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Abstract

We presenta fast local clusteringservice FLOC, that
partitions a multi-hop wirelessnetworkinto nonoverlap-
ping and approximatelyequal-sizedtlustes. Eac cluster
hasa clusterheadsud that all nodeswithin unit distance
of the clusterheadelongto the clusterbut no nodebeyond
distancem fromtheclusterheadelongsto the cluster

By assertingm 2, FLOC achieveslocality: effectsof
clusterformationand faults/dhangesat any part of the net-
work are containedwithin at mostm units. By taking unit
distanceto bethereliable communicatiomadiusandm to
be the maximumcommunicatioradius,FLOC exploitsthe
double-bandnature of wirelessradio-modeland achieves
clusteringin constantimeregardlessof the networksize

Through simulationsand experimentswith actual de-
ploymentsyweanalyzethetradeofsbetweerctlusteringtime
and the quality of clustering and suggestsuitableparam-
eters for FLOC to achieve a fast completiontime without
compomisingthe quality of theresultingclustering
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healing local fault-tolerance

1 Intr oduction

Large-scalead hoc wirelesssensometworks introduce
challengesor self-con gurationandmaintenanceCentral-
ized solutionsthatrely on pre-de nedcon gurer or main-
tainer nodesare unsuitable: Requiringall the nodesin a
large-scalenetwork to communicateheir datato a central-
ized base-statiomlepleteshe enegy of the nodesquickly
dueto the long-distanceand multi-hop natureof the com-
municationandalsoresultsin network contention.

Clusteringis a standardapproacHor achieving ef cient
and scalablecontrol in thesenetworks. Clusteringfacili-
tatesthedistribution of controloverthenetwork. Clustering
saresenegy andreducesnetwork contentionby enabling

Clustering locality, self-con guration, self-

locality of communication:nodescommunicateheir data
over shorterdistancego their respectre clusterheadsThe
clusterheadaggreyatethesedatainto asmallersetof mean-
ingful information.Not all nodesput only the clusterheads
needto communicatdar distancego the basestation;this
burdencanbe alleviatedfurther by hierarchicalclustering,
i.e.,by applyingclusteringrecursvely overtheclusterheads
of alowerlevel.

To enableef cient andscalablecontrol of the network,
aclusteringserviceshouldcombineseveral propertiesThe
serviceshouldachieve clusteringin afastandlocalmanner:
clusterformationandchangeséAiluresin onepartof thenet-
work shouldbeinsulatedrom otherparts.Furthermorethe
serviceshouldproduceapproximatelyequal-sizectlusters
with minimumoverlapamongclusters Equal-sizeatlusters
is a desirablepropertybecauseét enablesan evendistribu-
tion of control (e.g.,dataprocessingaggreyation, storage
load) over clusterheadsyo clusterheads over-burdenedbr
underutilized. Minimum overlapamongclustersis desir
ablefor enegy ef ciency becaus@nodethatparticipatesn
multiple clustersconsumesnoreenepgy by having to trans-
mit to multiple clusterheads.

In this paperwe are interestedin a strongerproperty
namelya solid-discclusteringproperty that implies mini-
mization of overlap. The solid-discpropertyrequiresthat
all nodesthatarewithin a unit distanceof a clusterheade-
longonly toits cluster In anothemwords,all clustershave a
nonoverlappingunit radiussolid-disc.

Solid-disc clusteringis desirablesince it reducesthe
intra-clustersignalcontention: The clusterheads shielded
at all sideswith nodesthat belongto only its cluster so
the clusterheadeceves messagefrom only thosenodes
thatarein its cluster anddoesnot have to endurereceving
messagefrom nodesthatarenotin its cluster Solid-disc
clusteringalsoresultsin a guaranteedipperboundon the
numberof clusters:In the contet of hierarchicalcluster
ing, minimizing the numberof clustersat a level leadsto
lower-costclusteringat the next level. Finally solid-discs



yield betterspatialcoveragewith clusters: Aggregationat
the clusterheads more meaningfulsince clusterheads at
the medianof the clusterandrecevesreadinggrom all di-
rectionsof the solid disc (i.e., is not biasedto only onedi-
rection).

