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Abstract— Several sensornetwork applications, such as ervi-
ronmental monitoring, require data aggregation to an obsewer.
For this purpose,a data aggregation tr ee,rooted at the obselwer,
is constructed in the network. Node clustering can be employed
to further balance load among sensor nodes and prolong the
network lifetime. In this paper, we design and implement a
system,iHEED, in which nodeclustering is integrated with multi-
hop routing for TinyOS. We consider simple data aggregation
operators, such as AVG or MAX. We use a simple energy
consumption model to keeptrack of the battery consumption of
cluster headsand regular nodes.We perform experimentson a
sensornetwork testbedto quantify the advantagesof integrating
hierarchical routing with data aggregation. Our resultsindicate
that the network lifetime is prolongedby a factor of 2 to 4, and
successfultransmissionsare almost doubled. Clustering plays a
dominant role in delayingthe rst node death, while aggregation
plays a dominant role in delaying the last node death.

|. INTRODUCTION

Several sensornetwork applicationsrequire an aggrejated
datavalueto be reportedregularly. For example,in a habitat
monitoring application, an average or maximum of the re-
portedhumidity valuesmay be sufcient for the obsenrer. For
this purpose a dataaggreyationtree,rootedat the obsenrer, is
constructedfor in-network aggreyation. Data aggreyationre-
ducesthe communicatioroverheadn the network, thussarsing
the sensorscarceenegy resourcesln addition, aggreyation
reduceschannelcontentionand paclet collisions.

For large-scalenetworks, nodeclusteringhasbeenproposed
for ef cient organizationof the sensometwork topology[1],
[2], [3], [4], andprolongingthe network lifetime. In aclustered
network, a 2-tier hierarchyis constructedvhereclusterheads
form an overlay responsibldor dataforwarding, while other
nodes (which we refer to as “regular nodes”) only report
their datato their headst Enegy savings areachieved by: (1)
periodically re-clusteringthe network to selectmore enegy-
alundant cluster headsto participate in routing; and (2)
allowing nodesat the lower tier to sleep most of the time
sincethey do not participatein the routing infrastructure.

In this paper we investigatethe integration of node clus-
tering andtree-basedggreationandrouting in a real sensor
network setting.We quantify the impactof clusteringand ag-
gregationon the network lifetime andthe numberof success-
fully transmittedmeasurementdie experimentwith source-

1A hierarchymay containmore thantwo tiers by recursie clustering.
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driven applications where nodesperiodically sendreportsto

a x ed obserer. (We discussthe caseof mobile obseners
in [5]). In particulayr we consideran applicationthat usesa

dataaggreation operator suchas average(AVG), maximum
(MAX), sum(SUM), or count(COUNT). Priorto constructing
the routing tree, the network is clusteredto identify a set of

cluster headsthat have higher averageresidualenegy than
their peers.Only clusterheadsproceedo discover the pathto

the root of the tree (the obsener) by constructinga breadth-
rst spanningtree.

Constructinga spanningtree for dataforwardingwas pro-
posedfor multi-hop routing in TinyOS [6], [7]. We integrate
HEED clustering [2] with data aggreyation in the Multi-
HopRouter[8] to implementintegrated HEED (iHEED) in
TinyOS. We selectthe HEED clustering protocol because
it terminatesin a constantnumber of iterations, and elects
cluster headsthat are well-distributed in the network eld.
HEED does not require special node capabilities, such as
location-avarenessgdoes not make assumptionsabout node
distribution, and operatescorrectly when nodesare not syn-
chronized.iHEED can sene both source-drren applications
(where sensorsperiodically report their readings)and data-
driven applications(where an obsenrer queriesthe network).
To the bestof our knowledge,our work is one of the earli-
estimplementationsaand testbedmeasuementsof clustering
protocolsin sensometworks. Our experimentsusing iIHEED
shav that clustering plays a dominantrole in delaying the
rst node death,while aggreyation plays a dominantrole in
delayingthe last nodedeath.

The remainderof this paperis organizedas follows. Sec-
tion Il gives a brief description of the HEED clustering
protocol [2]. Sectionlll introducesour network model and
researchchallengesSectionlV formulatesan enegy model
basedon our hardware platform. Section V discussesthe
iIHEED system design details. Section VI gives empirical
resultsof iIHEED performanceon sensormotes.SectionVII
briey sunweys relatedwork. Finally, SectionVIll concludes
the paperand discusseplansfor systemextensions.

Il. HEED CLUSTERING

In this section,we briey describethe Hybrid, Enegy-
Ef cient, Distributed (HEED) clusteringprotocol [2]. HEED
assumeshatsensomodesdo nothave ary specialcapabilities,



suchasbeingGPS-equippedandthatall nodesto beclustered
are equally important. The goal of HEED is to prolong the
network lifetime, wherethe network lifetime is de ned asthe
time until the rst (or last) nodein the network depletesits
enegy. We considermore practicalde nitions in SectionVI-
B. To attain this goal, HEED usesa probabilistic approach
to electclusterheadswith high residualenegy (comparedo
regular nodes)in a constantnumberof iterations.

