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AbstractÐ We address the problem of maximizing network
lifetime while providing for coverageand connectivity in Wir eless
SensorNetworks. Static sensornodesare deployed randomly in
the region in order to provide sensingcoverageto a setof points
of interest in the region, called target points, and to provide for
communication amongthe activesensorsto propagatethe data at
all times in the network. Sensorshave independent sensingand
transmission ranges, with no speci®crelation between the two.
Sensornodesare energy-constrainedand henceonly a minimal
setof sensornodesneedsto be activated at any given time. Node
activation schedules,such that mutually exclusivesetsof sensor
nodes are activated in succession,are determined in order to
achieve extended lifetime of the network. We observe that the
optimal solution to the problem is NP-Completewhich motivates
the need to deviseef®cientheuristic solutions.

First we considera simpler problemof energy-ef®cient coverage
and formulate it using Linear Programming techniques. The
structur e of the formulation provides some insights towards
developing algorithms for the lifetime coverageand connectivity
problem. An algorithm is developed which performs within a
constant factor of the optimal performance for various network
sizesand is easily implementable in a distributed manner. We
compare the performance of the algorithm with the optimal
solution and with appropriately derived bounds. Particularly ,
the algorithm allows the network lifetime to scale linearly with
the number of sensornodes in the system.Thus it servesas an
energy-ef®cientsolution towards ensuring connectedcoveragein
wir elesssensornetworks.

I . INTRODUCTION

Wireless Sensor Networks promise to usher in a new
era of revolutionarycomputingwhich will ultimately prove
bene®cialto areasas diverse as healthcare,environmental
monitoring,agricultureanddefense.Theessentialrequirement
for such networks is to be able to sensethe data from the
speci®edregion of interestand to collect it at a centralized
locationfor further processinganddecisionmaking.Ef®cient
deploymentof thesenetworksfacemultiple major challenges
today, which include coverage,connectivityand energy con-
servation[4].

In manyapplications,e.g.disastermanagementandmilitary
applications,the sensornodesare static and are randomly
deployedin the region of interest.Randomplacementof the
sensornodesis necessitatedin situationswherethe individual
sensorplacementis infeasible.Event-drivenreportingof the
senseddatais performedby thesensornodeswhereina sensor
node,on detectingan eventof interest,transmitsrelevantdata
which is collectedat the sink (monitoringstation).Generally,
more sensornodes would be deployed than necessary, to
compensatefor the lack of exact placementand to provide

suf®cient fault-tolerance.Since sensornodescollaborateto
achievea commonsensingtask, it is not necessaryfor all
thesensornodesto be activeat the sametime in the network.

To accomplishcompletedata collection (i.e. none of the
eventsshould go unreportedin the network), sensornodes
needto actively senseor cover all `points of interest' in the
region.The `Coverage' requirementensuresthatall the target
points in the networkarebeingcoveredby at leastoneactive
sensorat all times. Oncean eventhasbeendetectedby one
of thesensornodes,theinformationneedsto bepropagatedto
thecentralmonitoringstation.The`Connectivity' requirement
ensuresthatanyactivesensorin thenetworkis ableto transmit
or communicateto the monitoring stationat all times, using
relay sensornodes,if necessary.

The sensornodeshave limited battery (energy) resources
andit maynot befeasibleto persistentlyreplenishtheir energy
levels. This is anotherreasonwhy the sensornodesneedto
be deployedredundantlyor in large numbersin the region
of interest.Thesesensornodeswould typically be expected
to operatefor longer time durationswith limited resources.
Henceit is essentialto developan energy-ef®cientsolution
towardsmaintainingcoverageandconnectivityin thenetwork.
First of all, only a subsetof the setof all sensorsneedto be
activatedat any given time in order to meetthe requirements
of coverageandconnectivityin thenetwork.Meanwhileother
sensorscould `Sleep' or deactivatethemselves,conserving
their (battery)energy for future use.