Equi-radiussolid-discclusteringwith boundedoverlaps
is, however, not achievablein a distributedandlocal man-
ner We illustrate this obsenation with an examplefor a
1-D network (for the sale of simplicity).
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Figure 1. Eachpair of braclets constitutesone clusterof unit

radius,andcolorednodesdenoteclusterheads.
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Figure 2. A new nodej joins the network betweerclustersof
clusterheads 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. Figurel shavs
onesuchconstruction.We show thatfor x edradiusclus-
teringschemesa nodejoin canleadto re-clusteringof the
entirenetwork. Whennodej joins the network (Figure2),
it cannotbe subsumedh its neighboringclustersasj is not
within unit distanceof neighboringclusterhead& andK .

j thusforms a new clusterwith itself asthe clusterhead.
Sinceall nodeswithin unit radiusof a clusterheadhould
belongits clusterj subsumeseighboringnoded; andk;
in its cluster This leadsto neighboringclusterhead& and
K to relinquishtheir clustersandelectionof |, andk, as
thenew clusterheadgFigure3). Thecascadingffect prop-
agatedurther asthe new clusterheads, andk, subsume
their neighboringnodesleadingto re-clusteringof the en-
tire network.

Our contributions. We shaw thatsolid-discclusteringwith
boundedoverlapsis achievablein a distributed and local
mannerfor approximatelyequalradii (insteadof exactly
equal-radii). More speci cally, we presentFLOC, a fast
local clusteringservicethat producesnonoverlappingand
approximatelyequal-sizectlusters. The resultantclusters
have atleastaunit radiussolid-discaroundtheclusterheads,

but they may also include nodesthat are up to m, where
m 2, unitsaway from their respectie clusterheadsBy
assertingn 2, FLOC achieveslocality: effectsof cluster
formationandfaults/changeat ary partof thenetwork are
containedvithin at mostm unit distance.

While presentingFLOC we take unit radiusto be the
reliable communicatiorradiusof a nodeandm to be the
maximumcommunicatiorradius. In so doing we exploit
thedouble-bandhatureof wirelessradio-modebndpresent
acommunicationand,hencegnegy-efcient clustering.

FLOC is suitablefor clusteringlarge-scalevirelesssen-
sor networks sinceit is fastand scalable. FLOC achieves
clusteringin O(1)time regardles®f thesizeof thenetwork.
FLOC s alsolocally self-healingn thatafterfaultsstopoc-
curring,faultsandchangesrecontainedvithin therespec-
tive clusteror within the immediateneighboringclusters,
andFLOC achiesesre-clusteringwithin constantime.

We simulateFLOC using Prowler [15] and analyzethe
tradeofs betweenclusteringtime and the quality of the
clustering. We obsene thatforcing a very shortclustering
timeleadsto network traf ¢ congestiorandmessagéosses,
andhence degradeghe quality of the resultantclustering.
We suggessuitableparameter$or FLOC to achieve a fast
completiontime without compromisingfrom the quality
of clustering. Furthermorewe implementFLOC on the
Mica2 [16] mote platform and experimentwith actualde-
ploymentsto corroborateour simulationresults.

Outline. After presentinghe network andfault modelin

the next section,we presentthe basic FLOC programin

Section3. We discusghe self-healingpropertiesof FLOC

in Sectiond. In Sectionb, we presentidditionalactionsthat
improvesthe corvergencetime of the clustering. We dis-

cussour simulationandimplementatiorresultsin Section
6. In Section7 we presentelatedwork, andwe conclude
thepaperin Section8.

2 Model

We considera wirelesssensometwork wherenodeslie
in a 2-D coordinateplane. The wirelessradio-modelfor
the nodesis double-band: A node can communicatere-
liably with the nodesthat are in its innerband (i-band)
range,andunreliably (i.e., only a percentagef messages
gothrough)with thenodesdn its outerband(o-band range.
Thisdouble-bandehaior of thewirelessradiois obsened
in[6,17,18]

We de ne the unit distanceto be the i-bandradius. We
require that the o-bandradiusis m units wherem 2.
Thisis areasonablassumptiorior o-bandradius[6,17,18].
Nodescandeterminewhetherthey fall within i-bandor o-



bandof a certainnodeby usingary of thefollowing meth-
ods:

Nodesarecapableof measuringhesignalstrengttof a
recevedmessag¢9]. This measuremennaybeused
asanindicationof distancefrom the sender E.g.,as-
sumingasignalstrengthiossformula( ), whered
denoteslistancdrom the senderthei-bandneighbors
receive the messagavith [0.5, 1] of the transmission
power, and,for m = 2 the o-bandneighborsreceve
themessagevith [0.2,0.5] power.

Nodesmaymaintainarecordof percentagef received
messagewith respectto neighborg6], andinfer the
i-band/o-bancheighborsfrom the quality of the con-
nections.

An underlyinglocalizationservice[11, 14] may pro-
vide the nodeswith thesedistancanformation.

We assumehatnodeshave timers,but we do notrequire
time synchronizatioracrosghe nodes.Timersareusedfor
taskssuchassendingof periodicheartbeatandtiming out
of anodewhenwaiting on a condition. Nodeshave unique
ids. Weusei, j andk to denotethenodesandj:v ar to de-
noteaprogramvariableresidingatj . We denoteamessage
broadcasbyj asmsg,j .

