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Abstract

Therapidadwancesn processgmemoryandradiotechnologyhave enabledhedevelopmenbf distributed
networks of sensomodescapableof sensingand communicatingusingwirelessmedia. The basicoperation
in sensometworks is the systematicgatheringand transmissiorof senseddatato the end-user The severe
enegy constraintsaandlimited computingcapabilitiesof the sensorgpresentmajor challengego its design.In
this paper | proposetwo new protocolsDEEFADS (Distributed Eneigy-efficient Protocolfor Aggregationof
Datain SensomMetworks) and C-DEERADS (Clustered-DEERDS) that maximizethe lifetime of the sensor
network. Simulationresultsshav that the protocolsperform betterthan the existing approachesDirected
diffusion,LEACH, PEDAP andPEDAP-PA. Thetwo-tier clusteringapproactC-DEEFADS is optimalin terms

of maximizingthe systemlifetime aswell asreducingthe end-to-endatengy.
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. INTRODUCTION

A sensometwork comprisef a large numberof low-power wirelesssensorspreadacrossa geo-
graphicalareathatcanbeusedto monitorandcontrolthe physicalernvironmentfrom remotelocations.
Eachsensomnodeis batterypoweredandequippedwvith integratedsensorsgataprocessingapabilities
andshort-rangeadiocommunicationsThe readingssensedy the sensorsareroutedto the enduser
by a multi-hop architectureéhroughthe basestation.Potentialapplicationsof sensomnetworksinclude

real-timetraffic monitoring,battlefieldsurwillanceandnuclearattackdetection.
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The main constraintof sensornodesis their low finite battery enegy, which limits the network
lifetime. Network lifetime is the time at which the first nodein the network completelyexhaustsits
batteryresourcesThekey challengean suchanenvironmentis the designof communicatiorprotocols
that maximizethe network lifetime and reducebandwidthrequirementsy usinglocal collaboration
amongthenoded6]. Theprimaryfocusof thepaperis thedesignandevaluationof anenegy-efficient
protocol that maximizesthe lifetime of the sensometwork. The key ideais to combinedatafrom
differentsensordo eliminateredundantransmissionstherebyleadingto efficient useof the enegy
resource$7]. For example,in areconnaissance-orientsgnsometwork, sensoreadingsndicatethe

detectionof atarget,while aggreationis usedto trackandidentify the detectedarnet.

A. Existing Approaches

In Directeddiffusion[1], the sink disseminatea sensingiaskasaninterest messageThis setsup
gradients within the network thatpointto the neighborfrom which aninterestwasreceved. Directed
diffusion doesnot considerthe enegy of the sensomodeswhile routing data. Thus, it may route
throughnodeghatarehearily enegy-constrainedtherebydecreasinghe network lifetime.

LEACH [2] (Low Enegy Adaptive ClusteringHierarchy),developedat MIT, is anelegantsolution
to the dataaggreationproblemwhereclustersareformedin a self-oiganizedmanner A designated
nodein eachcluster calledthe cluster-head is responsibldor collectingandaggreatingthedatafrom
sensorsn its clusterandeventuallytransmittingthe resultto the basestation.

In PEGASIS[3] (Power-Efficient GAtheringin Sensorinformation Systems) datais aggregated
at nodesorganizedasa chain. PEGASISachievesreductionin enegy consumptionas comparedo
LEACH sinceonly onedesignateshodesendshecombineddatato thebasestation.PEDAP [4] (Power
Efficient Data Gatheringand Aggregation Protocol) outperformsLEACH and PEGASISby routing

dataalongthe edgesof the minimum spanningree. PEDAP-PA (power-aware)further optimizesby
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distributing the load evenly amongthe nodes.The dravbackof theseapproachess thatthey optimize
theenegy of thenodelocally. Thus,datamightberoutedalongpathsthatminimizetheenegy locally,
however, consuminghighertotal systemenegy. If we globally optimizethetotal enegy consumption
from sourceto sink, insteadof local optimization,we will have morebenefits.

