirablesince it reducesthe
intra-clustersignalcontention:Theclusterheadis shielded
at all sideswith nodesthat belongto only its cluster, so
the clusterheadreceives messagesfrom only thosenodes
thatarein its cluster, anddoesnothave to endurereceiving
messagesfrom nodesthat arenot in its cluster. Solid-disc
clusteringalsoresultsin a guaranteedupperboundon the
numberof clusters: In the context of hierarchicalcluster-
ing, minimizing the numberof clustersat a level leadsto
lower-costclusteringat the next level. Finally solid-discs



yield betterspatialcoveragewith clusters:Aggregationat
the clusterheadis moremeaningfulsinceclusterheadis at
themedianof theclusterandreceivesreadingsfrom all di-
rectionsof thesolid disc (i.e., is not biasedto only onedi-
rection).

Equi-radiussolid-discclusteringwith boundedoverlaps
is, however, not achievablein a distributedandlocal man-
ner. We illustrate this observation with an examplefor a
1-D network (for thesakeof simplicity).
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Figure 1. Eachpair of bracketsconstitutesoneclusterof unit
radius,andcolorednodesdenoteclusterheads.
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Figure 2. A new nodej joins thenetwork betweenclustersof
clusterheadsL andK .
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Figure 3. Nodej formsanew clusterandleadsto re-clustering
of theentirenetwork.

Considera clustering schemethat constructsclusters
with a �x edradius,sayR = 1, solid-disc.Figure1 shows
onesuchconstruction.We show that for �x edradiusclus-
teringschemes,a nodejoin canleadto re-clusteringof the
entirenetwork. Whennodej joins thenetwork (Figure2),
it cannotbesubsumedin its neighboringclustersasj is not
within unit distanceof neighboringclusterheadsL andK .
j thus forms a new clusterwith itself as the clusterhead.
Sinceall nodeswithin unit radiusof a clusterheadshould
belongits cluster, j subsumesneighboringnodesl1 andk1

in its cluster. This leadsto neighboringclusterheadsL and
K to relinquishtheir clustersandelectionof l2 andk2 as
thenew clusterheads(Figure3). Thecascadingeffectprop-
agatesfurther as the new clusterheadsl2 andk2 subsume
their neighboringnodesleadingto re-clusteringof the en-
tire network.

Our contributions. Weshow thatsolid-discclusteringwith
boundedoverlapsis achievable in a distributed and local
mannerfor approximatelyequal radii (insteadof exactly
equal-radii). More speci�cally, we presentFLOC, a fast
local clusteringservicethat producesnonoverlappingand
approximatelyequal-sizedclusters. The resultantclusters
haveatleastaunit radiussolid-discaroundtheclusterheads,

but they may also include nodesthat are up to m, where
m � 2, unitsaway from their respective clusterheads.By
assertingm � 2, FLOCachieveslocality: effectsof cluster
formationandfaults/changesat any partof thenetwork are
containedwithin at mostm unit distance.

While presentingFLOC we take unit radius to be the
reliablecommunicationradiusof a nodeandm to be the
maximumcommunicationradius. In so doing we exploit
thedouble-bandnatureof wirelessradio-modelandpresent
acommunication-and,hence,energy-ef�cient clustering.

FLOC is suitablefor clusteringlarge-scalewirelesssen-
sor networks sinceit is fastandscalable.FLOC achieves
clusteringin O(1)timeregardlessof thesizeof thenetwork.
FLOCis alsolocally self-healingin thatafterfaultsstopoc-
curring,faultsandchangesarecontainedwithin therespec-
tive clusteror within the immediateneighboringclusters,
andFLOCachievesre-clusteringwithin constanttime.

We simulateFLOC usingProwler [15] andanalyzethe
tradeoffs betweenclusteringtime and the quality of the
clustering.We observe that forcing a very shortclustering
timeleadsto network traf�c congestionandmessagelosses,
andhence,degradesthequality of the resultantclustering.
We suggestsuitableparametersfor FLOC to achieve a fast
completiontime without compromisingfrom the quality
of clustering. Furthermore,we implementFLOC on the
Mica2 [16] moteplatform andexperimentwith actualde-
ploymentsto corroborateour simulationresults.

Outline. After presentingthenetwork andfault modelin
the next section,we presentthe basicFLOC programin
Section3. We discusstheself-healingpropertiesof FLOC
in Section4. In Section5, wepresentadditionalactionsthat
improvesthe convergencetime of the clustering. We dis-
cussour simulationandimplementationresultsin Section
6. In Section7 we presentrelatedwork, andwe conclude
thepaperin Section8.