In addition to the fact that activatingall the sensornodes
simultaneouslyleads to excessiveenergy consumption in
the systemlimiting the network lifetime, such an activation
scheduleis alsonot desirabledueto the following reasons.If
multipleactivesensorsarecoveringanyparticulartargetpoint,
this would result in redundantdatabeencollectedat the sink.
Moreover, in such a scenariomultiple sensornodeswould
sensea particulareventin theregionandwould try to transmit
at the sametime, causingunnecessarypacketcollisions due
to excessivecontentionfor the wireless channel.Therefore
activatinga minimal setof sensornodesat any time leadsto
betterresourceutilization in thenetworkandalsoprolongsthe
network lifetime.

Given a suf®cientlyhigh densitydeploymentof sensorsin
the region, the initial decisionmaking task is to identify a
feasibleset,which is a setof sensors(a subsetof theavailable
setof sensors),which needsto be activatedin orderto ensure
the coveragerequirementin the network. To ®nd a feasible
setwhich containstheminimumnumberof sensorsis referred
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to asthe energy-ef®cientcoverageproblemin this paper. One
suchfeasiblesetis suf®cientto sustainthenetworkfor awhile.
However, to maximizethe lifetime of the networkoneneeds
to ®nd the maximum numberof such disjoint feasiblesets,
which is referredto as the lifetime coverageproblem. If all
the feasiblesetsarealsorequiredto provideconnectivity, the
resultingproblemis referredto as the lifetime coverageand
connectivityproblem.

In this paper, our goal is to maximizetheNetworkLifetime,
wherethe network lifetime is de®nedasthe time until which
both coverageand connectivity requirementsare met in the
network, and beyondwhich connectedcoveragecan not be
guaranteed.Typically sensorswouldnot besubjectto recharge
in uncontrollablescenariose.g.disastermanagement.And the
sensornodesbelonging to the set of active sensors(active
set) would eventually get depletedof their energy content,
and would die. At this time another set of sensorsfrom
the set of available sensorswould needto be activated.In
the presenceof signi®canttemporalcorrelationin the events
occuringat different target points,all the sensornodesin the
active set, which were active during the sametime interval,
would die together. This would lead to the activation of a
freshsetof sensornodes,causingthenewly formedactiveset
to be disjoint from the previousone. In this way, mutually
exclusive sets of sensorswould get activated in sequence
or rounds. Maximizing the network lifetime is equivalentto
maximizingthenumberof suchrounds.Thereforedetermining
the maximum numberof disjoint sets of sensors,such that
each set can individually ensurecoverageand connectivity
(i.e. lifetime coverageandconnectivityproblem),servesasan
optimal solution towardsmaximizingnetwork lifetime.

If thesensornodeswererechargeable,maximizingnetwork
lifetime would lead to minimal energy consumptionat the
nodes.And a minimum recharge rate for the sensornodes
could thenbe computed,which would be suf®cientto contin-
uouslysustainthe network.

The main contribution of this paper is to develop an
algorithm to compute an energy-ef®cient solution for the
lifetime coverageandconnectivityproblemin wirelesssensor
networks.Ourapproachdiffersfrom otherrelevantapproaches
in the following aspects:

� Formulatea simplerproblemof energy-ef®cientcoverage
using Linear Programmingtechniquesand utilize the
structureof theformulationto developgreedyapproaches
for the coveragephase.

� Consider the feasible set of sensornodes which can
provideboth coverageandconnectivity. Eachof the sen-
sorscansenseaswell as relay information.Sensingand
communicationrangesof the sensorsare independent.

� Proposeprecisemetrics for performanceevaluationand
compareour solutionwith the optimal solutionandwith
appropriatebounds.

� Addressthe scalingof networklifetime with the number
of sensornodesin the network.

Note that the scalingof network lifetime while providing
connectedcoveragein wirelesssensornetworkshasnot been
consideredpreviously.