In this paper | presentwo nenv new enegy-efficient protocolsfor in-network processinganddata
aggre@ationin sensometworks. Restof the paperis organizedasfollows. In Section2, | presenthe
modelfor our system.In Section3, | give aformal descriptionof my protocolDEEFADS, followedby
the two-tier clusteringapproachC-DEEFADS in Sectiond. In Section5, | presensimulationresults.
Finally, I concludemy papernn Section6.

[I. SYSTEM MODEL

A. Model for a Sensor Node

Themodelfor a sensomnodeis depictedn Fig. 1. Thekey blocksare:

1) Sensing Sensdhe physicalervironmentandreportreadings.

2) Receving - If receved datais a query messagebroadcasit to remainingsensors.If it is a
reading, aggreatethereadingsandforwardit to the basestationalongthe bestavailablepath.

3) Sending Senddataalongthe communicatiorblock.

4) Sleeping Pawer off the sensomwhenthe network doesnot requireits services.

B. Energy Model
We assumethat eachnodein the network hasa uniqueidentifier The enegy consumeddue to
transmissiorirom nodei to nodej is representedly E%X . Receving traffic consumegnenpy, denoted

by EfX . The costmetricusedfor the protocolsis givenbelow:

_ 1 . . . .
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Fig.1. Model for a SensorNode

This metric reflectsthe costincurredby node: if it wereto receve a paclket from nodej. BC; is the
available battery capacityat nodei. A lower value of the metric implies a highervalue of residual
enegy. Our goalis to minimize this cost, which clearly depictsthe selectionof nodeswith higher

residualenegiesalongthe pathswith minimumenegy consumption.

[I1. DEEPADS ProTOCOL DESCRIPTION

In this section,| will give aformal descriptionof DEEFADS (DistributedEneigy-Efficient Protocol

for Aggregationof Datain WirelessSensorNetworks).

A. Intuition

The approachusedin querydisseminatiorand dataaggreationis similar to thatusedin directed
diffusion[1], exceptthatthecontrolinformationwill carrytheenegy costmetricwith it. The protocol
operations asfollows: Theenduserquerieghenetwork througheitherabasestationor asensomnode.
This nodeis referredto asthe sink. The sink floodsthe interest messagehroughthe sensometwork.
Theformatof theinterest messageés < sink_id, seq#, predecessor, cost_metric > wheresink_id is
the sink nodeidentity, seq# is the sequence&umberof the interestmessagéo indicateits freshness,

predecessor is the 1-hopneighborfrom which the interest messagevasreceved andcost_metric is
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thecostof reachinghecurrentnodefrom thesink. Eachnodealsomaintainsasingleentryfor thesame
structurethatreflectsthereversepathto the sink. Thisis similar to settingup the gradients. However,
unlike directeddiffusion, DEEFADS maintainsa single gradientthat pointsto the predecessaoalong

theleastcostpathin termsof theenegy metric. Fig. 2 illustratesthe operationof DEEFADS.
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Fig. 2. Schematicfor DEEPADS. (a) Inter est Messagesare flooded thr ough the network. (b) Each node setsup a

singlereversegradient along the leastcostpath. (c) Source Node transmits data along the leastcostpath
B. Formal Description of the Protocol

Eachnodein the network maintainsa table T that comprisesof entriesof the form < sink_id,
seq#, predecessor, cost_metric >. On receving the interest messagethe node updatesthe table
dependinguponthe costmetric. The notationsusedare: ¢ is a 4-tupleentryin thetableT. m is the
interestmessagelt is a4-tuple,sameast. m.predecessor is thenodefrom whichtheinterestmessage
wasreceved. chan|[l..K] is anarrayof K 1-hopimmediateneighbors.chan|k] correspondsgo the
identity of the 1-hopimmediateneighbor

DEEFRADS protocolis executedat eachnodein a distributed fashion. As the nodesreceve the
interestmessagen, they checkto seeif thereexistsa shorterpath(in termsof smallerenegy metric).
If thereexistsone,they modify the predecessan theirtableT andunicastthisto their otherneighbors.
Whenthealgorithmcorverges,eachnodewill have apointerto its predecessalongtheleastcostpath
to thesinknode.As datatraversesalongtheintermediatenodego thesink node, it is aggreatedalong

the path.