2 Model

We considera wirelesssensornetwork wherenodeslie
in a 2-D coordinateplane. The wirelessradio-modelfor
the nodesis double-band:A node can communicatere-
liably with the nodesthat are in its inner-band (i-band)
range,andunreliably(i.e., only a percentageof messages
gothrough)with thenodesin its outer-band(o-band) range.
Thisdouble-bandbehavior of thewirelessradiois observed
in [6,17,18]

We de�ne theunit distanceto be the i-bandradius. We
require that the o-bandradius is m units where m � 2.
Thisis areasonableassumptionfor o-bandradius[6,17,18].
Nodescandeterminewhetherthey fall within i-bandor o-
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bandof a certainnodeby usingany of thefollowing meth-
ods:

� Nodesarecapableof measuringthesignalstrengthof a
receivedmessage[9]. This measurementmaybeused
asan indicationof distancefrom thesender. E.g.,as-
sumingasignalstrengthlossformula( 1

1+ d2 ), whered
denotesdistancefrom thesender, thei-bandneighbors
receive the messagewith [0.5, 1] of the transmission
power, and,for m = 2 the o-bandneighborsreceive
themessagewith [0.2,0.5] power.

� Nodesmaymaintainarecordof percentageof received
messageswith respectto neighbors[6], andinfer the
i-band/o-bandneighborsfrom the quality of the con-
nections.

� An underlyinglocalizationservice[11,14] may pro-
vide thenodeswith thesedistanceinformation.

Weassumethatnodeshavetimers,but wedonot require
time synchronizationacrossthenodes.Timersareusedfor
taskssuchassendingof periodicheartbeatsandtiming out
of a nodewhenwaiting on a condition.Nodeshaveunique
ids. We usei , j andk to denotethenodes,andj:v ar to de-
noteaprogramvariableresidingat j . We denoteamessage
broadcastby j asmsg j .

A program consistsof a setof variablesandactionsat
eachnode.Eachactionhastheform:

< guard> � ! < assignmentstatement>
A guard is abooleanexpressionovervariables.An assign-
mentstatementupdatesoneor morevariables.

Fault model. Nodesmay fail-stop and crash,but we as-
sumethatthenetwork doesnot getpartitioned.New nodes
canjoin the network. Thesefaultscanoccur in any �nite
number, at any timeandin any order.

A programis self-healingif f after faultsstopoccurring
the programeventually recovers to a statefrom whereits
speci�cationis satis�ed.

Problem statement. Designa distributed, local, scalable
andself-healingprogramthat constructsa clusteringof a
network suchthat:

� a uniquenodeis designatedasa clusterheadof each
cluster,

� everynodein theinner-bandof aclusterheadj belongs
to j 's cluster,

� no nodeoutsidetheouter-bandof a clusterheadj be-
longsto j 's cluster,

� everynodebelongsto a cluster, and

� nonodebelongsto multiple clusters.

3 FLOC program

3.1 Justi�cation for m � 2

As anillustrationof localself-healingof FLOC,consider
Figure4. Whenj joins thenetwork it is subsumedby one
of its neighboringclustersasj is within 2 unitsof theclus-
terheadL , thusleadingto localhealing.
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Figure 4. New nodej joins oneof its neighboringclusters.

Furthermore,Figure5 illustrateshow FLOClocally self-
healswhenall clustersareof radius2 andanew nodej joins
thenetwork. j electsitself astheclusterheadsinceit is not
within 2 units of the clusterheadsof its neighborsl1 and
k1. Nodesl1 andk1 thenjoin theclusterof j becausethey
arenotwithin 1 unit of their respectiveclusterheadsbut are
within 1 unit of j . Thusj forms a legitimateclusterasin
Figure6.
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Figure 5. j 0s neighborsarel1 andk1 .
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Figure 6. j becomestheclusterhead.

3.2 Program

Eachnodej maintainsonly two variables,status and
cluster id, for theFLOC program.j:status hasa domain
of f idle, cand,c head,i band,o bandg. As ashorthand,we
usej:x to denotej:status = x. j:idl e is truewhenj is not
part of any cluster. j:cand meansj wantsto be a cluster-
head,andj:c head meansj is a clusterhead.j:i band (re-
spectively j:o band) meansj is aninner-band(resp.outer-
band)memberof a clusterhead;j:cl uster id denotesthe
clusterj belongsto. Initially for all j , j:status = idl e and
j:cl uster id = ? .

FLOCprogramconsistsof 6 actionsasseenin Figure8.
Action 1 is enabledwhen a nodej hasbeenidl e for

somerandomwait-time chosenfrom the domain[0 : : : T ].
Uponexecutionof action1, j becomesacandidate for be-
comingaclusterhead,andbroadcastsits candidacy.
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Figure 7. Theeffect of actionson thestatus variable.

Action 2 is enabledatani-bandnodeof anexistingclus-
terwhenthisnodereceivesa candidacy message.If this re-
cipient nodedeterminesthat it is alsoin the i-bandof the
new candidate,it replieswith acon�ict messageto thecan-
didateandattachesits cluster-id to themessage.We usea
randomwait-time from thedomain[0 : : : t] to preventsev-
eral nodesreplying at the sametime so as to avoid colli-
sions.

Action 3 is enabledat j whenj receivesa con�ict mes-
sagein reply to its candidacy announcement.The con�ict
messageindicatesthat if j forms a clusterits i-band will
overlapwith thei-bandof thesender'scluster. Thus,j gives
up its candidacy andjoins theclusterof thesendernodeas
ano-bandmember.