A program consistsof a setof variablesand actionsat
eachnode.Eachactionhastheform:

<guard> ! <assignmenstatemers

A guard is aboolearexpressiorovervariables.An assign-
mentstatemenupdatesoneor morevariables.

Fault model. Nodesmay fail-stop and crash,but we as-
sumethatthe network doesnot getpartitioned.New nodes
canjoin the network. Thesefaultscanoccurin ary nite
numberatary time andin ary ordet

A programis self-healingiff afterfaultsstopoccurring
the programeventually recoversto a statefrom whereits
speci cationis satis ed.

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

a uniquenodeis designatedis a clusterheadf each
cluster

everynodein theinnerbandof aclusterheagl belongs
toj'scluster

no nodeoutsidethe outerbandof a clusterhead be-
longsto j 'scluster

every nodebelonggto a cluster and

no nodebelongsto multiple clusters.

3 FLOC program
3.1 Justication form 2

As anillustrationof local self-healingof FLOC,consider
Figure4. Whenj joins the network it is subsumedby one
of its neighboringclustersasj is within 2 unitsof the clus-
terhead_, thusleadingto local healing.
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Figure 4. New nodej joins oneof its neighboringclusters.

FurthermoreFigure5 illustrateshow FLOC locally self-
healswhenall clustersareof radius2 andanewv nodej joins
thenetwork. j electsitself asthe clusterheadinceit is not
within 2 units of the clusterheadsf its neighborsl1 and
k1. Nodesl1 andk1l thenjoin theclusterof j becausehey
arenotwithin 1 unit of their respectie clusterheadbut are
within 1 unit of j. Thusj forms a legitimateclusterasin
Figure6.
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Figure 6. j becomesheclusterhead.

3.2 Program

Eachnodej maintainsonly two variables,status and
cluster _id, for the FLOC program.j:status hasa domain
of fidle, cand,c_head,i_band,o_bandy. As ashorthandye
usej:x to denotg:status = Xx. j:idl eis truewhenj is not
partof ary cluster j:cand meang wantsto be a cluster
head,andj:c_head meang is aclusterheadj:i _band(re-
spectvely j:0 _band) meang is aninnerband(resp.outer
band) memberof a clusterheadj:cl uster_id denotesthe
clusterj belongsto. Initially for all j, j:status = idleand
jicluster_id = ?.

FLOC programconsistsf 6 actionsasseenin Figure8.

Action 1 is enabledwhen a nodej hasbeenidl e for
somerandomwait-time chosenfrom the domain[0::: T].
Uponexecutionof actionl,j becomes candidate for be-
cominga clusterheadandbroadcast#is candidag.
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Figure 7. Theeffectof actionsonthestatus variable.

Action 2is enabledatani-bandnodeof anexisting clus-
terwhenthis noderecevesa candidag messagelf thisre-
cipient nodedetermineghatit is alsoin the i-bandof the
new candidateit replieswith acon ict messagéo thecan-
didateandattachests clusterid to the messageWe usea
randomwait-time from the domain[0: : : t] to preventser-
eral nodesreplying at the sametime so asto avoid colli-
sions.

Action 3is enabledatj whenj recevesacon ict mes-
sagein reply to its candidag announcementThe con ict
messagendicatesthat if j forms a clusterits i-band will
overlapwith thei-bandof thesenders cluster Thus,j gives
up its candiday andjoins the clusterof the sendemodeas
ano-bandmember

Action 4 is enabledat if j doesnotreceie acon ict
messag¢o its candiday within a pre-de nedperiod . In
this casg) becomes clusterheadbroadcastshis decision
with c_head.msg; .

Action 5 is enabledat all the idle nodesthat receve a
c_head. msg. Thesenodesdeterminewhetherthey arein
the i-band or o-bandof the sendey adjusttheir statusac-
cordingly, andadoptthe sendemastheir clusterhead.

Action 6is enablecatano_bandnodej whenj receves
a c_headmsgfrom a clusterhead of anothercluster If j
determineghatj fallsin thei-bandof i, j joinsi's cluster
asani_bandmember

3.3 Analysis

Thecandiday periodfor anodecanlastatmost time,
and we requirethat the electionof a clusterheads com-
pletedin anatomicmanner:If two nodesthatarelessthan
2 units apart becomecandidatesconcurrently both may
succeedand as a resultthe i-bandsof the resultantclus-
terscould be overlapping. To avoid this casewith a high
probability, thedomainT of thetimeoutperiodfor actionl
shouldbelarge enoughto ensurehatno two nodesthatare
lessthan2 unitsaparthave idle-timersthatexpire within
time of eachother

NotethatT depend®nly on thelocal densityof nodes
andis independenbf the network size. Hence,it is suf-
cientto experimentwith a representatie small portion of

(1) timeout:idl €) !