Formal Description of DEEPADS Protocol for Node:
Onreceving interestmessagen from nodej

1. begin

2: if m.sink_id notfoundin tableT then addm tothetableT;

3: else

4. begin

5: find tuplet for the samesink_id asin m;

6: if m.seq# > t.seq# then replaceentryfor ¢ in T by m;

7: else

8: if m.seq# = t.seq# and m.cost_metric < t.cost_metric then
10: begin

11: t.predecessor = j,

12: t.cost_metric .= m.cost_metric;

13: fork=1to K do

14: begln/* Build theinterestmessagen’ */

15: m =m; [* sink_id, seq#, predecessor aresameasthatof m */
16: m cost _metric := N — ERX+ BConanii B i,
17: Unicastthis m' to nodechan[k];

18: end

19. end

20: else Dropthemessagel* m.seq# < t.seq#*/

21: end

22: end

V. EXTENSIONS TO DEEPADS : A TwWO-TIER CLUSTERING APPROACH

DEEFRADS reduceghe numberof transmissionsvhenthereare multiple sourcenodesandthereby
increaseghe systemlifetime. However, eachnodehasto wait for aggregationtill it getsdatafrom
the node,for whom it is the predecessorThis increasesateng, which may be undesirablan some
applications.

In this section,] extendDEERADS by developinga two-tier clusteringapproach Given, a network
topology divide it into clusterseachclusterrepresentetly a cluster-head. For communicatiorwithin
clustersDEERADS approachs usedwith sinknodeastheclusterhead.Dataaggrejationis doneatthe
cluster-head. We denoteclusterheadcommunicatiorastier-1 andcommunicatiorwithin the clusters
astier-2. Thetwo-tier approachs referredto asC-DEEFADS (Clustered-DEERDS).Theend-to-end

lateng is reducedsince,aggreationat differentclusterheadscanoccursimultaneously



A. Cluster Formation and Maintenance Algorithm

After thenodesaredeployed,the basestationdividesthe geographicategioninto clusters suchthat
eachsensorbelongsto only onecluster It picks one nodefrom eachclusterto be the clusterhead
and multicaststhis informationto eachcluster Periodicallythe role of the clusterheadis rotatedto
load balancethe enegy consumption At the beginning of the interval, the currentclusterheadbuilds
a CH-leader-elect messagendbroadcast# to all nodesin its cluster On receving the messagethe
nodedransmita2-tuple< current_battery_capacity, node_id > to theclusterhead.Theclusterhead
topologicallysortsthe 2-tuplein the decreasingrderof current_battery_capacity andelectsthefirst

nodeasthe clusterheadfor the next interval. Thisis broadcasto all nodeswithin the cluster

V. SIMULATION RESULTS

In this section,l will comparethe performanceof DEERADS and C-DEERADS with directeddif-
fusion, LEACH, PEDAP and PEDAP-FA. The ervironmentusedfor the experimentsis Ptolemy-Il,
VisualSensg5] andJava. For the experiments,| have uniformly distributed 100 nodesover an area
with dimensionl00mx 100m. Theexperimentsvererunfor differentnumberof sourcenodesandone
sinknode.All nodeshave equalinitial batteryenegies(2 Joules). Eachnodeis equippedvith asingle

transcerer with range50 meters.
A. Comparison of System Lifetime

Figures3 and4 comparethe systemlifetime of the protocolswhenthereare one andten source
nodesrespectrely. In eachround,thereis communicatiorbetweerthe sink andsourcenode. Fig. 3
(a) shovs that DEEFADS and C-DEEFADS have a higherlifetime thanthe existing approachesFig.
3 (b) shaws thatthe total enegy consumedy DEEFADS and C-DEERADS is lower thanthat of the
existing approachedrigures4 (a) and(b) depictthe systemlifetime andthetotal enegy consumption

whentensourcenodesransmitdatain eachround.
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Fig.3. Simulation resultswith 1 source,1 sink communicationin eachround. Fig. (a) depictsthe systemlifetime v.s.

number of roundsand Fig. (b) depictsthe total energy consumption(in Joules)v.s. number of rounds.
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Fig.4. Simulation resultswith 10 Sources,1 Sink communicationin eachround. Fig. (a) depictsthe systemlifetime

v.s.number of roundsand Fig. (b) depictsthe total energy consumption(in Joules)v.s. number of rounds.
B. Latency Analysis