Action 4 is enabledat j if j doesnot receive a con�ict
messageto its candidacy within a pre-de�nedperiod� . In
this casej becomesa clusterhead,broadcaststhis decision
with c head msgj .

Action 5 is enabledat all the idle nodesthat receive a
c head msg. Thesenodesdeterminewhetherthey are in
the i-band or o-bandof the sender, adjusttheir statusac-
cordingly, andadoptthesenderastheir clusterhead.

Action 6 is enabledatano bandnodej whenj receives
a c headmsgfrom a clusterheadi of anothercluster. If j
determinesthat j falls in the i-bandof i , j joins i 's cluster
asani bandmember.

3.3 Analysis

Thecandidacy periodfor anodecanlastatmost� time,
and we requirethat the electionof a clusterheadis com-
pletedin anatomicmanner:If two nodesthatarelessthan
2 units apart becomecandidatesconcurrently, both may
succeedand as a result the i-bandsof the resultantclus-
terscould be overlapping. To avoid this casewith a high
probability, thedomainT of thetimeoutperiodfor action1
shouldbelargeenoughto ensurethatno two nodesthatare
lessthan2 unitsaparthave idle-timersthatexpirewithin �
timeof eachother.

Note thatT dependsonly on the local densityof nodes
andis independentof the network size. Hence,it is suf�-
cient to experimentwith a representative small portion of

(1) timeout(j:idl e) � ! j:status :=cand;
bcast(cand msgj )

[]
(2) timeout(j:i band ^ rcv(cand msgi )) � !

if( j 2 i-bandof i )
bcast(conf l ict msgj )

[]
(3) j:cand ^ rcv(conf l ict msgi ) � !

j:status := o band;
j:cl uster id := msgi :cluster id

[]
(4) timeout(j:cand ) � ! j:status := c head;

bcast(c head msgj )
[]
(5) j:idl e ^ rcv(c head msgi ) � !

j:status := i band j o band;
j:cl uster id := i ;

[]
(6) j:o band ^ rcv(c head msgi ) � !

if( j 2 i-bandof i )
j:status := i band;
j:cl uster id := i ;

Figure 8. Programactionsfor j .

a network to comeup with a T that avoids collusionsof
clusterheadelectionswith a high probability. For the rare
caseswheretheatomicity requirementfor electionsis vio-
lated,our additionalactionspresentedin Section5 reassert
thesolid-discclusteringproperty.

Theorem1. Regardlessof network size,FLOCproducesa
clusteringof nodeswithin constanttimeT + � .
Proof. An actionis enabledateverynodewithin atmostT
time: if nootheractionis enabledin themeanwhile,action
1 is enabledwithin T time.

From Figure7 it is easyto observe that oncean action
is enabledat a nodej , j is assignedto a clusterwithin at
most� time: If theenabledactionis 5, thenj is assigned
to a clusterinstantaneously. If theenabledactionis 1, then
oneof actions3 or 4 is enabledwithin atmost� time,upon
which j is assignedto a clusterimmediately.

Also note that once j is assignedto a cluster (i.e.
j:status 2 f c head;i band;o bandg) no further action
canviolate this property. Only actions2 and6 canbe en-
abledat j : Action 2 doesnot changej:status , andaction
6 changesj:status from o band to i band, but j is still a
memberof acluster(in this caseaclosercluster).

Thus, every nodebelongsto a clusterwithin T + � .
Sincecluster id containsa singlevalueat all times,and
nonodebelongsto multiple clusters.

Furthermore,whentheatomicityof electionsis satis�ed,
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actions2, 3, and6 ensurethat the clusteringsatis�es the
solid-discproperty:If thereis acon�ict with thei-bandof a
candidatej andthatof anearbycluster, thenj is noti�ed via
action2, uponwhich j becomesano bandmemberof this
nearbyclustervia action3. If thereis nocon�ict, j becomes
aclusterheadandachievesasolid-discbydominatingall the
nodesin its i-band. Theo band membersof otherclusters
thatfall in thei-bandof j join j 's clusterdueto action6.

Theorem 2. Thenumberof clustersconstructedby FLOC
is within 3-foldsof theminimumpossiblenumber.
Proof. A partitioningof thenetwork with minimumnum-
ber of clustersis achieved by tiling hexagonalclustersof
radius2 (andcircularradius

p
3). Theworstcaseconstruc-

tion, whereFLOC partitions the network with maximum
numberof clusters,is achievedby tiling hexagonalclusters
of radius2=

p
3 (andcircular radius1). In this worst case,

thenumberof clustersconstructedby FLOC is 3 timesthe
minimumpossiblenumber.

