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Abstract

Therapidadvancesin processor, memoryandradiotechnologyhaveenabledthedevelopmentof distributed

networks of sensornodescapableof sensingandcommunicatingusingwirelessmedia. The basicoperation

in sensornetworks is the systematicgatheringand transmissionof senseddatato the end-user. The severe

energy constraintsandlimited computingcapabilitiesof thesensorspresentmajorchallengesto its design.In

this paper, I proposetwo new protocolsDEEPADS (DistributedEnergy-efficient Protocolfor Aggregationof

Data in SensorNetworks) andC-DEEPADS (Clustered-DEEPADS) that maximizethe lifetime of the sensor

network. Simulationresultsshow that the protocolsperform better than the existing approaches:Directed

diffusion,LEACH, PEDAP andPEDAP-PA. Thetwo-tier clusteringapproachC-DEEPADS is optimalin terms

of maximizingthesystemlifetime aswell asreducingtheend-to-endlatency.

Index Terms

SensorNetworks,In-Network Processing,DataAggregation,Energy-EfficientAlgorithms

I . INTRODUCTION

A sensornetwork comprisesof a largenumberof low-power wirelesssensorsspreadacrossa geo-

graphicalareathatcanbeusedto monitorandcontrolthephysicalenvironmentfrom remotelocations.

Eachsensornodeis batterypoweredandequippedwith integratedsensors,dataprocessingcapabilities

andshort-rangeradiocommunications.Thereadingssensedby thesensorsareroutedto theenduser

by a multi-hoparchitecturethroughthebasestation.Potentialapplicationsof sensornetworksinclude

real-timetraffic monitoring,battlefieldsurveillanceandnuclearattackdetection.
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The main constraintof sensornodesis their low finite batteryenergy, which limits the network

lifetime. Network lifetime is the time at which the first nodein the network completelyexhaustsits

batteryresources.Thekey challengein suchanenvironmentis thedesignof communicationprotocols

that maximizethe network lifetime andreducebandwidthrequirementsby usinglocal collaboration

amongthenodes[6]. Theprimaryfocusof thepaperis thedesignandevaluationof anenergy-efficient

protocol that maximizesthe lifetime of the sensornetwork. The key idea is to combinedatafrom

differentsensorsto eliminateredundanttransmissions,therebyleadingto efficient useof the energy

resources[7]. For example,in a reconnaissance-orientedsensornetwork, sensorreadingsindicatethe

detectionof a target,while aggregationis usedto trackandidentify thedetectedtarget.

A. Existing Approaches

In Directeddiffusion [1], thesink disseminatesa sensingtaskasan interest message.This setsup

gradients within thenetwork thatpoint to theneighborfrom which aninterestwasreceived. Directed

diffusion doesnot considerthe energy of the sensornodeswhile routing data. Thus, it may route

throughnodesthatareheavily energy-constrained,therebydecreasingthenetwork lifetime.

LEACH [2] (Low Energy Adaptive ClusteringHierarchy),developedat MIT, is anelegantsolution

to the dataaggregationproblemwhereclustersareformedin a self-organizedmanner. A designated

nodein eachcluster, calledthecluster-head is responsiblefor collectingandaggregatingthedatafrom

sensorsin its clusterandeventuallytransmittingtheresultto thebasestation.

In PEGASIS[3] (Power-Efficient GAthering in SensorInformation Systems),datais aggregated

at nodesorganizedasa chain. PEGASISachievesreductionin energy consumptionascomparedto

LEACH sinceonly onedesignatednodesendsthecombineddatato thebasestation.PEDAP [4] (Power

Efficient DataGatheringandAggregationProtocol)outperformsLEACH andPEGASISby routing

dataalongtheedgesof theminimum spanningtree. PEDAP-PA (power-aware)further optimizesby
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distributing theloadevenly amongthenodes.Thedrawbackof theseapproachesis thatthey optimize

theenergy of thenodelocally. Thus,datamightberoutedalongpathsthatminimizetheenergy locally,

however, consuminghighertotal systemenergy. If we globally optimizethetotal energy consumption

from sourceto sink, insteadof localoptimization,wewill havemorebenefits.