1
(2) timeout{:i -band” rcv(cand_msg;)) !
if(j 2 i-bandofi)
bcast€onf lict_msg; )

j:status :=cand
bcast¢and_msg; )

I
(3) j:cand ~ rev(conf lict_msgi) !
jistatus = o_band;
j:cluster _id := msg; :cluster _id

I

(4) timeoutf:cand) !

1

(5) jidl e” rcv(c_head-msg;) !
j:status := i_bandj o_band;
j:cluster _id := i;

j:status = c_head;
bcast¢_head_msg; )

1
(6) j:o_band” rcv(c_head-msg;) !

if(j 2 i-bandofi)
j:status := i_band;
j:cluster _id := i;

Figure 8. Programactionsfor j .

a network to comeup with a T that avoids collusionsof
clusterheactlectionswith a high probability. For the rare
caseswherethe atomicity requiremenfor electionsis vio-
lated,our additionalactionspresentedn Section5 reassert
the solid-discclusteringproperty

Theorem 1. Regardlesof network size,FLOC produces
clusteringof nodeswithin constantime T +

Proof. An actionis enablechtevery nodewithin atmostT
time: if no otheractionis enabledn the meanwhile action
1is enabledwithin T time.

From Figure7 it is easyto obsene that oncean action
is enabledat a nodej, j is assignedo a clusterwithin at
most time: If the enabledactionis 5, thenj is assigned
to a clusterinstantaneoushyif the enabledactionis 1, then
oneof actions3 or 4 is enabledwvithin atmost  time,upon
whichj is assignedo aclusterimmediately

Also note that oncej is assignedto a cluster (i.e.
jistatus 2 fc_head;i_band;o_bandg) no further action
canviolate this property Only actions2 and6 canbe en-
abledatj: Action 2 doesnot changej:status , andaction
6 changeg:status from o_bandto i_band, butj is still a
memberof acluster(in this casea closercluster).

Thus, every nodebelongsto a clusterwithin T +
Sincecluster_id containsa singlevalue at all times, and
no nodebelongsto multiple clusters.

Furthermorewhentheatomicityof electionds satis ed,



actions2, 3, and 6 ensurethat the clusteringsatis es the
solid-discproperty:If thereis acon ict with thei-bandof a
candidatg andthatof anearbyclusterthenj isnoti ed via
action2, uponwhichj becomesno_band memberof this
nearbyclustervia action3. If thereisnocon ict, j becomes
aclusterheadndachieresasolid-discby dominatingall the
nodesin its i-band. The o_band memberof otherclusters
thatfall in thei-bandof j join j's clusterdueto action6. O

Theorem 2. The numberof clustersconstructedy FLOC

is within 3-foldsof theminimumpossiblenumber

Proof. A partitioningof the network with minimumnum-
ber of clustersis achieved be_tiIing hexagonalclustersof

radius2 (andcircularradius 3). Theworstcaseconstruc-
tion, where FLOC partitionsthe network with maximum
numberof clustersjs achievedby tiling hexagonalclusters
of radius2=" 3 (andcircularradius1). In this worstcase,
the numberof clustersconstructedy FLOC is 3 timesthe
minimumpossiblenumber |

3.4 Discussion

After clustering,a nodecanbe in the i-bandof at most
one clusterhead.A clusterheachasall the nodesin its i-
bandasits membersaandsomefrom its o-band.The o-band
membersdo not needto hearthe clusterheadevery time,
the i-band membersmay sufce for mostoperations. If
theclusterheads sendinganimportantmessag¢hatneeds
to reachall membersjn orderfor the o-bandmemberdo
alsoreceve it reliably, the i-band memberamay relay this
messag&henthey detectmissingacknaviedgementfrom
nearbyo-bandmembers—the i-band memberscan hear
boththeclusterheadndthe o-bandmemberseliably. Dur-
ing acorvergecas{dataaggrejation)to theclusterheadthe
messagefrom o-bandmemberamay or may not reachthe
clusterheadlirectly. If a messagérom ano-bandmember
is taggedasimportant,it mayberelayedby ani-bandmem-
berupondetectionof amissingacknavledgemenfrom the
clusterhead.

Optimization. Ideally, we wantthatacon ict is rst re-
portedby a hodethatis closestto the candidatesothatthe
candidate uponabortingits candidag, canjoin this clos-
estcluster Anotheradwantageof selectingthe noti er to
be closestio the candidatas that,thenthecon ict message
of the noti er is overheardby asmary nodeswithin thei-
bandof the candidatepyponwhich theseoverhearingnodes
candecidethatthereis no needto reporta con ict again.
This way communicationand,hence enegy-efciency is
achieved.