A. RelatedWork

Coveragehasbeenstudiedextensivelyin theliterature.Area
coverage,where the goal is to monitor a speci®edregion,
has been consideredin [16], [18], [17]. Target (or point)
coverage,which is consideredhere, has also been studied
in [1], [3], [2], [10], [7]. Coveragehas also been studied
from the perspectiveof maximal support (or breach)path
in [12], [15].

In [7], deterministicsensorplacementallows for topology-
awareplacementandrole assignment,wherenodescaneither
senseor serveasrelaynodes.ZhangandHou [18] showthatif
thecommunicationrangeof sensorsis at leasttwiceaslargeas
their sensingrange,thencoverageimplies connectivity. They
alsodevelopsomeoptimality conditionsfor sensorplacement
and develop a distributed algorithm to approximatethose
conditions,given a randomplacementof sensors.

Thenotionof classifyingthesensornodesinto disjoint sets,
such that each set can independentlyensurecoverageand
thus could be activatedin succession,has beenconsidered
in [1], [16]. CardeiandDu [1] showthat thedisjoint setcover
problemis NP-completeandproposean ef®cientheuristicfor
set cover computationsusing a mixed integer programming
formulation.A similar centralizedheuristicfor areacoverage
has beenproposedin [16], where the region is divided into
multiple ®eldssuch that all points in one ®eld are covered
by the sameset of sensors.Then a most-constrainedleast-
constrainingcoverageheuristicis developedwhich is empiri-
cally shownto performwell.

[8], [19] consider connectedcoverageand provide ap-
proximation algorithms to ®nd one minimal subsetof sen-
sor nodes to guarantee(k-)coverageand connectivity. An
intergrated coverageand connectivity framework [17] has
also beenproposedwhere the goal is to allow con®guring
varying degreesof coverageand to maximizethe numberof
sensornodesscheduledto sleepat eachstage.The coverage
con®gurationprotocol [17] is integratedwith SPAN [5] to
ensureconnectivityin thenetwork.However, theauthorsnote
that the network lifetime in sucha frameworkdoesnot scale
linearly with the number of sensingnodesdue to periodic
beaconexchanges.

Prior work most relevantto our approachis [1] and [3],
wherethenetworklifetime hasbeenconsidered,howeverfrom
a `coverageonly' perspective.In [3] the constraintsfor the
set of sensorsto be disjoint and for thesesetsto operatefor
equaltime intervals,arerelaxedandtwo heuristics,oneusing
linearprogrammingandtheotherusinga greedyapproachare
proposedand veri®edusingsimulationresults.However, our
approachis differentsincewe alsotakenetworkconnectivity
into considerationandabideby the assumptionthat the active
setsaredisjoint to eachother.

In general, the sensing and communicationrange of a
sensornodemay be differentandtheserangesmay alsovary
signi®cantlyacrosssensornodes.For instance,in regionswith
high density of target points, deploying sensornodeswith
large sensingrange might prove bene®cialto achievedata
aggregationbene®tsandbetterresourceutilization.Howevera
largecommunicationrangeatsensornodeswould leadto more
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channelcontentionandcollisionsin the wirelessnetwork.On
the other hand, in a remoteregion with a few target points,
it would be bene®cialto deploysensorswith a small sensing
rangeanda large communicationrange.

Areacoverageproblemcanalsobeapproximatedby thatof
point coverageusinga minutegrid andconsideringonly those
grid points which belongto the areaor region.The level of
approximationis increasedwith ®nergrid. Thusa solutionto
the point coverage(andconnectivity)canbe extendedto that
of areacoverage(andconnectivity).

This paper is organizedas follows. In the next section,
we formulate the problemof energy-ef®cientcoverageusing
linear programmingtechniques.In SectionIII, we formulate
the lifetime coverageandconnectivityproblemandcomment
on its optimal solution. In SectionIV, we describeour pro-
posedsolutionin detail.SectionV describesthe performance
metricsconsideredand relatedbounds.Resultsare discussed
in SectionVI andwe summarizetheconclusionin SectionVII.