In this paper, I presenttwo new new energy-efficient protocolsfor in-network processinganddata

aggregationin sensornetworks. Restof thepaperis organizedasfollows. In Section2, I presentthe

modelfor oursystem.In Section3, I givea formaldescriptionof my protocolDEEPADS, followedby

thetwo-tier clusteringapproachC-DEEPADS in Section4. In Section5, I presentsimulationresults.

Finally, I concludemy paperin Section6.

I I . SYSTEM MODEL

A. Model for a Sensor Node

Themodelfor a sensornodeis depictedin Fig. 1. Thekey blocksare:

1) Sensing- Sensethephysicalenvironmentandreportreadings.

2) Receiving - If received datais a query message,broadcastit to remainingsensors. If it is a

reading, aggregatethereadingsandforwardit to thebasestationalongthebestavailablepath.

3) Sending- Senddataalongthecommunicationblock.

4) Sleeping- Poweroff thesensorwhenthenetwork doesnot requireits services.

B. Energy Model

We assumethat eachnodein the network hasa uniqueidentifier. The energy consumeddue to

transmissionfrom node
�
to node� is representedby ������	� . Receiving traffic consumesenergy, denoted

by ��
�� . Thecostmetricusedfor theprotocolsis givenbelow:

� �	��
 ������������������! ��"�#�%$&���(' �$)� � �+*-,
is asinknodeor basestation


 ��/.021 � ���������! ��"�#�%$&���(' �$)� � �
is anintermediatenodeand 3 is thepredecessorof

�
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Fig. 1. Model for a SensorNode

This metric reflectsthecostincurredby node
�

if it wereto receive a packet from node � . 4 � � is the

availablebatterycapacityat node
�
. A lower valueof the metric implies a highervalueof residual

energy. Our goal is to minimize this cost,which clearly depictsthe selectionof nodeswith higher

residualenergiesalongthepathswith minimumenergy consumption.

I I I . DEEPADS PROTOCOL DESCRIPTION

In this section,I will givea formal descriptionof DEEPADS (DistributedEnergy-Efficient Protocol

for Aggregationof Datain WirelessSensorNetworks).

A. Intuition

The approachusedin querydisseminationanddataaggregationis similar to that usedin directed

diffusion[1], exceptthatthecontrolinformationwill carrytheenergy costmetricwith it. Theprotocol

operationis asfollows: Theenduserqueriesthenetwork througheitherabasestationor asensornode.

This nodeis referredto asthe sink. Thesink floodsthe interest messagethroughthesensornetwork.

Theformatof the interest messageis 576 �98 3 �):�; 6%<>=�? ;9@(A < : <%BC<�6�6%D AE; BCDF62G HI<2G AF� BKJ where 6 �98 3 �):
is

thesink nodeidentity, 6%<>=�? is thesequencenumberof the interestmessageto indicateits freshness,

@(A < : <%BC<�6�6%D A is the1-hopneighborfrom which the interest messagewasreceivedand BCDF62G HI<2G AF� B is
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thecostof reachingthecurrentnodefrom thesink. Eachnodealsomaintainsasingleentryfor thesame

structurethatreflectsthereversepathto thesink. This is similar to settingup thegradients. However,

unlike directeddiffusion,DEEPADS maintainsa singlegradientthat pointsto the predecessoralong

theleastcostpathin termsof theenergy metric.Fig. 2 illustratestheoperationof DEEPADS.

Interests

Gradients

SinkSinkSink Source

Event

Source

Event

Source

Event

(b) Gradients Establishment (c) Path Reinforcement(a) Interest Propagation

Fig. 2. Schematicfor DEEPADS. (a) Inter estMessagesare flooded thr ough the network. (b) Each nodesetsup a

singlereversegradient along the leastcostpath. (c) SourceNodetransmits data along the leastcostpath

B. Formal Description of the Protocol

Eachnodein the network maintainsa table L that comprisesof entriesof the form 5M6 �)8 3 �):#;

6%<>=�? ;9@NA < : <%B&<�6E6%D A�; BCDF62G HI<2G AF� BOJ . On receiving the interest message,the nodeupdatesthe table

dependinguponthe costmetric. Thenotationsusedare: G is a 4-tupleentry in the table L . H is the

interestmessage.It is a4-tuple,sameas G . HQP @(A < : <%BC<�6�6%D A is thenodefrom which theinterestmessage

wasreceived. B2RNS 8UTWV P!P�XZY is an arrayof X 1-hopimmediateneighbors. BCRNS 8[T 3\Y correspondsto the

identityof the1-hopimmediateneighbor.