Oneway to choosethe closestnoti er is to sett ata
noti er nodeto be inversely proportionalto the distance
from the candidate. If an underlyinglocalizationservice

is not available,the sameeffect canbe achiered by setting
t inverselyproportionalwith respecto the receved signal
strengthof the candidag messageA noti er setst smaller
thehighertherecevedsignalstrengthof thecandidag mes-
sageatthatnoti er.

4 Self-healing

In this section,we discusghelocal self-healingproper
tiesof our clusteringservice.

Node failur es.FLOC is inherentlyrobustto failuresof
clustermembers(non-clusterheasodes),since suchfail-
uresdo notviolatethe clusteringspeci cationin Section?2.

However, failure of a clusterheadeavesits clustermem-
bersorphaned. In orderto enablethe membersto detect
the failure of the clusterheadwe employ heartbeats.The
clusterheadperiodically broadcastsa c_headmsg If the
leaseat a nodej expires,i.e., | fails to receve a heart-
beatfrom its clusterheadvithin the durationof a leasepe-
riod, L, thenj dissociatestself from the clusterby setting
j:status := idleandj:cluster_id := ?. While settingthe
idle-timer, j addsL to the selectedandomwait time soas
notto becomeacandidatéeforeall themembersandetect
thefailure of theclusterhead.

After a clusterheadailure, all the clustermembersbe-
comeidl e within at mostL time. After this point, the dis-
solved memberseitherjoin neighboringclustersaso-band
membersor an eligible candidateunitesthesenodesin a
new clusterwithin T +  time. Due to our selectionof
m 2, thisis achievedin alocal manner

The leasefor o-bandnodesshouldbe kept high. Since
they receve only a percentagef the heartbeatshey may
male mistales for small valuesof L. Keepingthe lease
period high for the o-bandnodesdoesnot affect the per
formancesigni cantly, because¢he o-bandnodesaremold-
able: Evenif they have misinformationaboutthe existence
of aclusterheadtheo-bandnodesdonothindernew cluster
formation,andevenjoin theseclustersf they fall within the
i-bandof theseclusterheads.

L is tunableto achieve faster stabilization or better
enegy-saings.

Node additions. FLOC requiresthat nodeswait for
somerandomtime (chosenfrom [0::: T]) beforethey can
becomea candidate. Someof the newly addednodesre-
ceive a heartbeafc_head.-msg) from a nearbyclusterhead
within their initial waiting periodandjoin the correspond-
ing clusterasani_band or o_.band member Thosenodes
thatfail to receve a heartbeamessagevithin their deter
mined waiting times becomecandidatesand either form
their own clusters(via action2), or receve a con ict mes-
sagefrom ani_band memberof a nearbyclusterandjoin
thatcluster(via action3).



5 Extensionsto the basicFLOC program

Choosingasufciently largeT guaranteethe atomicity
of electionsand, hence the solid-discclustering. Herewe
presensomeadditionalactionsto ensurehatthe solid-disc
propertyis satis edevenin thestatisticallyrarecasesvhere
atomicity of electionsareviolated.

Considera candidaté andanidle nodek thatis within
2 unitsof i. If k'sidl e timer expiresbeforei's electionis
completed(i.e., within  time of i's candidag announce-
ment),thenatomicity of electionsis violated. Eventhough
thereexists a nodej thatis within the i-bandsof both i
andk, both candidatesnay succeedn becomingcluster
headsSincek's candidag announcemerdccursheforei's
c_head.msg, action2 is not enabledatj andj doesnot
sendaconf lict_msgtok.

Our solution is basedon the following obsenation.
Sincei broadcastéts cand_msg earlierthanthatof k and
sincea broadcasts anatomicoperationin wirelesssensor
networks:i'sbroadcasis recevedatthe samenstantby all
thenodeswithin i'si-band. These-bandnodescanbeem-
ployedfor detectinga con ict if a nearbynodeannounces
candidag within  of i's candidag.

To implementour solutionwe introducea booleanvari-
ablelockto capturethestatesvhereanidle nodej is aware
of acandiday of anodethatis within unit distancdo itself.
Thevalueof j:I ockis materialonly whenj:status = idle.
Our solutionconsistof 4 actions.

Action 7 is enabledvhenanidle nodej recevesacan-
didagy messagelf j determineghatj is in the i-band of
thecandidatej setslock astrue.

Action 8 is enabledvhenanidle andlockednodej re-
ceivesacandiday messagelf j determineghatit is alsoin
thei-bandof this new candidateit replieswith a“potential
con ict” messagé¢o thecandidate.