A nodeis mappedto exactly one cluster and mustbe able
to communicatewith its clusterheadvia a single hop using
an intra-clustertransmissiorrange,R;. R¢ correspondgo a
power level Pc. Inter-clusterroutingusesa highertransmission
range R; (Rt > R¢), correspondingo a powerlevel P;. Inter-
clusterrouting may either be pro-actie (i.e., table-driven) or
reactive (e.g.,DirectedDiffusion[9]) accordingto the type of
the application.Inter-clusterrouting on dataaggreyationtrees
is the primary focus of this work.

Cluster head selection is based on two parameters:A
primary parameter(node residual enegy) is usedto select
an initial set of cluster heads,and a secondaryparameter
is usedto breakties. A tie occurswhen two nodeswithin
range R. from each other announcetheir willingness to
becomeclusterheads We proposea techniquefor estimating
residualenegy during network operationin SectionlV. The
secondaryparametercan be setto an estimateof the intra-
clustercommunication‘cost, which is a function of cluster
densityor neighborproximity.

A nodeinitially setsits probability to becomeclusterhead
CHprob = Cpr obEESmi‘:j‘ , WhereE; esiqual IS the estimated
residualenepgy of the node,Enax is a referencemaximum
enegy, and Cprop is & small constantfraction usedto limit
the numberof initial cluster head announcementsCH o
is not allowed to fall belov a small probability, pmin , to
ensure constanttime termination. During each iteration, a
nodearbitratesamongthe clusterheadannouncementi has
receved to selectthe lowest cost clusterhead.If it hasnot
receved ary announcementsit elects itself to becomea
clusterheadwith probability CH pr op. If Successfulit sendsan
announcemenindicating its “willingness” to becomecluster
head.The nodethendoublesits probability CH pr ob, Waits for
a shortiteration intenal t;, and begins the next iteration. A
nodestopsthis processoneiteration afterits CH p o reaches
1. If a node electsto becomea cluster head, it raisesits
transmissiorpower to P, for inter-clustercommunication.

We have shawvn in [2] that HEED terminatesin Njer =
O(1) iterationswhereNje;  dog prn%e+ 1. In addition,the
clusterednetwork remainsconnectedundera certaindensity
modelwhenR; 6R. (thisis alooseupperbound).We have
also proven that the probability of two cluster headslying
within the clusterrangeR. of eachotheris very small.

I1l. SYSTEM MODEL
A. Platform

The platformwe usein this work is the Berkeley Mica2 and
Mica2Dot sensomotes[10] running TinyOS [7]. The Mica2
mote hasa 7.38 MHz Atmel processarwhile the Mica2Dot

hasa 4 MHz Atmel microprocessorBoth types have 128
KB programmemory 4 KB RAM, and512 KB non-wlatile
storage.The two types also have the sameradio properties.
The radio is a Chipcon SmartRFCC1000, with 916 MHz

frequeng, FSK modulationwith datarate 38.4 kBaud (19.2
Kbps), Manchesteencodingandlinear RSSI(received signal
strengthindicator).Outputpoweris digitally programmabléy

settingthe PA_POW register A minimum settingof PA_POV

= 0x02 correspondso a power outputof -20 dBm (10 W),

while the defaultvalue PA _PON=0x80corresponds$o a power
output of 0 dBm (1 mW). In our experiments,we use the
documentedpower consumptionvalues from the Chipcon
CC1000data-sheet.

We have performedmeasurements our lab that indicate
that the Mica2Dot motes have smaller transmissionranges
comparedo Mica2susingthe sametransmissiorpower levels.
This s despitethefactthatthey bothusethe sameradiomodel
andantennaDuring our experimentsMica2 motesweremuch
more predictablethan Mica2Dot motes.

B. Application

We considetthe classof applicationghatutilizesin-network
data aggreyation. An example applicationis radiation-level
monitoringarounda nuclearplant, wherethe maximumvalue
is of particularinterestfor the safety of the plant and the
surroundingervironment.Several projects,suchasthe Habitat
Monitoring on GreatDuck Island[11], canutilize theapproach
proposedn this work for dataaggreyation.

We studynetwork supportfor the basicdataaggrejationop-
erators:AVG, SUM, MIN, MAX, and COUNT. TinyDB [12]
canbedirectly usedon top of our clusteredmulti-hop network
to provide query processingcapabilitiesand dataaggreyation
to applications.To asses&negy sazings, we experimentwith
a scenariovheresensomodesperiodically sensethe medium
andforward their readingstowardsan obserer on an enegy-
aware dataaggreyationtree (detailsare given in SectionV).
Nodesalong the path from the leaves to the root aggreyate
data by forwarding only two values: (1) the datavalue D,
which is the sumin caseof AVG and SUM operatorsor the
maximum(minimum)in caseof MAX (or MIN) operatorand
(2) the numberof aggreyatedsensorreadingsN . An obsener
canthuscomputeAVG by dividing D by N, SUM/MAX/MIN
by usingD, and COUNT by usingN .