I I . ENERGY-EFFICIENT COVERAGE

We ®rstdevelopsomecombinatorialresultswhich areused
to formulatethe energy-ef®cientcoverageproblemasa linear
integer program. Insight gained in the processis used to
developheuristicsfor the lifetime coverageand connectivity
problemin SectionIV.

A. Notationsand De®nitions

Consider a network of N sensorsintended to provide
sensingcoverageto a setof m targetpointsin the region.The
target points and the sensorsare randomlydistributedin the
region.Sensorsaredeployedredundantlyto provideextended
coveragelifetime andmayhaveindependentsensingradii. Let
S bethesetof all sensorsandM bethesetof all targetpoints.

De®nition1: Utility of a sensors 2 S, u(s), is the total
numberof target pointst 2 M which lie in the sensingrange
of s.

De®nition2: Coverageof a targetpoint t 2 M with respect
to a set S of sensors,cS (t), is the total numberof sensors
s 2 S which coverthe target point t.

De®nition3: A FeasibleSetSf is a set of sensorss 2 S
such that for all target points t 2 M , there exists a sensor
s 2 Sf which coverst.

De®nition4: A CoverSetA is a setof sensorss 2 S such
that,

� A is a feasibleset.
� 8s 2 A : the setA - f sg is not a feasibleset.

Hencea coversetdoesnot containanyredundantsensorsand
activatingonesuchcoversetis suf®cientto providecoverage
in the network.

De®nition5: Utility of a coversetA is de®nedas

U(A) =
X

s2 A

u(s) (1)

De®nition6: Coverageof the set M of target points with
respectto a setS of sensorsis de®nedas

CS (M ) =
X

t 2 M

cS (t) (2)

B. Properties

Next we develop some results related to the utility and
coverageprovidedby a coverset.

Lemma1: For a coversetA, CA (M ) = U(A).
Proof: Considera target point t 2 M . Let X denote

the setof sensorswhich cover t suchthat X � A. We have,
cA (t) = jX j. Now for all s 2 X , t addsone to the utility of
sensors, u(s). Thust addsjX j (= cA (t)) to the utility of the
coversetA. Also t addscA (t) (= jX j) to thecoverageof the
set M . Summingover all target points t 2 M , we havethe
desiredresult.

Note that Lemma1 is also valid for any feasibleset.
Lemma2: For a cover set A of size k (i.e. jAj = k), the

utility of any sensors 2 A is upperboundedby (m + 1� k).
Proof: SinceA is a non-redundantfeasibleset, for all

sensorss 2 A theremust exist a target point t which is not
coveredby anyothersensors0 2 A (otherwisethesetA � f sg
is a cover set andhencethe set A is not a cover set). Thus,
we have,

8s 2 A; 9t 2 M : s coverst andcA (t) = 1.
Since jAj = k, theremust exist at leastk target points in

M which havetheir coverage,with respectto thesetA, equal
to one.Now let smax 2 A be the sensornodewith maximum
utility in A. Sincethe total numberof target points is m and
there must be at least (k � 1) target points which are not
coveredby smax , u(smax ) � (m + 1 � k).

From Lemma 2 and the fact that jAj = k, we have the
following corollary.

Corollary 1: The utility of a coversetA of sizek is upper
boundedas,U(A) � (m + 1 � k)k.

Next we generalizethe boundsto the utility of a coverset
of any size.

Lemma3: The utility of a coversetA is boundedas,m �
U(A) � ( m +1

2 )2; 8m > 0.
Proof: SinceA is a coverset,eachtarget point t 2 M

must have coveragecA (t) � 1. This togetherwith the fact
that jM j = m, leadsto CA (M ) � m. Now from Lemma1,
the lower boundfollows.

From Corollary 1, we haveU(A) � (m + 1 � k)k, where
k = jAj. Let f (k) = (m+ 1� k)k. Thenfrom simplecalculus,
f (k) is maximizedat k = m +1

2 . HenceU(A) � ( m +1
2 )2.