Action 9 is enabledwhena noderecevesa “potential

con ict” messagasareplytoits candidag announcement.

In this casethe nodegivesup its candidag and becomes
idle again. This time, to avoid a lengthywaiting, the node
selectgherandomwait-time from the domain[0::: T=2].

Action 10 is enabledf anidle j remainslocked for
time. Expirationof the timerindicateshatthecandidate
thatlocked| failedto becomea leader:sinceotherwisegj
would have receveda c_head msgandj.statuswould have
beensetto i_band Soasnotto block future candidate$
removesthelock by settingj:| ock:= f alse.

Note that theseadditional actionsare applicableonly
in the statisticallyrareviolationsof atomicity of elections;
they do not curethe problemfor every case. If T is cho-
sentoo small,theremay be somepathologicalcasesvhere
thereis a chainof candidatesvhosei-bandsoverlapwith
eachotherthat resultsin the deferringof all candidatesn

(7) jidl e” rcv(cand-msg;) !
if(j 2 i-bandof i)
(i

(8) timeout{:l ock” rcv(cand_msg;)) !
if(j 2 i-bandofi) bcastpot_conf _msg;)
1

(9) j:cand ~ rev(pot_conf _msg;) !
jistatus = idle
I

(10) timeout{:l ock == true) !

j:lock := true

j:lock := f alse

Figure 9. Additionalactionsfor j .

the chain. Thesechainsshouldbe avoided by choosinga
largeenought .

6 Simulation and implementation results

In this sectionwe analyze throughsimulationsand ex-
perimentsthetradeofs betweersmallerT andthe quality
of clustering,and determinea suitablevalue for T thata
fastcompletiontime without compromisingthe quality of
the resultingclustering. We alsoanalyzethe scalability of
FLOC with respecto 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/receptiatelaysof Mica2 motes[9], in-
cludingcollisionsin ad-hocradio networks,andthe opera-
tion of the MAC-layer

Our implementationof FLOC under Prowler is per
nodeandis a message-passimgjstributed program. Our
codeis available from www.cis.ohio-  state.edu/
“demirbas/floc/ . In our simulations,we usea grid
topology for simplicity (note that FLOC is applicablefor
ary kind of topology and doesnot requirea uniform dis-
tribution of nodes). In the grid, eachnodeis unit dis-
tanceaway fromits immediateNorth, South,EastandWest
neighbors We usea signalstrengthof 1 andm = 2; thei-
bandneighborsarethenodeswith RecevedSignalStrength
Indicator (RSSI) > 0:5, and the o-band neighborshave
RSSI > 0:2. It follows thatimmediateN, S, E, W neigh-
borsarei-bandneighbors,andimmediatediagonalneigh-
borsand?2-unit distanceN, S, E, W neighborsareo-bound
neighbors.Thusthe degreeof a nodein our network is be-
tweend and12.

Below we analyzethe tradeofs involved in the selec-
tion of T ; for this partwe usea 10-by-10grid (asdescribed
above) for the simulations. Then, we considerlarger net-
works (up to 25-by-25grids) andinvestigatethe scalability



of the performanceof FLOC with respecto network size.
We repeateachsimulation 10 times and take the average
valuefrom theseruns. In all our graphsthe errorbarsde-
notethe standardieviationin our data.

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

Tradeoffs in the selectionof T. Using a smallvalue
for T allows a shortercompletiontime for FLOC asshavn
in Figure10. However, a smallvaluefor T alsoincreases
theprobability of violation of atomicity of electionsFigure
11 shows thatwhile T decreasethe numberof violations
of atomicity of electionsincreases.
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Figure 10. Completiontime versusT
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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 candidag aroundthe same
times,andwe encountemr sharpincreasean the numberof
messagesentandthe numberof nodessendingmessages
asshavnin Figurel2. Thisleadsto network traf ¢ conges-
tion andlossof messagedueto collisions. For T = 2 the
numberof receptionof collided messagesre 20% of the
total messagegeceved. This collision rateclimbsto 30%
for T = 1, and55%for T = 0:5. Dueto thesdostmessages,
for T < 5, we obsenre deformitiesin the shapeof the clus-
tersformed; the solid-discclusteringpropertyis violated.
For example,for T = 0:5 half of theclustersformedaresin-
glenodeclusters.As aresult,we obsene anincreasen the
numberof clustersformedasshaowvn in Figure13.
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Figure 12. MessagesentversusT

To achieve a quick completiontime while not compro-
mising the quality of the resulting clustering,we choose
T = 5 secin our FLOC program-andfor the restof this
section. We obsene thatfor T = 5 the solid-disccluster
ing propertyis satis ed by everyrun of the FLOC program.
Figure14 shonvsaresultingpartitioningon a 10-by-10grid.
The arron at a node points to its respectre clusterhead.
Thereare 16 clusters;eachclusterheadtontainsat leastits
i-bandneighborsasit membersthatis, solid-discclustering
is obsened.