C. Challenges

Since we assumethat node distribution in the eld is
random,somenodesmay be on “popular” routing pathsand
rapidly depletetheir enegy, leaving areasin the eld un-
monitored.Periodicnode clusteringbasedon residualenegy
signi cantly mitigates this problem by electing nodeswith
higherremainingenegy to performthe more demandingob
of clusterheadsA 2-tier architecturenayalsoreduceinterfer
enceandcollisionsif differentchannel§or CDMA codes)are
usedfor intra-clusterand inter-cluster communicationThus,
routing and topology managemenshould be basedon both



shortestdistance(or channellossesas proposedin the ETX
metric [13]), aswell asremainingeneny.

A secondchallengefor data aggreyation applicationsis
the integration of clusterswith dataaggreyationtreeswithout
degradingpathquality. We proposeapplyingHEED clustering
prior to constructingthe aggreyation tree, and using only
cluster headsto constructthe aggreation tree. This organi-
zationis demonstratedh Fig. 1. Regardlessof how the nodes
are distributed in the eld, HEED cluster headsare well-
distributed. This helpsin maintaininghigh path quality at the
inter-clusterlevel.

N

A

Base
Station

Fig. 1. A spanningreeof clusterheadsrootedat the obserer (basestation)

A third challengefor enegy-basedtopology management
androutingprotocolsis the estimationof theremainingbattery
enegy. Inspectingthe analog-to-digitalcorverter (ADC) for
the battery voltage may not be useful due to its coarse
granularity In addition, the accurag of the computedADC
result is not always guaranteedTherefore,we computethe
remaining enegy in the node by using a simple approach
(describedbelow) that exploits measurementsn [14]. Our
approachconsidersall sourcesof enegy consumption,and
de nes a credit-point system(CREP) for updatingthe mote
enegy budgetduring on-line operationof the network. Our
methodologyis independenbf the ADC hardware’. Obsere
thatthe CREPsystemis nota new modelfor measuringenegy
consumptiorof the sensomattery It is a simpleapproactthat
compilesknown physics formulae, and corverts Joule con-
sumptioninto point deductionfor simplercomputationsSome
of the equationsprovided belov are adoptedin simulators,
suchas ns-2. The computationsof the CREP systemdo not
have to be highly accuratesince a rough estimateof battery
consumptionwill typically sufce to computea reasonable
clusterheadselectionprobability.

IV. DISSIPATED ENERGY ESTIMATION

Assumethata sensomusesa batterywith maximumcapacity
Ay Amp-hr, and typical averagevoltage Vy. The maximum
residualenegy in the batteryE o« IS computedas:

Emax = Vo Ap 36 10%Joule (1)

We computethe dissipatedenegy for varioussensoractiv-
ities. In a sensometwork, a nodeexpendsenegy in: (1) pro-
cessing(2) sensingandactuation(3) ash memoryoperations

2A query power monitor was also proposedin the TinyDB query proces-
sor[12]. Its goalis differentfrom our needsfor the IHEED system.

(read/write),and (4) communication(transmitting/receiing).
According to the application, a node goes through a duty
cycle whenit performssomeof the above actiities andsleeps
otherwise.For most applications,it is possibleto accurately
determinethe active to sleepratio for the sensorboardsince
sensingis periodic. Processqr ash memory andradio usage
canalsobe estimatedvith someaccurag if independentf the
datareceved. Inaccuraciesn estimatingthe enegy consumed
in processingare ngyligible sinceit is well known that the
enegy consumedor communicationss signi cantly higher

Let 1,2 andl,s denotethe currentdrawn by the processor
duringtheactive andsleepperiodsrespectiely. Let | mr , I mw ,
andl s denotethe currentdravn for memoryread,write, and
sleeprespectiely. Let | s, andl ss denotethe currentdravn by
the sensorboardduring active and sleepmodes,respectiely.
Finally, let, I, , I+, .r, andl s denotethe currentdrawvn by the
radio for receve, transmit(to a rangeR), and sleepmodes,
respectiely.