From lemmas 1 and 3, we observe that the coverage
providedto thesetof targetpointsby anycoversetis bounded
only in termsof the total numberof target points and these
boundsare independentof the sizeof the coverset.

C. Linear Program

Next we addressthe issueof energy-ef®cientcoveragein
sensornetworks.Theobjectiveis to ®nda feasiblesetA (A �
S), which comprisesof a minimum numberof sensors.It is
easyto observethat the setA mustbe a coverset,asde®ned
in SectionII-A.

De®nition7: ExcessUtility of a sensors 2 A, u0(s), is
de®nedas, u0(s) = u(s) � 1. Similarly, the excessutility of
a cover setA is de®nedas,U0(A) =

P
s2 A u0(s). Note that

U0(A) = U(A) � jAj.
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Let SE denotea setof sensorswhich providescoverageto
the networkutilizing minimum numberof sensors.Then SE

is a cover set with minimum cardinality. That is, 8S0 � S,
suchthat S0 is a coverset, jSE j � jS0j. Sincethe setSE is a
coverset, it also satis®esthe following constraints:

8s 2 SE : u0(s) � 0 (3)

8t 2 M : cSE (t) � 1 (4)

CSE (M ) = jSE j + U0(SE ) (5)

(3) is satis®edsinceotherwisethe set SE � f sg would be
a feasibleset,andhencethe setSE would not be a coverset.
(4) holdssincethe setSE is a feasibleset. (5) follows from
Lemma1. From (5), we have,jSE j = CSE (M ) � U0(SE ). In
otherwords,the setSE minimizesover all setsof sensorsA,
the objectivefunction Y(A) de®nedas,

Y(A) = CA (M ) � U0(A) (6)

subjectto the following constraints

8s 2 A : u0(s) � 0 (7)

8t 2 M : cA (t) � 1 (8)

To posetheaboveoptimizationproblemasa linearprogram,
let us introducethe following variables.For eachsensornode,
si , wherei 2 [1::N ], let x i denotewhethersi 2 A. That is,
8i : 1 � i � N , the variablex i takeson value

� 0, if si =2 A.
� 1, if si 2 A.
For eachtarget point t j 2 M , where j 2 [1::m], let yij

denotewhetherthe target point t j is coveredby sensorsi .
Precisely, 8i 2 [1::N ], 8j 2 [1::m], the variableyij takeson
value

� 1, if sensorsi coverstarget point t j .
� 0, otherwise.
Note that thevariables,yij , couldbe precomputedoncethe

networkcon®gurationis known,andareeffectively constants
thereafter. Now the energy-ef®cientcoverageproblemcanbe
expressedas the following linear integerprogram[14], with
N variablesandN + m constraints.

Minimize
P N

i =1 x i subjectto

x i (
mX

j =1

yij � 1) � 0; 8i 2 [1::N ] (9)

NX

i =1

x i yij � 1; 8j 2 [1::m] (10)

(9) and (10) correspondto (7) and (8) respectively.
From the structure of the above optimization problem,

we observe that minimizing the objective function Y (A)
(Equation6), is thesameasminimizing the sumof coverages
of all target points with respectto A and maximizing the

sum of utilities of all sensorss 2 A, simultaneously. This
structureprovidesusthenecessaryinsight towardsdeveloping
appropriateheuristicalgorithmto extendthecoveragelifetime
of the network in SectionIV.

I I I . L IFETIME COVERAGE AND CONNECTIVITY PROBLEM

This problem differs from the energy-ef®cient coverage
problemposedin SectionII in the following aspects:

� Each set of sensorsneedsto ensureboth coverageand
connectivityin the network.

� The goal is to ®nd multiple such disjoint (or mutually
exclusive)sets,and in particular the maximum number
of suchsets.

In this sectionwe formulatethe problemmore preciselyand
commenton its optimal solution.