3.4 Discussion

After clustering,a nodecanbe in the i-bandof at most
oneclusterhead.A clusterheadhasall the nodesin its i-
bandasits membersandsomefrom its o-band.Theo-band
membersdo not needto hearthe clusterheadevery time,
the i-band membersmay suf�ce for most operations. If
theclusterheadis sendinganimportantmessagethatneeds
to reachall members,in order for the o-bandmembersto
alsoreceive it reliably, the i-bandmembersmay relay this
messagewhenthey detectmissingacknowledgementsfrom
nearbyo-bandmembers—the i-band memberscan hear
boththeclusterheadandtheo-bandmembersreliably. Dur-
ing aconvergecast(dataaggregation)to theclusterhead,the
messagesfrom o-bandmembersmayor maynot reachthe
clusterheaddirectly. If a messagefrom ano-bandmember
is taggedasimportant,it mayberelayedby ani-bandmem-
berupondetectionof amissingacknowledgementfrom the
clusterhead.

Optimization. Ideally, we wantthata con�ict is �rst re-
portedby a nodethat is closestto thecandidate,sothatthe
candidate,uponabortingits candidacy, can join this clos-
est cluster. Anotheradvantageof selectingthe noti�er to
beclosestto thecandidateis that,thenthecon�ict message
of thenoti�er is overheardby asmany nodeswithin the i-
bandof thecandidate,uponwhich theseoverhearingnodes
candecidethat thereis no needto reporta con�ict again.
This way communication-and,hence,energy-ef�ciency is
achieved.

One way to choosethe closestnoti�er is to set t at a
noti�er node to be inverselyproportionalto the distance
from the candidate. If an underlyinglocalizationservice

is not available,thesameeffect canbeachievedby setting
t inverselyproportionalwith respectto the receivedsignal
strengthof thecandidacy message.A noti�er setst smaller
thehigherthereceivedsignalstrengthof thecandidacy mes-
sageat thatnoti�er.

4 Self-healing
In this section,we discussthe local self-healingproper-

tiesof ourclusteringservice.
Node failur es.FLOC is inherentlyrobust to failuresof

clustermembers(non-clusterheadnodes),sincesuchfail-
uresdonot violatetheclusteringspeci�cationin Section2.

However, failureof aclusterheadleavesits clustermem-
bersorphaned. In order to enablethe membersto detect
the failure of the clusterhead,we employ heartbeats.The
clusterheadperiodically broadcastsa c headmsg. If the
leaseat a node j expires, i.e., j fails to receive a heart-
beatfrom its clusterheadwithin thedurationof a leasepe-
riod, L , thenj dissociatesitself from theclusterby setting
j:status := idl e andj:cl uster id := ? . While settingthe
idle-timer, j addsL to theselectedrandomwait time soas
notto becomeacandidatebeforeall thememberscandetect
thefailureof theclusterhead.

After a clusterheadfailure, all the clustermembersbe-
comeidl e within at mostL time. After this point, thedis-
solvedmemberseitherjoin neighboringclustersaso-band
members,or an eligible candidateunitesthesenodesin a
new clusterwithin T + � time. Due to our selectionof
m � 2, this is achievedin a localmanner.

The leasefor o-bandnodesshouldbe kept high. Since
they receive only a percentageof the heartbeatsthey may
make mistakes for small valuesof L . Keepingthe lease
period high for the o-bandnodesdoesnot affect the per-
formancesigni�cantly, becausetheo-bandnodesaremold-
able:Evenif they have misinformationabouttheexistence
of aclusterhead,theo-bandnodesdonothindernew cluster
formation,andevenjoin theseclustersif they fall within the
i-bandof theseclusterheads.

L is tunable to achieve faster stabilization or better
energy-savings.

Node additions. FLOC requires that nodeswait for
somerandomtime (chosenfrom [0: : : T ]) beforethey can
becomea candidate.Someof the newly addednodesre-
ceive a heartbeat(c head msg) from a nearbyclusterhead
within their initial waiting periodandjoin thecorrespond-
ing clusterasan i band or o band member. Thosenodes
that fail to receive a heartbeatmessagewithin their deter-
mined waiting times becomecandidates,and either form
their own clusters(via action2), or receive a con�ict mes-
sagefrom an i band memberof a nearbyclusterandjoin
thatcluster(via action3).
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5 Extensionsto the basicFLOC program
Choosinga suf�ciently largeT guaranteestheatomicity

of electionsand,hence,thesolid-discclustering.Herewe
presentsomeadditionalactionsto ensurethatthesolid-disc
propertyis satis�edevenin thestatisticallyrarecaseswhere
atomicityof electionsareviolated.

Considera candidatei andan idle nodek that is within
2 unitsof i . If k's idl e timer expiresbeforei 's electionis
completed(i.e., within � time of i 's candidacy announce-
ment),thenatomicityof electionsis violated.Eventhough
thereexists a nodej that is within the i-bandsof both i
andk, both candidatesmay succeedin becomingcluster-
heads:Sincek'scandidacy announcementoccursbeforei 's
c head msg, action 2 is not enabledat j and j doesnot
sendaconf l ict msg to k.

Our solution is basedon the following observation.
Sincei broadcastsits cand msg earlierthanthatof k and
sincea broadcastis anatomicoperationin wirelesssensor
networks: i 'sbroadcastis receivedat thesameinstantby all
thenodeswithin i 's i-band.Thesei-bandnodescanbeem-
ployedfor detectinga con�ict if a nearbynodeannounces
candidacy within � of i 's candidacy.