DEEPADS protocol is executedat eachnodein a distributed fashion. As the nodesreceive the

interestmessageH , they checkto seeif thereexistsa shorterpath(in termsof smallerenergy metric).

If thereexistsone,they modify thepredecessorin their table L andunicastthis to theirotherneighbors.

Whenthealgorithmconverges,eachnodewill haveapointerto its predecessoralongtheleastcostpath

to thesinknode.As datatraversesalongtheintermediatenodesto thesinknode,it is aggregatedalong

thepath.
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Formal Description of DEEPADS Protocol for Node
�

Onreceiving interestmessageH from node�
1: begin
2: if HQP�6 �98 3 �):

not foundin table L then add H to thetable L ;
3: else
4. begin
5: find tuple G for thesame6 �)8 3 �9:

asin H ;
6: if HQP"6%<>=]?^J_G`P�6�<>=]? then replaceentryfor G in L by H ;
7: else
8: if HQP"6%<>=]? 
 G`P�6�<>=]? and HQP�B&D]62G HI<2G AE� Ba5_G`PbBCDF62G HI<2G AF� B then
10: begin
11: G`P @(A < : <%B&<�6�6�D Adc 
 � ;
12: G`PbBCDF62G HI<2G AE� B c 
 HQPbBCDF62G HI<2G AE� B ;
13: for 3 
 V

to X do
14: begin /* Build theinterestmessageHfe */
15: Hfe c 
 H ; /* 6 �98 3 �9:

, 6%<>=�? ,
@(A < : <%BC<�6�6%D A aresameasthatof H */

16: HfegP�B&DF6>G HI<2G AE� B c 
 �.h�i jlkgmon hNpon"q � j �����%�r N�#� jtsvuxw&y 1)z ���(' �jos{u{w`y 19z � ;
17: Unicastthis Hfe to nodechan[k];
18: end
19. end
20: else Drop themessage;/* HQP�6�<>=]?|5}G`P"6%<>=]? */
21: end
22: end

IV. EXTENSIONS TO DEEPADS : A TWO-TIER CLUSTERING APPROACH

DEEPADS reducesthenumberof transmissionswhentherearemultiple sourcenodesandthereby

increasesthe systemlifetime. However, eachnodehasto wait for aggregationtill it getsdatafrom

the node,for whom it is the predecessor. This increaseslatency, which may be undesirablein some

applications.

In this section,I extendDEEPADS by developinga two-tier clusteringapproach.Given,a network

topology, divide it into clusters,eachclusterrepresentedby a cluster-head. For communicationwithin

clusters,DEEPADS approachis usedwith sinknodeasthecluster-head.Dataaggregationis doneatthe

cluster-head. We denotecluster-headcommunicationastier-1 andcommunicationwithin theclusters

astier-2. Thetwo-tier approachis referredto asC-DEEPADS (Clustered-DEEPADS).Theend-to-end

latency is reducedsince,aggregationat differentcluster-headscanoccursimultaneously.
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A. Cluster Formation and Maintenance Algorithm

After thenodesaredeployed,thebasestationdividesthegeographicalregion into clusters,suchthat

eachsensorbelongsto only onecluster. It picks onenodefrom eachclusterto be the cluster-head

andmulticaststhis informationto eachcluster. Periodicallythe role of the cluster-headis rotatedto

loadbalancetheenergy consumption.At thebeginningof theinterval, thecurrentcluster-headbuilds

a CH-leader-elect messageandbroadcastsit to all nodesin its cluster. On receiving themessage,the

nodestransmita2-tuple 5~B`� AEA < 8 G �`S�G{G�< AF� B&S @ S�B � G �#;�8 D : < �): J to thecluster-head.Thecluster-head

topologicallysortsthe2-tuplein thedecreasingorderof B&� AEA < 8 G �`S�G{G�< AE� B`S @ S�B � G � andelectsthefirst

nodeasthecluster-headfor thenext interval. This is broadcastto all nodeswithin thecluster.