Considerthe following active/sleepratio for differentcom-
ponents:processomRps : Rps, ash memoryRyy : Ryw
Rms, and sensorboard Rs; : Rss. Therefore,the effective
currentl ¢ ¢ perunit time dravn from all componentsexcept
the radiois computedas:

|paRpa + |psts + lsaRsa + lssRss
I'mr Rmr + Imw Rmw + Ims Rms

leff
+

The power consumedor all component®therthanthe radio,
Po, is thereforecomputedas:P, = Vi, leit . Let Py, g bethe
power consumedor transmittingone paclet of size k bytes
(in Watt) with a rangeR, Py, .r is computedas: P;, g =

Vb Ii,:;r k8. Thereceve powver consumptionP; , is
computedas: P, = VW

I ry -+
A. Credit-Point System(CREP)

Our credit-point system, CREP assignspoints to E max
insteadof Joules.To be consenrative, the pointsonly represent
afractionof thecomputedE max (say90%).E:, r = Pt r
tp points are deductedfor each paclet transmissionwhere
tp is the paclet transmissiortime. Every period of time t,,
Eo, = P, t, points are deductedfor enegy consumption
of componentsother than the radio, andE,, = P, t,,
pointsaredeductedor radioreceire,wheret,,  t,. To avoid
oating point computationsandincreaseaccurag, points are
integerswith a ner granularitythanthe smallestgranularity
of enegy consumptionas shavn below.

Example: ConsiderCrossbav Mica2 nodes[10] with AA
batteries A conserative estimateof the AA batterycapacity
is 2.2 A-hr (an averageestimateof AA capacityis about2.4
A-hr). A Mica2 mote usestwo AA batterieswith effective
averagevoltageV, = 3V. Therefore the total enegy available
for a Mica2 mote from 2 AA batteriesEqnax = 2.2 3
3600= 23760J. We assuméhe processos | ;5 = 8 mA (1%),
andlps =15 A (99%);thesensors |53 = 5mA (5%),andl ss
=5 A (95%);the ash memorys |, =4 mA (0%), | mw =
15mA (0%),andl ns =2 A (100%);theradio'sl;, . =16.8
mA, I, = 10mA (5%),andl¢, =1 A (95%). We assume



that the sensorstransmitat 0 dBM (1 mW). The time per
bit transmissioris 62.4 sec asindicatedin the measurement
studyin [14], and we assumet, = 1 minute. We extract the
parametergrom the Mica2 data-sheeandthe MPR/MIB user
manualfound at [10].

Usingthisinformation,E, = (8 0.01+ 0.015 0.95+5

0.05+0.005 0.95+0.002 1) 3 60=56mJ.For
a 30 byte-paclet, the paclet transmissiortime t, = 0.0624

30 8 =14.97msec.Thus,Ei,r =Py, r tp,=16.8
3 14.97=0.75mJperpaclet. E;, =0.01 3 0.05
60 = 90 mJ,andEs (radiosleep)=10 ¢ 3 0.95 60

=171J .

It is clear from the above calculationsthat the small-
est enegy (one paclet transmission)is better expressedas
multiple of 1 J (it can also be expressedas multiples of
nJ or pJ to improve accuray). Thus, the points in CREP
are assignedas follows: The maximum credit limit (battery
capacity)= 23,760 10° points,E, = 56,000points,E, g =
750points/packt, E;, =90,000points,andE.s = 171points.

In [5], we provedthatthe enegy dissipatedfor worst case
operationof HEED clusteringis no larger than twice the
enegy dissipatedfor optimal clustering. We have veri ed
this result empirically using uniform and non-uniform node
distribution in the network eld.

V. IHEED IMPLEMENTATION IN TINYOS

In this section,we discussthe designdetailsof the IHEED
systen® iIHEED extendsthe multi-hop routerin [15] (initially
proposedn [8]) by adding:(1) clusteringlogic thatis executed
prior to parentselectionin the routing tree,and (2) a paclet
capture mechanismin the router for pushing data up the
protocolstackto the dataaggreyationapplication,in casethe
nodeis a clusterhead.The schematicdesignof the iIHEED
systemis depictedin Fig. 2. iIHEED addsabout420 lines of
codeto the TinyOS code. The paclet size usedis 29 bytes,
whichis thedefaultin TinyOS.Themainmodulesn the multi-
hop routerare:

Application
ketd next . .
ggﬁdet hop Routing Logic
< Parent Parent
Routing Selection
: energy | cluster
Engine moni?grl head
clusterhead Clustering
energy monitor| Logic

Fig. 2. Schematiadiagramof the iIHEED system

The Routing Engine: This is the main control unit in the
iIHEED router that is responsiblefor paclet forwarding. The
“Routing Logic” moduleis consultedfor settingthe next hop
in the paclet. For data aggreation, the “Routing Engine”
module in a cluster head interceptsincoming packets from

30ur complete implementation can be downloaded from:

http://lwwwcs.purdue.edu/homeatimy/

its clustermembersor its descendants the aggreyationtree,
andpusheghemup the protocolstackto the applicationlayer.
This moduleis independenbf the routing mechanism.