To implementour solutionwe introducea booleanvari-
ablelock to capturethestateswhereanidle nodej is aware
of acandidacy of anodethatis within unit distanceto itself.
Thevalueof j:l ock is materialonly whenj:status = idl e.
Oursolutionconsistsof 4 actions.

Action 7 is enabledwhenanidle nodej receivesa can-
didacy message.If j determinesthat j is in the i-bandof
thecandidate,j setslock astrue.

Action 8 is enabledwhenanidle andlockednodej re-
ceivesacandidacy message.If j determinesthatit is alsoin
thei-bandof this new candidate,it replieswith a “potential
con�ict” messageto thecandidate.

Action 9 is enabledwhena nodereceivesa “potential
con�ict” messageasareplyto its candidacy announcement.
In this casethe nodegivesup its candidacy andbecomes
idle again. This time, to avoid a lengthywaiting, thenode
selectstherandomwait-timefrom thedomain[0:::T=2].

Action 10 is enabledif an idle j remainslocked for �
time. Expirationof the� timer indicatesthatthecandidate
that locked j failed to becomea leader:sinceotherwisej
would have receiveda c headmsgandj.statuswould have
beensetto i band. Soasnot to block future candidatesj
removesthelock by settingj:l ock:= f alse.

Note that theseadditional actionsare applicableonly
in thestatisticallyrareviolationsof atomicityof elections;
they do not curethe problemfor every case. If T is cho-
sentoo small,theremaybesomepathologicalcaseswhere
thereis a chainof candidateswhosei-bandsoverlapwith
eachotherthat resultsin the deferringof all candidatesin

(7) j:idl e ^ rcv(cand msgi ) � !
if( j 2 i-bandof i ) j:l ock := tr ue

[]
(8) timeout(j:l ock ^ rcv(cand msgi )) � !

if( j 2 i-bandof i ) bcast(pot conf msgj )
[]
(9) j:cand ^ rcv(pot conf msgi ) � !

j:status := idl e
[]
(10) timeout(j:l ock == tr ue) � ! j:l ock := f alse

Figure 9. Additionalactionsfor j .

the chain. Thesechainsshouldbe avoidedby choosinga
largeenoughT.

6 Simulation and implementation results

In this sectionwe analyze,throughsimulationsandex-
periments,thetradeoffs betweensmallerT andthequality
of clustering,anddeterminea suitablevalue for T that a
fastcompletiontime without compromisingthe quality of
the resultingclustering.We alsoanalyzethescalabilityof
FLOCwith respectto network size.

6.1 Simulation

For our simulations, we use Prowler [15], a MAT-
LAB based, event-driven simulator for wireless sen-
sor networks. Prowler simulates the radio transmis-
sion/propagation/receptiondelaysof Mica2 motes[9], in-
cludingcollisionsin ad-hocradionetworks,andtheopera-
tion of theMAC-layer.

Our implementationof FLOC under Prowler is per
nodeand is a message-passingdistributed program. Our
code is available from www.cis.ohio- state.edu/
˜demirbas/floc/ . In our simulations,we usea grid
topology for simplicity (note that FLOC is applicablefor
any kind of topologyanddoesnot requirea uniform dis-
tribution of nodes). In the grid, eachnode is unit dis-
tanceawayfrom its immediateNorth,South,East,andWest
neighbors.We usea signalstrengthof 1 andm = 2; thei-
bandneighborsarethenodeswith ReceivedSignalStrength
Indicator (RSSI) > 0:5, and the o-bandneighborshave
RSSI > 0:2. It follows that immediateN, S, E, W neigh-
borsare i-bandneighbors,andimmediatediagonalneigh-
borsand2-unit distanceN, S,E, W neighborsareo-bound
neighbors.Thusthedegreeof a nodein our network is be-
tween4 and12.

Below we analyzethe tradeoffs involved in the selec-
tion of T ; for thispartweusea 10-by-10grid (asdescribed
above) for the simulations. Then,we considerlarger net-
works(up to 25-by-25grids)andinvestigatethescalability
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of theperformanceof FLOC with respectto network size.
We repeateachsimulation10 times and take the average
valuefrom theseruns. In all our graphs,theerrorbarsde-
notethestandarddeviation in ourdata.

Dueto MAC layerdelays,theaveragetransmissiontime
for a packet is around25 msec.Thus,we �x t = 50 msec
and� = 200msecfor oursimulations.

Tradeoffs in the selectionof T . Using a small value
for T allowsa shortercompletiontime for FLOC asshown
in Figure10. However, a small valuefor T alsoincreases
theprobabilityof violationof atomicityof elections;Figure
11 shows that while T decreasesthe numberof violations
of atomicityof electionsincreases.