A. ProblemFormulation

Considera region of interestrepresentedby a Manhattan
grid, with m target points distributedrandomly in the grid.
N static sensornodesare deployedrandomly in the region.
Sensorssenseinformation and transmit it to the monitoring
station, which is located at the center of the grid. Every
sensorhasa sensingcapability coveringa disk of radiusRs

and a transmission(or communication)capability coveringa
disk of radiusRc . A sensors whoseeuclideandistancefrom
anothersensors0 (or the monitoring station) is less than its
transmissionradius (Rc ), can transmit directly to s0 (or the
monitoring station). All the sensorshave a constantcharge
level C at the time of deployment.

An Active sensor is able to senseas well as transmit
information to its neighbouringsensorswhich lie within its
transmissionradius (Rc ). All active sensorscan also act as
relay nodes.A Passivesensoris unable to senseor relay
information.An Available sensoris onewhich hasa nonzero
energy level and is currently inactive or passive.Figure 1
depictsa typical sensingenvironment.

Let S bethesetof all sensorsandM bethesetof all target
points. Let Av denotethe set of availablesensors(which is
initially the sameasS).

De®nition8: An activesensors hasa pathto themonitoring
stationM S in thesetS if f s cantransmitto M S or thereexist
relay sensorsr 1; :::; r k 2 S suchthat

� sensors cantransmitto sensorr 1,
� 8i : 1 � i < k, sensorr i cantransmitto sensorr i +1 , and
� sensorr k cantransmitto M S.
De®nition9: An Active Set, A, is the setof sensorss 2 S

suchthat
� A is a feasibleset.
� 8s 2 A : thereexistsa path from s to M S in A.
Activating an active set is suf®cientto maintaincoverage

andconnectivityrequirementsin the networkfor a while. Let
sucha setof sensors,A, beactivatedat time T1. At sometime
T2 > T1, oneor moresensorsin the setA would get drained
of their energy completely. At this time a new setof sensors
s 2 Av needsto be computed,which shall be activatedto
meetthe aboverequirements.
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Fig. 1. Ensuringcoverageand connectivity. SensornodesA andB cover
target points X and Y respectively. SensornodeC actsas the relay node.
M S is the monitoring station.HereRs = Rc = R.

Assumingall the sensorsin the setA die at the sametime,
the new set should be mutually exclusive to all the active
setscomputedearlier. Thusthecomputedactivesetscouldbe
activatedin succession,where eachone of them contributes
towardsoneRoundof sensornodesactivationin the network.
Givena particularnetworkcon®guration,let R bethenumber
of roundsthus computed(i.e. R = numberof disjoint active
setscomputedfrom S). Assumingthesensorsspendnegligible
amountof energy in the Sleepor inactive state,the number
of rounds, R, representsthe network lifetime. That is, if
the duration of a round is T, the network lifetime equals
RT . Hencea large computedR would imply longernetwork
lifetime. On the contrary, a trivial activation decisioncould
be to set the initial active set A to be the sameas S, which
resultsin minimum R (= 1) or minimum network lifetime.

The objective of the lifetime coverageand connectivity
problemis to computethe maximumR and to computethe
activesets(A1; :::; AR) correspondingto therounds(1; :::; R).
Or equivalently,

Maximize R suchthat 8i; j 2 [1; :::; R]:

� A i is an activeset.
� A i \ A j = ; ; i 6= j

In the presenceof multiple solutions,the onewith the least
energy consumptionis desired.For instance,consider two
solutions having the samevalue of R but different set of
disjoint activesets(A1; :::; AR) and(A0

1; :::; A0
R) respectively.

Thesolutioncomprisesof thoseactivesetsfor which the total
numberof sensorsactivatedis the least(i.e. the former set is
a solution if

P R
i =1 jA i j �

P R
i =1 jA0

i j).

B. NP Completenessof the Optimal Solution

The optimal solution to the lifetime coverageand connec-
tivity problem is to ®nd the maximum number of disjoint
active setsof sensorsin S, suchthat eachof the active sets

can independentlyprovide coverageand connectivity in the
network.