The Routing Logic: This moduleis responsibldor provid-
ing a routing algorithm for constructinga connectedgraph.
The “Routing Logic” consistsof two main sub-modules:
(1) the Clustering Logic which implementsthe clustering
algorithm usedto selecta set of connectedcluster heads.
Aggregationtree constructionfollows network clustering,and
considersonly cluster headsin the routing infrastructure,
and (2) the Parent Selection module which is responsible
for estimatingthe link cost for eachneighborbasedon the
“quality” of communicationsand its proximity to the base
station. The quality of communicationcan be determinedby
consideringdatalossesandlink symmetry[8]. For example,a
clusterheadv having a neighboru; thatis 4 hopsaway from
the basestation,and anotherneighboru, thatis 6 hopsaway
from the basestationmay preferu, to u; asits parentif the
lossratefor u; exceedsa speci ed minimumrequirementi.e.,
a metriclike ETX [13] canbe used).Eachnodemaintainsan
internal estimateof the data sentand receved from eachof
its neighborsto recordthe link quality to eachof them.

1) Cluster formation: The initial proposalof the multi-
hop routerin [15] includesa timer (Timerl) usedfor sending
out routing updatesandtriggering new routing computations.
We augmentthe Routing Logic module with two additional
timers for the clusteringprocess:(1) clusteringtrigger timer
(Timer2), and (2) clusteringiteration timer (Timer3). When
Timer2 expires, a node declaresthat it is not a clusterhead
(NON_CH) andit hasno parent.At that point, we proceed
to initialize a table of neighborsthat are nal clusterheads
(FINAL _CH). Thistableis usedto arbitrateamong nal cluster
headswithin the clusterrange after N, iterationshave been
executed.(The numberof iterations,Ner , Was computedin
Sectionll.) Timer2 thentriggers Timer3 to startiterating so
thatthe nodecompetedor clusterheadcandidag. Whenever
Timer3 expires, the stepsdiscussedn Sectionll arefollowed
in orderto electa clusterheador join a cluster

If a nodeelectsto becomeclusterhead,a routing update
messages forced by asynchronouslytriggering Timerl to
rapidly inform theneighborsAfter the clusteringproces®nds,
routing updatemessagesontinuecarrying information about
a nal clusterheadto aid nodesthat are newly deployed or
have beensleepingfor an extendedperiod of time. After a
node u electsa cluster headv, it invokes a method “join-
ClusterHead()to usethis headasits parent.This processis
successfubnly if: (1) the link betweenu andv is symmetric
usingthe intra-clusterrange,and(2) v wasableto nd apath
to theroot, i.e., hasdeterminedts positionin the aggreyation
tree. The pseudo-coddor clusteringlogic initialization and
timer actionscanbe found in [5].

2) Clustering iteration interval t.: The clusteringitera-
tion interval t; should allow neighboringnodes(within the
cluster range)to exchangeinformation about their statusif
they electto becomecluster heads.Three main parameters
drive the choiceof t¢: (1) the paclettransmissiortime, t,,, (2)



the numberof neighborsng, and(3) the delaysdueto retrans-
missions, propagation,and queuing. Assuming that paclets
are lost with probability p, then dl—lpe transmissionwill be
requiredfor successfupaclet transmissionThe transmission
interval shouldbe multiplied by a constantcy to accountfor
propagationand queuingdelays.Therefore,tc = ng  tp
dlie Cq. For example,if t, = 15 msec(as computedin
the exampleof SectionlV-A), ng =50, p = 0.15,andcy = 2,
thent. shouldbe setto 3 seconds.

3) Triggering the clustering process: It is dif cult in
practicefor all nodesto startexecutingiHEED simultaneously
becaus®f clock drifts. Thereforewe usea simpleapproacto
asynchronouslyrigger the clusteringprocessn the network.
A cluster head v whose Timer2 has expired immediately
broadcasts routing updatepaclet to its clustermembersand
its neighborclusterheadsn the aggreationtree.The message
containsinformation that v is not a cluster head arymore
(NON_CH). Upon receving this messagecluster members
with v as their cluster headtrigger their clusteringprocess
by re-initializing their Timer2.In addition,neighboringcluster
headsmmediatelytrigger their clustermembersand neighbor
clusterheadsandso on. Hence the clusteringprocesdiffuses
throughoutthe entire network, though certain regions start
slightly earlierthantheir neighboringregions.It is notessential
thatthe entirenetwork is simultaneouslye-clusteredAs long
as every set of neighboring regions can start re-clustering
within msectime difference,the network will still function
correctly

Obsenre alsothat triggering clusteringdoesnot requireary
additionaloverheadfrom a clusterhead,exceptfor a routing
update messageFor a realistic scenariowhere the battery
lifetime is in the rangeof monthsandloadson clusterheads
arebalancedtheclusteringprocessanbetriggeredat acoarse
granularity e.g.,hoursor days.