Figure 10. Completiontime versusT

Figure 11. Numberof atomicityviolationsversusT

Ideally, we want the electionsto be completedin an
atomic manner. For up to somenumberof atomicity vi-
olations,our extra actionsin Section5 enablesuccessful
solid-discclustering.However, for smallvaluesof T (T < 5

sec)severalnodesdeclaretheir candidacy aroundthesame
times,andwe encountera sharpincreasein thenumberof
messagessentandthe numberof nodessendingmessages
asshown in Figure12. This leadsto network traf�c conges-
tion andlossof messagesdueto collisions. For T = 2 the
numberof receptionof collided messagesare20% of the
total messagesreceived. This collision rateclimbs to 30%
for T = 1, and55%for T = 0:5. Dueto theselostmessages,
for T < 5, we observe deformitiesin theshapeof theclus-
ters formed; the solid-discclusteringpropertyis violated.
For example,for T = 0:5 half of theclustersformedaresin-
glenodeclusters.As a result,weobserveanincreasein the
numberof clustersformedasshown in Figure13.

Figure 12. MessagessentversusT

To achieve a quick completiontime while not compro-
mising the quality of the resultingclustering,we choose
T = 5 secin our FLOC program–andfor the restof this
section. We observe that for T = 5 the solid-disccluster-
ing propertyis satis�edby everyrunof theFLOCprogram.
Figure14showsaresultingpartitioningona10-by-10grid.
The arrow at a nodepoints to its respective clusterhead.
Thereare16 clusters;eachclusterheadcontainsat leastits
i-bandneighborsasit members,thatis, solid-discclustering
is observed.

Scalability with respectto network size. In Theo-
rem 1, we showed that the completiontime of FLOC is
unaffectedby the network size. To corroboratethis result
empirically, we simulatedFLOC with T = 5 for increas-
ing network size of up to 25-by-25nodeswhile preserv-
ing thenodedensity. Figure15 shows thattheclusteringis
achievedin 5 secregardlessof network size.
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Figure 13. Numberof clustersformedversusT

Wealsoinvestigatedtheaveragenumberof clusterscon-
structed(NCC) by FLOC with respectto increasingnet-
work size. An interestingobservation is that, NCC for a
givenN is predictable;thevarianceis verysmallasseenin
Figure16. Sinceclustershave,on average,around6 mem-
bers,N=6 givesNCCfor ourgrid topologynetworks.

For a grid of 25-by-25, FLOC constructsaround100
clusters.In thetheoreticalbestcase,anomniscientcentral-
izedpartitioningscheme(seeTheorem2) couldtile thisgrid
with 60hexagons(with circularradiusof

p
3 andhexagonal

radiusof 2). That is, in practiceFLOC hasanoverheadof
only 1:67 whencomparedwith thebestscheme.Notethat,
in Theorem2, we have determinedthatNCC for FLOC is
alwayswithin 3-foldsof this bestscheme.

6.2 Implementation

We implementedFLOC on the Mica2 [16] mote plat-
form using the TinyOS [10] programmingsuite. Our im-
plementationis about500linesof codeandavailablefrom
www.cis.ohio- state.edu/˜demirbas/f loc/ .

The Mica2 motesuse Chipcon [5] radio CC1000for
transmission. RSSI at a mote can be obtainedusing the
CC1000radio interfacein the TinyOS radio stack: RSSI
variesfrom -53dBto -94dB,theradiointerfaceencodesthis
into a 16 bit integervalue—thelower thevaluethehigher
the signalstrength. By experimentingat an outdoorenvi-
ronmentandcomparingpower level andreliable rangeof
receptionwechoseatransmissionpowerof 7, from arange
of 1 to 255.At apower level 7, weobtainreliablereception
up to 15 feetwith RSSIrangingfrom 0 to 140. By select-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Clustersformedby FLOC ona10-by-10grid.

Figure 15. Completiontimeversusnetwork size

Figure 16. Numberof clustersformedversusnetwork size

ing appropriatethresholdsfor RSSI,we took m = 2 and
dividedthis15 feetdistanceinto two equalhalvesasi-band
rangeando-bandrange:weconsideredRSSIbetween0-80
asi-bandand80-140aso-band.
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Figure 17. 5-by-5grid topologydeployment

Weperformedourexperimentsatanoutdoorparkinglot;
Figure17showsapictureof ourdeployment.To mimic our
simulationtopologysettings,we arranged25 Mica2 motes
in a5-by-5grid whereeachmoteis 6 feetawayfrom its im-
mediateNorth,South,East,andWestneighbors.Fromour
signalstrengthsettingsit followsthat,ideally, immediateN,
S,E, W neighborsarei-bandneighbors,andimmediatedi-
agonalneighborsand2-unit distanceN, S,E, W neighbors
are o-boundneighbors. Basedon our simulationresults,
to achieveaquick completiontimewhile avoidingnetwork
contention,wechoseT = 5 sec,� = 200msec.

In oursetup,we placeda laptopin thecenterof thenet-
work to collectstatusreportsfrom themotes:After theclus-
tering is completed,every motetemporarilysetsits trans-
missionpower to maximumlevel and broadcastsa status
report.Thisreportindicatesthecompletiontimeof theclus-
teringprogramattherespectivemote,andwhetherthemote
is a clusterhead,i-band,or o-bandmemberof a cluster. In
orderto avoid collisions,thesereportsarespreadin time.