Cardeiand Du [1] haveshownthat computingan optimal
set cover (or the lifetime coverageproblem)is NP-complete.
The problemwe are consideringalso requiresto computean
optimal set cover. In addition, the computedsetsmust also
guaranteeconnectivityin the network.Hencethis problemis
a supersetof the lifetime coverageproblem,which leadsto
the following result.

Lemma4: The optimal solution to the lifetime coverage
andconnectivityproblemis NP-complete.

It is possibleto computethe optimal solutionby extensive
searchfor small network sizes(small valuesof N and m).
However, the complexity of computingthe optimal solution
grows exponentiallywith the size of the network. Moreover,
a more viable solution would be one which could be easily
extendedto a distributed implementation,with only local
information at the sensornodes.Hencean ef®cientheuristic
solutionapproachneedsto be developed.

IV. GIECC: AN ALGORITHM FOR L IFETIME COVERAGE

AND CONNECTIVITY

This paper proposesa Greedy Iterative Energy-ef®cient
ConnectedCoverage(GIECC)algorithmto addressthe issues
of coverage,connectivity and energy-ef®ciencyin Wireless
Sensor Networks. The algorithm computes a sub-optimal
solution to the lifetime coverageand connectivity problem
in polynomial time and can easily be extendedto work in
a distributedenvironment.

The GIECC algorithm operatesin iterations.During each
iteration, the algorithm ®ndsan active set from amongthe
availableset of sensors.After the end of eachiteration, the
availablesetis modi®edby removingthesensorswhichbelong
to the activeset found in the currentiteration.The algorithm
halts when it is unableto ®ndan active set of sensorsfrom
amongthe availableset of sensors.Now the computedsets
of sensorsare activatedin successionto achievethe desired
network lifetime. Figure 2 depicts the pseudo-codefor the
algorithm.

A. Notationsand De®nitions

Before delving into the details of the algorithm, let us
formalizesomenotationand focuson the global information
that the algorithmneedsto maintain.

De®nition 10: A sensors is consideredredundantwith
respectto an active set A if f the set A � f sg is also an
activeset.Notethatanactivesetmayhavemultiple redundant
sensors.

Initially, the algorithm computesthe coverage,cS (t), for
eachtarget point t 2 M and the utility , u(s), for eachsensor
s 2 S. Next, a networkconnectivitygraphG is computedas
follows. Eachof thesensorsandthemonitoringstation(M S)
correspondto a vertex in G. Vertexu hasa directededgeto
vertex v in G, if f the sensors (or M S) representedby the
vertex v is within the transmissionrange(Rc) of the sensor
representedby the vertex u. Note that thereare no outgoing
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Fig. 2. Pseudo-Codefor the GIECC Algorithm

edgesfrom the vertexcorrespondingto themonitoringstation
(M S).

De®nition11: The degr ee of a sensornodes 2 A in the
active set A, is de®nedas the number of sensorss0 2 A
such that either s0 lies within the transmissionrange of s
or vice-versa(plus one if the monitoring station lies in the
transmissionrangeof s).

Note that the degreeof sensors in A is the total number
of edges (incoming and outgoing) incident on the vertex
correspondingto sensors in GA , whereGA is the portion of
the connectivitygraphG without the verticescorresponding
to sensorss00 =2 A and without the edgesincident on those
vertices.Thus the degreeof a sensors is a measureof its
connectivityin the activeset.

B. Algorithm

Eachiterationof the algorithmcomprisesof the following
phases.

1) CoveragePhase:The input to this phaseconsistsof the
setof availablesensors(Av ) andthe setof target points(M ).
The goal is to computea coversetA.