4) Energy monitoring: An enegy monitor interface is
added to the multi-hop router to managethe CREP sys-
tem and supply information on the remainingenegy to the
clusteringlogic. As previously discussed CREP points are
deductedfor datapaclket transmissionyouting updatepaclet
transmissionyradio receive, and enegy consumptionof other
componentsThe conserative computationof points causes
the CREP systemto depleteits points while the battery
is still operational.This is handledby the clusteringlogic,
which usesa minimum probability for electingclusterheads
when the remaining points are close or equalto zero. The
pseudo-coddor the enegy monitor canbe foundin [5]. For
radio receve, RECEIVE_.COST points are deductedrom the
batterycapacity This costmay be x edif the receve pattern
of the radio is unknovn. Otherwise,it will dependon the
recevve intenal. For paclet transmissionthe costis computed
accordingto the power settingof the RF radio.

5) Tree aggregation: A clusterheadaggrejatesthe data
pacletsrecevedfrom its clustermembersr treedescendants,
and sendsthe aggreyatedvalue up to the root. To achieve
this, we bind the paclet interceptionat the Routing Engine
with that of the application,thus pushingdataup the protocol

stack. The application manipulatesdata according to the
aggreyation operatoy incrementsthe count of data paclets
it hasreceved within the epochof time sinceits last send
operation,and forwards the aggreyate when the sendtimer
(appTimer) expires. The pseudo-coddor the applicationin
the iIHEED systemcan be found in [5].

6) Detailed design: Fig. 3 depictsa detaileddescription
of the IHEED system.The gure is an extension of the
MultiHopRouterin [15]. RoutingLogicM is the module that
containsthe clustering, and link estimationand parent se-
lection (LEPS) algorithms.We shav the new timers added
for clustering,the use of the enegy monitor interface, and
the applicationinterfacewith the Routing Engineto intercept
pacletscomingto the nodeif it is anelectedclusterhead.The
EnegyMonitorinterfaceis alsousedby the RoutingEngineto
inform the applicationwhetherthe batteryis still operational.
This informationis only exploited by the applicationto stop
datatransmissionln future applications,the enegy monitor
can supply the applicationwith valuable information about
the battery status,which is usedfor notifying neighborsof
possibledeathin the near future, and adjusting the rate or
rangeof transmission.
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Fig. 3. Multi-Hop routingwith clustering aggr@ation,andenegy control(an
extendedversionof [15]). Arrows shaw interface provider/userrelationships

The Comm interface, illustrated in Fig. 3, is responsible
for paclet capture and transmission.The MessagelD is
usedto identify whetherthe paclet is an applicationpaclet
(AM_APPMSG)sentthroughthe Routing Engine module,or
a routing updatepaclet (AM _MULTIHOPMSG) sentthrough
the RoutingLogicM module. The QueuedSendnterface is
responsiblefor buffering the pacletsto be sentin sequence.
Details of theseinterfacesare foundin [6].

V1. SENSOR TESTBED MEASUREMENTS

In this section,we evaluatethe iIHEED systemon a testbed
of Berkeley (Crossbav) Mica2 and Mica2Dot sensormotes.
Our performancametricsare: (1) the sensometwork lifetime,



(2) the numberof successfullytransmittedmeasurementsnd
(3) the overheadncurredby certainnodes(asdescribedater).

A. ExperimentalCon guration

Our network setupis illustrated in Fig. 4. We conduct
indoor experimentsin a computerlab. We use 6 Mica2 and
4 Mica2Dot sensordistributed in an areaof about 18 ft
12 ft. The basestationis also a Mica2 sensorattachedto a
MIB510 programmingboard,which is connectedo the serial
port (COM4) of a Pentium-I1l desktoprunning Windows XP.
The capabilitiesof the motesare describedin Sectionlll-A.
Let G; bethesetof nodesf 1,2,3y, G, bethesetf 4,5,6, and
G3 bethe setf 7,8,9,1@. The nodesin eachsetare located
within acircularareawith 2 ft diameter The averagedistances
betweenthe obserer and G1, G,, and G3 are 6 ft, 15 ft,
and 4 ft, respectiely. We place the set G, behind one of
the lab partitionsto createan obstacleand leave no line-of-
sightbetweerthis groupandthe basestation.This necessitates
multi-hop communicatiorbetweenG, membersandthe base
stationthroughG; members.

Mica2

- 1
- -. %

S

/Data
Obstacles

/ transfer
Mica2Dot 4
S T0

Observer

Fig. 4. The network testbedusedin the experiments.

We usethe following parametersCy op = 0.03, clustering
iteration interval length (t;) = 11 seconds,routing update
frequeny = 6/min, route recomputationfrequeny = 2/min,
INTRA_CLUSTERPOWER = -20 dBm (PA_POW register=
0x02),andINTER_.CLUSTERPOWER = -13dBm (PA_POW
register = 0x06). The choice of Cyop €nsuresa minimum
of 7 iterations, which reducesthe possibility of multiple
cluster headsin the sameregion. t; was selectedsuch that
node asynchroy doesnot affect the initial choice of cluster
heads.The transmissiorrangeswere selectedsuchthat three
network regions are createdand connected.The datarate is
0.5 pkts/secWhenthe clusteringprocesss in progressgach
nodeaggreyatesits own data,anddoesnot sendit out until it
nds aparentin thetreeor a clusterhead.This ensureghatno
datais lost during the clusteringprocessUsing the clustering
iteration interval and the initial clustering probability given
above, the clusteringprocessakes approximatelyone minute
with a reasonablychaged battery In scenarioswhere the
minimum CH p; op = 0.001,the clusteringprocessakes close
to 2 minutes.In real scenariosclusteringwill be triggered