We performedover 20 experimentswith thesesettings.
We observed the averagenumberof clustersformedto be
4. The clustersizeswerereasonablyuniform, the average
numberof motesperclusterwas6. Theaveragecompletion
timewas4.5seconds.

When we increasedthe inter node spacingto 8 feet,
with thesamesettingsfor signalstrengthmeasurements,the
numberof clustersincreasedto anaverageof 6 asexpected.
Theaveragecompletiontimewasagain4.5seconds.

We observedin our experimentsthat,dueto thenonde-
terministicnatureof wirelessradio communication,the i-
band/o-bandmembershipdeterminationusingRSSI is not
always robust. Transmitting candidacy and clusterhead
messages3 times,andusingtheaverageRSSIfrom thecor-

responding3 receptionswould make thei-band/o-bandde-
terminationmorerobust. Alternatively, aswe discussedin
Section2, a connectivity serviceor localizationservicecan
beemployedfor i-band/o-bandmembershipdetermination.

7 Relatedwork

Severalprotocolshave beenproposedrecentlyfor clus-
teringin wirelessnetworks[1,3,4,8,13].

Max-Min D-clusteralgorithm[1] partitionsthenetwork
into d-hopclusters.It doesnotguaranteesolid-disccluster-
ing andin theworstcase,thenumberof clustersgenerated
maybeequalto thenumberof nodesin thenetwork (for a
connectednetwork).

Clubs [13] forms 1-hop clusters: If two clusterheads
are within 1-hop rangeof eachother, then both the clus-
tersarecollapsedandthe processof electingclusterheads
via randomtimeoutsis repeated. Clubs doesnot satisfy
our unit distancesolid-disc clusteringproperty: cluster-
headscan sharetheir 1-hop members. Also, in contrast
to Clubs, FLOC doesnot collapseany clusteronce it is
formed. FLOC resolvescontentionsby delayingthe latter
candidatesfrom becomingclusterheads.

LEACH [8] also forms 1-hop clusters. The energy
loadof beinga clusterheadis evenly distributedamongthe
nodesby incorporatingrandomizedrotation of the high-
energy clusterheadpositionamongthenodes.Nodeselect
themselvesas clusterheadsbasedon this probabilisticro-
tation function and broadcasttheir decisions. Eachnon-
clusterheadnode determinesits cluster by choosingthe
clusterheadthat requirestheminimum communicationen-
ergy. LEACH does not satisfy our solid-disc property:
Not all nodeswithin 1-hop of a clusterheadj belongsto
j . Hence,in LEACH the clusterheadsare susceptibleto
network contentioninducedby membersof otherclusters.
Theauthors[8] suggestusingdifferentCodeDivisionMul-
tiple Access(CDMA) spreadingcodesfor eachclusterto
solve this problem,however, for mostsensornetwork plat-
forms (including Mica2) CDMA mechanismis not avail-
able. FLOC complementsLEACH sinceit addressesthe
network contentionproblem at the clusterheadsby con-
structingsolid-discclusters.Moreover, LEACH styleload-
balancingis readilyapplicablein FLOCby usingtheabove
mentionedprobabilistic rotation function for determining
the waiting-timesfor the candidacy announcementsat the
nodes.

Thealgorithmin [3] �rst �nds a rootedspanningtreeof
the network andthenforms desiredclustersfrom the sub-
trees.It givesaboundonthenumberof clustersconstructed
andtheconvergencetime is of theorderof thediameterof
thenetwork. It is locally fault-tolerantto nodefailures/joins
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but mayleadto re-clusteringof theentirenetwork for some
pathologicalscenarios.

For a given valueof R, the algorithmin [4] constructs
clusterssuchthatall thenodeswithin R=2 hopsof a clus-
terheadbelongto thatclusterheadandthefarthestdistance
of any nodefrom its clusterheadis 3.5Rhops. With high
probability, anetwork coveris constructedin O(R) rounds;
thecommunicationcostis O(R3).

In an earlier technicalreport [12], we have presented–
undera sharedmemorymodel–a self-stabilizingcluster-
ing protocol,LOCI, that partitionsa network into clusters
of boundedphysical radius [R; mR] for m � 2. LOCI
achievesasolid-discclusteringwith radiusR. Clusteringis
completediteratively within O(R4) rounds.

In a workshoppaper[7], we have outlined the basic
FLOC algorithm. However, [7] doesnot containany sug-
gestionsfor suitableT values,or any simulationandexper-
imentationresults.

8 Concluding remarks
The propertiesof FLOC that make it suitablefor large

scalewirelesssensornetworks are its: (1) locality, in that
eachnode is affectedonly by nodeswithin m units, (2)
scalability, in that clusteringis achieved in constanttime
independentof network size,and�nally (3) self-healingca-
pability, in that it toleratesnodefailuresand joins locally
within m units.