Lateng is thetime betweertheeventswhenthe sink nodesendgheinterestmessageéo the network
andrecevesthe aggrgatedreadingfrom the network. For comparatie evaluation,| performedexper
imentswhereall nodeswantto transmitto the sink node. As seenin Tablel, the two-tier approaches
LEACH andC-DEEFRADS have alower lateng thanthe flat ones.For LEACH andC-DEEFADS, as
thenumberof clustergsincreasedrom 8to 16, lateng reducesiueto moreparallelismof aggreation
within clusters but asyou go from 16 to 24, lateng increasesThis is becauseavith 24 clustersthere

is morecontentionbetweerclusterheadsatthe mediaaccesseadingto higherdelay



uster Size

Ir ecteddiffusion

8 92.5 63.8 88.5 87.5 87.4 59.6

16 92.5 61.8 88.5 87.5 87.4 57.4

24 92.5 74.3 88.5 87.5 87.4 63.3
TABLE |

END-TO-END LATENCY (VALUES ARE IN MILLISECONDS)

C. Overhead Analysis

Thereis an overheadnvolved for maintainingclustersin C-DEERADS. The numberof messages
broadcasto electa new clusterheadare of the order O(N?), where N; is the numberof nodesin

clusteri. Thecompleity reducedo O(log(NV;)) by forwardingmessagealonga spanningree.

V1. CONCLUSION

In this paper | proposedwo novel enegy-eficientapproache®EERADS andC-DEERADS to in-
network processin@nddataaggreationin wirelesssensonetworks. They useenegy asthemetricfor
routingdatafrom sourceto sink, therebyleadingto increasesystenlifetime. Simulationresultsshow
that DEEFADS and C-DEERADS outperformthe existing approachesUsing the two-tier approach,
C-DEERDS furtherreduceghe end-to-endateng. Thetwo-tier clusteringapproachC-DEERADS is

optimalin termsof maximizingthe systemlifetime aswell asreducingthe end-to-endateng.

REFERENCES

[1] C. Intanagonwivat, R. Govindan, D. Estrin, J. Heidemann,F. Silva, “Directed Diffusion for Wireless SensorNetworking”,
IEEE/ACM Trans. Networking, vol. 11,no0.1, pp.2-16,Feb 2003.

[2] W.HeinzelmanA. Chandrakasart. Balakrishnan;An Application-SpecifidProtocolArchitecturefor WirelessMicrosensoiNet-
works”, IEEE Trans. Wireless Communications, vol. 1, no. 4, pp.660-670,0ct. 2002.

[3] S.Lindsey, C. Raghaendra,K. M. Sivalingam,“Data GatheringAlgorithms in Sensometworks using Enegy Metrics”, IEEE
Trans. Parallel and Distributed Systems, vol. 13,n0.9, pp. 924-935,Sept.2002.

[4] H. O.Tan,l. Korpeoglu,“Power Efficient DataGathertingand Aggregationin WirelessSensometworks”, Proc. ACM Int. Conf.
Management of Data (ACM S GMOD), vol. 32,n0.4, pp.66-71,Dec.2003.

[5] P Baldwin,S.Kohli, E.A. Lee,X. Liu, Y. Zhao,“Modeling of SensolNetsin Ptolemyll”, Proc. Information Processing in Sensor
Networks, pp. 359-368 Apr. 2004.

[6] D.E.Culler,J.Hill, P.BuonadonnaR. Szavczyk,A. Woo,“A Network-CentricApproachto Embeddedoftwarefor Tiny Devices”,
Proc. Int. Workshop Embedded Software (EMSOFT), pp.114-130,0ct.2001.

[7] G.Asada,A. Burstein,D. Chang,M. Dong, M. Fielding, E. Kruglick, J. Ho, F. Lin, T. H. Lin, H. Marcy, R. Mukai, P. Nelson,F.
Newberg, K. S.J.Pister G. Pottie,H. SanchezQ. M. StafsuddS. Valoff, G. Yung,W. J. Kaiser “Low power systemdor wireless
microsensors”Proc. |EEE Int. Symposium Low Power Electronics and Design, pp.17-21,Aug. 1996.