Scalability with respectto network size. In Theo-
rem 1, we shaved that the completiontime of FLOC is
unafectedby 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 the nodedensity Figure15 shawvs thatthe clusteringis
achievedin 5 secregardlesof network size.
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We alsoinvestigatedheaveragenumberof clusterscon-
structed(NCC) by FLOC with respectto increasingnet-
work size. An interestingobsenation is that, NCC for a
givenN is predictablethevarianceis very smallasseenn
Figurel16. Sinceclustershave, on average aroundé mem-
bers,N=6 givesNCC for our grid topologynetworks.

For a grid of 25-by-25, FLOC constructsaround 100
clusters.In thetheoreticabestcase anomniscientcentral-
izedpartitioningschemdseeTheoren?) couldtile thisgrid
with 60 hexagongwith circularradiusof 3 andhexagonal
radiusof 2). Thatis, in practiceFLOC hasan overheadof
only 1:67 whencomparedvith the bestschemeNote that,
in Theorem2, we have determinedhatNCC for FLOC is
alwayswithin 3-folds of this bestscheme.

6.2 Implementation

We implementedFLOC on the Mica2 [16] mote plat-
form usingthe TinyOS [10] programmingsuite. Our im-
plementatioris about500lines of codeandavailablefrom
www.cis.ohio-  state.edu/"demirbas/f loc/

The Mica2 motesuse Chipcon [5] radio CC1000for
transmission. RSSl at a mote can be obtainedusing the
CC1000radio interfacein the TinyOS radio stack: RSSI
variesfrom -53dBto -94dB,theradiointerfaceencodeshis
into a 16 bit integervalue—thelower the valuethe higher
the signal strength. By experimentingat an outdoorervi-
ronmentand comparingpower level andreliable rangeof
receptionwe choseatransmissiorpower of 7, from arange
of 1to 255. At apowerlevel 7, we obtainreliablereception
up to 15 feetwith RSSIrangingfrom 0 to 140. By select-
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Figure 14. Clustersiormedby FLOC ona 10-by-10grid.
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ing appropriatethresholdsfor RSSI, we took m = 2 and
dividedthis 15 feetdistancento two equalhalvesasi-band
rangeando-bandrange:we consideredRSSIbetweerD-80
asi-bandand80-140aso-band.



Figure 17. 5-by-5grid topologydeplyment

We performedour experimentsatanoutdoorparkinglot;
Figure17 shows apictureof our deployment.To mimic our
simulationtopologysettingswe arranged25 Mica2 motes
in a5-by-5grid whereeachmoteis 6 feetaway from its im-
mediateNorth, South,East,andWestneighbors.Fromour
signalstrengttsettingdt followsthat,ideally,immediateN,
S, E, W neighborsarei-bandneighborsandimmediatedi-
agonalneighborsand2-unitdistanceN, S, E, W neighbors
are o-boundneighbors. Basedon our simulationresults,
to achieve a quick completiontime while avoiding network
contentionwe choseT = 5sec, = 200msec.

In our setup, we placeda laptopin the centerof the net-
work to collectstatugeportsfrom themotes:After theclus-
teringis completedevery mote temporarilysetsits trans-
missionpower to maximumlevel and broadcasts status
report. Thisreportindicateghecompletiortime of theclus-
teringprogramattherespectie mote,andwhetherthemote
is a clusterheadi-band,or o-bandmemberof a cluster In
orderto avoid collisions,thesereportsarespreadn time.

We performedover 20 experimentswith thesesettings.
We obsened the averagenumberof clustersformedto be
4. The clustersizeswerereasonablyuniform, the average
numberof motesperclusterwas6. Theaveragecompletion
time was4.5seconds.

When we increasedthe inter node spacingto 8 feet,
with thesamesettingdor signalstrengthmeasurementghe
numberof clusterancreasedo anaverageof 6 asexpected.
Theaveragecompletiontime wasagain4.5 seconds.

We obsenedin our experimentshat, dueto the nonde-
terministic natureof wirelessradio communicationthe i-
band/o-bandnembershipleterminatiorusing RSSlis not
always robust. Transmitting candiday and clusterhead
message8 times,andusingtheaverageRSSIfrom thecor-

respondingB receptionsvould make thei-band/o-bandie-
terminationmorerobust. Alternatively, aswe discussedn

Section2, a connectvity serviceor localizationservicecan
beemployedfor i-band/o-bandnembershigletermination.