every few hours,and datareportingwill be triggeredon the
orderof afew minutes.Thisimpliesthattheclusteringprocess
is within practical delay boundsfor applications The time
taken by the clusteringprocessdoesnot affect the application
data o w sincean old clusterheadremainsfunctional until a
new clusterheadtakesover.

Our applicationusesthe MAX operator Our results are
valid, however, for all similar operators,such as MIN and
AVG. We conductexperimentsusing the CREP systempre-
sentedin Section IV-A. We use values of drawn current
from a recentmeasuremenstudy on the Mica2 radio [14].
For PA_POW = 0x02, the drawn current= 5.3 mA, and for
PA_POW = 0x06,thedrawn current= 6.7 mA (approximately).
The intra-clusterenegy consumptiore; = 5:3 3 624
29 8 = 230 J, and similarly the inter-cluster enegy
consumptiorE, =291 J . Thus,we assigrpointsin multiples
of 1 J . We evaluate the iIHEED system by comparing
the performanceof a dataaggreation applicationusing two
different approachesOne approachuses multi-hop routing
without clustering[15] (which we referto as“COLLECT"),
while the otherusesa multi-hop routing dataaggreyationtree
with node clustering iIHEED). Comparisonwith COLLECT
was selectedsinceit assessethe bene ts of both clustering
and aggrejation,as explainedbelow.

In our experimentstheinitial batterycapacityis assigneda
x ednumberof points(e.g.,200,000) For aclusterechetwork,
we deduct230 points for eachintra-clustercommunication,
and 291 pointsfor eachinter-clustercommunicationWe as-
sumethatnodesin the COLLECT approactuseatransmission
rangesimilar to the inter-clusterrangeof the iHEED system.

This data aggreyation application implies the following
aboutenegy consumption First, processotenegy consump-
tion is almostsimilar in the two evaluatedapproachesThis
is becausehe main processingoverheads in maintainingthe
routing table and preparingrouting updates.The clustering
processis infrequently invoked, and it involves exceedingly
simple operationsexcept for the randomnumbergeneration
in caseno clusterheadannouncementare heard.Secondthe
sensorradios are either: (1) in the receve modeif they are
not transmitting;or (2) synchronizedfor sleepand wakeup,
asin TinyDB [12] (see[5] for a discussionof the nodeduty
cycle). In either case,the enegy consumedin receptionis
independentof the number of receved messagedor both
iHEED and COLLECT. Third, our applicationdoesnot re-
quire ash memoryoperationsTherefore the main parameter
contributing to enegy consumptionin this applicationis the
numberof transmittedpaclets and the power level usedfor
paclet transmission.

B. NetworkLifetime

The most common de nition of network lifetime is the
time until the rst (or last) nodein the network depletesits
enegy. In a multi-hop network, network connectwity is the
primary determinanbf network lifetime. Thatis, if in the set
of nodesV, only a subsetof the nodesvV°2 V canreachthe
obsenerin onehop (full-duplex), thenthe network practically
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“dies” when nodesin V° deplete their enegy becauseof
disconnectiorfrom the obserer. Therefore,network lifetime
in multi-hop networks is de ned asthetime until the rst (or
last) nodein V° depletests enegy. Usingthe above de nition
andour con gurationillustratedin Fig. 4, thesetG; =1,2,3y
represents/© (subsetof critical nodes).This is becauseG,
memberscannotreachthe obsenrer exceptthroughG;.

Fig. 5(a) showns the network lifetime for the rst nodedeath
de nition for iIHEED versusCOLLECT. Resultsindicatethat
the rst nodedeathis delayedby a factor of up to 4 with
the iIHEED system.This signi cant improvementis attributed
to the periodic re-clusteringof the network that pusheseach
nodein and out of the routing overlay to reduceits enegy
consumption.Fig. 5(b) shavs the network lifetime for the
secondde nition (lastnodedeath).The gure illustratesthat
the obserer in the iIHEED systemremainsconnectedo the
network at leasttwice aslong asthe casewith no clustering.
As expected,node deathin a clusterednetwork speedsup
after the rst nodedeath.The network lifetime is prolonged
for the smaller clusteringinterval (Cl), since more frequent
clusteringtendsto distribute enegy consumptiormoreevenly
amongnodes.In summary clusteringplays a dominantrole
in delayingthe rst node death, while aggreation plays a
dominantrole in delayingthe last node death.