V. SIMULATION RESULTS

In this section,I will comparethe performanceof DEEPADS andC-DEEPADS with directeddif-

fusion, LEACH, PEDAP andPEDAP-PA. The environmentusedfor the experimentsis Ptolemy-II,

VisualSense[5] andJava. For the experiments,I have uniformly distributed100 nodesover an area

with dimension100mx 100m.Theexperimentswererunfor differentnumberof sourcenodesandone

sinknode.All nodeshaveequalinitial batteryenergies(2 Joules).Eachnodeis equippedwith asingle

transceiverwith range50 meters.

A. Comparison of System Lifetime

Figures3 and4 comparethe systemlifetime of the protocolswhen thereareoneand ten source

nodesrespectively. In eachround,thereis communicationbetweenthesink andsourcenode. Fig. 3

(a) shows thatDEEPADS andC-DEEPADS have a higherlifetime thantheexisting approaches.Fig.

3 (b) shows that the total energy consumedby DEEPADS andC-DEEPADS is lower thanthatof the

existing approaches.Figures4 (a) and(b) depictthesystemlifetime andthetotal energy consumption

whentensourcenodestransmitdatain eachround.
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Fig. 3. Simulation resultswith 1 source,1 sink communication in eachround. Fig. (a) depictsthe systemlifetime v.s.

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

10 Sources  1 Sink

(a)

System Lifetime

Number of Rounds

N
um

be
r 

of
 N

od
es

 A
liv

e

140 200180160

PEDAP−PA

Directed Diffusion
LEACH
PEDAP

DEEPADS
C−DEEPADS

100

40
0

20

40

60

80

120

140

160

0 20 60 80 100 120

(b)

10 Sources  1 Sink

Directed Diffusion

Number of Rounds

T
ot

al
 E

ne
rg

y 
C

on
su

m
pt

io
n 

(in
 J

ou
le

s)

160 200180

DEEPADS

LEACH
PEDAP

PEDAP−PA

C−DEEPADS

200

60 1401201008040200

300

250

150

100

50

0

Fig. 4. Simulation resultswith 10 Sources,1 Sink communication in 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

Latency is thetimebetweentheeventswhenthesinknodesendstheinterestmessageto thenetwork

andreceivestheaggregatedreadingfrom thenetwork. For comparativeevaluation,I performedexper-

imentswhereall nodeswant to transmitto thesink node.As seenin TableI, the two-tier approaches

LEACH andC-DEEPADS have a lower latency thantheflat ones.For LEACH andC-DEEPADS, as

thenumberof clustersis increasedfrom 8 to 16,latency reducesdueto moreparallelismof aggregation

within clusters,but asyou go from 16 to 24, latency increases.This is becausewith 24 clusters,there

is morecontentionbetweencluster-headsat themediaaccessleadingto higherdelay.
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Cluster Size Dir ecteddiffusion LEACH PEDAP PEDAP-PA DEEPADS C-DEEPADS
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 I
END-TO-END L ATENCY (VAL UES ARE I N M I L L I SECONDS)

C. Overhead Analysis

Thereis an overheadinvolved for maintainingclustersin C-DEEPADS. The numberof messages

broadcastto electa new cluster-headare of the order ���9������ , where � � is the numberof nodesin

cluster
�
. Thecomplexity reducesto ���)�gD%���)� � ��� by forwardingmessagesalongaspanningtree.

VI. CONCLUSION

In this paper, I proposedtwo novel energy-efficient approachesDEEPADS andC-DEEPADS to in-

network processinganddataaggregationin wirelesssensornetworks.They useenergy asthemetricfor

routingdatafrom sourceto sink, therebyleadingto increasedsystemlifetime. Simulationresultsshow

that DEEPADS andC-DEEPADS outperformthe existing approaches.Using the two-tier approach,

C-DEEPADS furtherreducestheend-to-endlatency. Thetwo-tierclusteringapproachC-DEEPADS is

optimalin termsof maximizingthesystemlifetime aswell asreducingtheend-to-endlatency.
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