Through simulationsand experimentswith actual de-
ployments,we analyzedthe tradeoffs betweencompletion
time and the quality of the resultingclustering,and sug-
gestedsuitablevaluesfor thedomain,T , of therandomized
candidacy timer to achieve a fastcompletiontime without
compromisingthequality of theclustering.Sincein FLOC
eachnodeis affectedonly by nodeswithin m units,it is suf-
�cient to experimentwith a representative smallportionof
anetwork to determinesuitablevaluesfor T .

As part of future work, we are planning on integrat-
ing FLOC in our “Line in the Sand” (LITeS) tracking
service[2] to achieve scalableand fault-local clustering.
As partof theDARPA/Network EmbeddedSystemsTech-
nology project, our researchgroup has alreadydeployed
LITeSover a 100-nodesensornetwork acrossa large ter-
rain andachieveddetection,classi�cation,andtrackingof
varioustypesof intruders(e.g.,persons,cars)asthey moved
throughthenetwork. We arealsoinvestigatingthe role of
geometric,localclusteringin designingef�cient datastruc-
turesfor evaluationof spatialqueriesin thecontext of sen-
sornetworks.

References

[1] A. Amis, R. Prakash,T. Vuong,andD.Huynh. Max-min d-
clusterformation in wirelessnetworks. In Proceedingsof
IEEEINFOCOM, 1999.

[2] A. Arora, P. Dutta, S. Bapat, V. Kulathumani,H. Zhang,
V. Naik, V. Mittal, H. Cao, M. Demirbas, M. Gouda,
Y-R. Choi, T. Herman, S. S. Kulkarni, U. Arumugam,
M. Nesterenko, A. Vora, andM. Miyashita. A line in the
sand: A wirelesssensornetwork for target detection,clas-
si�cation, and tracking. To appearin ComputerNetworks
(Elsevier), 2004.

[3] S. BanerjeeandS. Khuller. A clusteringschemefor hierar-
chicalcontrol in multi-hopwirelessnetworks. IEEE INFO-
COM, 2001.

[4] J.Beal.A robustamorphoushierarchyfrom persistentnodes.
AI Memo2003-011,MIT, 2003.

[5] Chipcon. Cc1000radio datasheet.www.chipcon.com/
files/CC1000_Data_Sheet_2_2.pdf .

[6] Y. Choi,M. Gouda,M. C.Kim, andA. Arora.Themotecon-
nectivity protocol. Proceedingsof theInternationalConfer-
enceonComputerCommunicationandNet-works(ICCCN-
03), 2003.

[7] M. Demirbas,A. Arora, andV. Mittal. FLOC: A fastlocal
clusteringservicefor wirelesssensornetworks. Workshop
on DependabilityIssuesin WirelessAd Hoc Networksand
SensorNetworks(DIWANS/DSN2004), June2004.

[8] W. B. Heinzelman,A. P. Chandrakasan,andH. Balakrish-
nan. Application speci�c protocolarchitecturefor wireless
microsensornetworks. IEEE Transactionson WirelessNet-
working, 2002.

[9] J. Hill, R. Szewczyk, A. Woo, S. Hollar, D. Culler, and
K. Pister. Systemarchitecturedirectionsfor network sen-
sors.ASPLOS, pages93–104,2000.

[10] J. Hill, R. Szewczyk, A. Woo, S. Hollar, D. Culler, and
K. Pister. Systemarchitecturedirectionsfor network sen-
sors.ASPLOS, pages93–104,2000.

[11] K. Mechitov, S. Sundresh,Y-M. Kwon, andG. Agha. Co-
operative tracking with binary-detectionsensornetworks.
Technical Report UIUCDCS-R-2003-2379,University of
Illinois at Urbana-Champaign,2003.

[12] V. Mittal, M. Demirbas,andA. Arora.Loci: Localclustering
servicefor large scalewirelesssensornetworks. Technical
report OSU-CISRC-2/03-TR07,TheOhio StateUniversity,
February2003.

[13] R. Nagpaland D. Coore. An algorithm for group forma-
tion in anamorphouscomputer. Proceedingsof theTenthIn-
ternationalConferenceon Parallel andDistributedSystems
(PDCS), October1998.

[14] D. NiculescuandB. Nath. Dv basedpositioningin ad hoc
networks. Kluwer journal of TelecommunicationSystems,
2003.

[15] G. Simon, P. Volgyesi, M. Maroti, and A. Ledeczi.
Simulation-basedoptimizationof communicationprotocols
for large-scalewirelesssensornetworks. IEEE Aerospace
Conference, March2003.

[16] Crossbow Technology. Mica2. www.xbow.com/
Products/Wireless_Sensor_Networks.htm .

[17] A. Woo,T. Tong,andD. Culler. Tamingtheunderlyingchal-
lengesof reliablemultihop routing in sensornetworks. In
Proceedingsof the�r st internationalconferenceon Embed-
dednetworkedsensorsystems, pages14–27,2003.

[18] J.ZhaoandR.Govindan.Understandingpacketdeliveryper-
formancein densewirelesssensornetworks. In Proceedings
of the�r st internationalconferenceonEmbeddednetworked
sensorsystems, pages1–13,2003.

10