C. Successfulransmissions

In this experiment, we measurethe number of success-
ful transmissionssince data loss may occur during the re-
clusteringoperationBy successfutlatatransmissionywe mean
that a sensorreadingis carried all the way to the obsenrer.
Sincethe numberof the aggr@atedsensoreadingds updated
in eachpaclet on its way to the obserer, the obsener can
easily computethe numberof successfutransmissionsThis
is a good metric sinceit implicitly accountsfor lossesdueto
the wirelessmedium.

Fig. 5(c) depictsthe numberof successfutransmission$or
both techniquesiHEED at leastdoublesthe numberof suc-
cessfultransmissionsThis is a consequencé the prolonged
network lifetime. The gure also illustrates that different

clusteringintervals do not resultin signi cant differencesin

the numberof recevedtransmissionsThis is rathersurprising
sincethe network lifetime is longer for the smallerCl. The
longer lifetime advantageis offset by the fact that frequent
clusteringmayresultin datalossduringtreeconstructionThis
effectis minimalin iHEED sincea nodedoesnot sendits data
until a clusterhead(or a parent)is found.

Although successfutransmissionsn iHEED signi cantly
outnumberthosein COLLECT dueto the prolongednetwork
lifetime, it is also importantthat the network using iIHEED
givesaconsistenthroughputtomparableo thatof COLLECT.
We computethe network throughputby dividing the total
number of paclets successfullyreceved at the root by the
network lifetime. In [5], we shav that the averagethroughput
in iIHEED is indeedcomparableo that of COLLECT.

D. Overhead

The overheadin our applicationis de ned as the enegy
consumedor routing updatesglustering,and paclet forward-
ing towardsthe root. In iHEED, the clusteringprocessonly
requiresa few routingupdatego carry clusterheadannounce-
ments.Therefore routing updatesconstitutethe primary over-
headin iHEED. In this experiment,we reportthe maximum
overheadon ary nodein G; usingiHEED, and compareit
to the overheadof eachnodein G; using COLLECT. Fig. 6
shaws that the maximumoverheadn iHEED is lessthanone
half of the averageoverheadin COLLECT. This is expected
since paclet forwarding in COLLECT consumessigni cant
enegy from nodesin the critical set. In the COLLECT
experimentsmostof the nodesthat cannotdirectly reachthe
basestationtendto usethe sameparentin thetree.Thisresults
in quickly depletingenegy from this parent,which explains
why the rst nodedeathin COLLECT is muchfasterthanthat
in IHEED.

VIl. RELATED WORK

TinyOS [6], developedat UC Berkeley, was proposedas
the operating system for small sensors.TinyOS provides
network abstractiongo facilitate communicationsA number
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of approacheg$or multi-hop communicationsxist, including

treerouting,ad-hocrouting,andbroadcasandepidemicproto-
cols[16]. TinyOS beaconingAMROUTE) is the earliesttree
routing proposalfor TinyOS in which the root sendsperiodic
beaconsto constructthe routing tree. Non-beaconingmulti-

hop routing was laterimplementedn TinyOS, e.g.,mh6 [15]

and its MultiHopRouter implementation.An evaluation of

the impact of data aggreation on enegy conseration in

sensornetworks was presentedin [17]. TinyDB [12] and
Cougar[18] were proposedfor efcient databaseguerying
and aggreationin sensornetworks. TinyDB focuseson the
sameclassof operators(AVG, MAX, etc.) asin this study

TinyDiffusion [19] also exploits in-network dataaggreyation
as necessaryOur approachsupportsboth source-dwen and
data-drven applications,and thus can be usedto construct
an underlying structurefor both TinyDB and TinyDiffusion.
Supportfor otheraggreyation operatorssuchas medianand
histogramswas consideredn [20]. In [21], [22], a schedule
is computedfor aggreating datato maximize the network

lifetime. AIDA [23] studiesapplication-independerdataag-
gregation and proposesa mechanismfor concatenatingnet-
work units using an adaptve feedbackscheme For topology
managementechniquesin ad-hoc networks, the readeris

referredto [24].

VIIl. CONCLUSIONS

We have presentedHEED: a systemthatintegratesenegy-
efcient nodeclusteringwith dataaggreationtreesin sensor
networks. IHEED prolongsthe network lifetime and reduces
contentionon communicatiorchannelsWe proposeda simple
credit-pointsystem(CREP)for trackingthe enepy dissipated
in different sensor components.CREP assistsin electing
more enegy-capablecluster heads.We implementedHEED
into TinyOS. Our experimentson a sensornetwork testbed
demonstratethat by using clustering and data aggreyation,
the network lifetime is prolongedby a factor of 2 to 4,
the number of successfultransmissionsis almost doubled,
and the maximumoverheadis reducedto lessthan half (for
the studied application). Future extensionsof this system
will consider multiple cluster head overlays for reliability,
efcient node duty cycles, and messageauthentication.We
also plan to incorporatemore operators,such as MEDIAN

and VARIANCE.
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