7 Relatedwork

Several protocolshave beenproposedecentlyfor clus-
teringin wirelessnetworks|[1, 3,4,8,13].

Max-Min D-clusteralgorithm[1] partitionsthe network
into d-hop clusters It doesnotguaranteeolid-disccluster
ing andin theworstcase the numberof clustersgenerated
may be equalto the numberof nodesin the network (for a
connectedhetwork).

Clubs [13] forms 1-hop clusters: If two clusterheads
arewithin 1-hoprangeof eachother, then both the clus-
tersare collapsedandthe processof electingclusterheads
via randomtimeoutsis repeated. Clubs doesnot satisfy
our unit distancesolid-disc clustering property: cluster
headscan sharetheir 1-hop members. Also, in contrast
to Clubs, FLOC doesnot collapseary clusteronceit is
formed. FLOC resohescontentionsby delayingthe latter
candidate$rom becomingclusterheads.

LEACH [8] also forms 1-hop clusters. The enegy
load of beinga clusterheads evenly distributedamongthe
nodesby incorporatingrandomizedrotation of the high-
enegy clusterheaghositionamongthe nodes.Nodeselect
themseles as clusterheaddasedon this probabilisticro-
tation function and broadcastheir decisions. Eachnon-
clusterheadnode determinesits cluster by choosingthe
clusterheadhat requiresthe minimum communicatioren-
ergy. LEACH doesnot satisfy our solid-disc property:
Not all nodeswithin 1-hop of a clusterhead belongsto
j - Hence,in LEACH the clusterheadsre susceptibleto
network contentioninducedby membersof otherclusters.
Theauthorg8] suggestisingdifferentCodeDivision Mul-
tiple Access(CDMA) spreadingcodesfor eachclusterto
solve this problem,however, for mostsensometwork plat-
forms (including Mica2) CDMA mechanisms not avail-
able. FLOC complementd EACH sinceit addresseshe
network contentionproblem at the clusterhead$y con-
structingsolid-discclusters.Moreover, LEACH styleload-
balancings readilyapplicablein FLOC by usingtheabove
mentionedprobabilistic rotation function for determining
the waiting-timesfor the candidag announcementat the
nodes.

Thealgorithmin [3] rst nds arootedspanningreeof
the network andthenforms desiredclustersfrom the sub-
trees.It givesaboundonthenumberof clustersconstructed
andthe corvergencetime is of the orderof the diameterof
thenetwork. It is locally fault-toleranto nodefailures/joins



but mayleadto re-clusteringpf theentirenetwork for some
pathologicakcenarios.

For a givenvalueof R, the algorithmin [4] constructs
clusterssuchthatall the nodeswithin R=2 hopsof a clus-
terheadbelongto that clusterheadndthe farthestdistance
of any nodefrom its clusterheads 3.5R hops. With high
probability, anetwork coveris constructedn O(R) rounds;
the communicatiorcostis O(R?).

In an earliertechnicalreport[12], we have presented-
undera sharedmemory model-a self-stabilizingcluster
ing protocol, LOCI, that partitionsa network into clusters
of boundedphysicalradius[R; mR] for m 2. LOCI
achievesasolid-discclusteringwith radiusR. Clusteringis
completedteratively within O(R#) rounds.

In a workshop paper[7], we have outlined the basic
FLOC algorithm. However, [7] doesnot containary sug-
gestiondor suitableT values,or any simulationandexper
imentationresults.

8 Concluding remarks

The propertiesof FLOC that make it suitablefor large
scalewirelesssensometworks areits: (1) locality, in that
eachnodeis affected only by nodeswithin m units, (2)
scalability in that clusteringis achieed in constanttime
independentof network size,and nally (3) self-healingca-
pability, in thatit toleratesnodefailuresand joins locally
within m units.

Through simulationsand experimentswith actual de-
ployments,we analyzedthe tradeofs betweencompletion
time and the quality of the resulting clustering,and sug-
gestedsuitablevaluesfor thedomain, T, of therandomized
candidag timer to achiere a fastcompletiontime without
compromisinghe quality of the clustering.Sincein FLOC
eachnodeis affectedonly by nodeswithin m units, it is suf-
cient to experimentwith a representatie small portion of

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 the DARPA/Network EmbeddedSystemsTech-
nology project, our researchgroup has alreadydeployed
LITeSover a 100-nodesensometwork acrossa large ter-
rain andachieved detectionclassi cation, andtracking of
varioustypesof intruderg(e.g.,personscars)asthey moved
throughthe network. We are alsoinvestigatingthe role of
geometricjocal clusteringin designingef cient datastruc-
turesfor evaluationof spatialqueriesin the context of sen-
sornetworks.
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