From the structureof the optimization problem posedin
Section II-C, we observethat a solution to energy-ef®cient
coverageproblemexploresall possiblecombinationsof sen-
sors to ®nd the set of sensorswhich provides minimum
coveragesum to all the target points with respect to the
set and maximum utility sum to all the sensorsin the set,
simultaneously. A greedyheuristicwhich tries to achievethe
samewithout exploring all possiblecombinationsof sensors,
is applied here to compute the cover set A. During the
processof computation,the heuristic tries to minimize the
coverageof individual target points andmaximizethe utility
of individualsensornodes.At eachstage,theheuristicchooses
anuncoveredtargetpoint whichhasa minimumcoveragewith
respectto the set S and then choosesa sensorto cover the
chosentarget point such that the sensorprovidesmaximum
utility .

1) Startwith an emptysetA.
2) Choosea target point t, which is not coveredby any of

thesensorsin thesetA. Whenmultiple targetpointsare
eligible, choosethe onewhich hasminimum coverage,
cS (t).

3) Choosea sensornodes which coverst. Whenmultiple
sensorsare eligible, choose the one with maximum
utility , u(s). Add sensors to the setA.

4) Repeatsteps2 - 3, till A is a coverset.

Ties above(alsoat otherplaceslater) arebrokenrandomly.
Note that the heuristicattemptsto form a cover set A com-
prisedof a minimalnumberof sensors.Activatingsensorswith
high utility also favoursdataaggregationat the source,since
datacorrespondingto multiple (temporallycorrelated)events
in the network gets combined in one transmittedmessage.
In addition, this reducesnetwork traf®c when similar events
occur at multiple (spatially close) target points. Since only
oneactivesensorcoversall the target points, it leadsto only
onemessagebeinggeneratedin responseto multiple eventsin
the network(assumingsensoris ableto differentiatebetween
events).

2) ConnectivityPhase: The input to this phaseconsistsof
the coversetA (computedin the coveragephaseabove)and
the networkconnectivitygraphG. The goal is to computean
activesetB suchthat B � A.

If the setA is alreadyan activeset, the setB is setequal
to the set A. Otherwise,relay sensorsare addedto the set
A to form the connectedset B . Three different approaches
are consideredwhile adding relay sensorsfor connectivity.
Two of the approachessharea commonobjective,which is
to minimize the total numberof sensorsaddedasrelay nodes
to the active set B . This increasesdataaggregationbene®ts
achieved[11], aslower thenumberof relay sensors,morethe
dataaggregationin the network (at the relay sensors).

� ShortestPath Tree (SPT): For all the sensorss 2 A,
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computetheshortestpathfrom s to themonitoringstation
(M S) in G. Add all the sensorsin thesepathsto the set
A, forming the activesetB .

� GreedyIncrementalTree (GIT): Initialize the tree B to
include the monitoring station (M S). Sensorsin A are
chosenin order of increasingproximity to the tree B.
Oncea sensors hasbeenchosen,the shortestpathfrom
thesensors to the treeB is computedandall thesensors
alongthis pathareaddedto thetreeB. Keeponchoosing
sensorsin A till B � A. It is easyto observethat the set
B thusformed, is an activeset.

� Implicit ConnectivityTree(ICT): All availablesensorsin
the setAv , exceptthe oneswhich do not havea path to
the monitoring station(M S) in G, are addedto the set
A to form the active set B . Note that the sensorswith
no path to the monitoring station in G, cannotserveas
relay sensors,andhencearenot included.

While SPT and GIT connectivity heuristics attempt to
minimize the total numberof sensorsaddedto the active set
B , ICT allows the next phaseof the algorithm to deal with
the same.

The active set B thus computed,is suf®cient to ensure
coverageandconnectivityin the network.However, thereare
possibly redundantsensorsin the set B (particularly using
ICT), which can be removedfor better energy ef®ciencyin
thecurrentiterationandwhich might alsoproveusefulduring
thenext iteration,contributingproductivelytowardsextending
network lifetime.

3) RedundancyReductionPhase: The input to this phase
is anactivesetB (computedin theconnectivityphaseabove),
which ensuresconnectedcoveragein the network. The goal
is to removemaximumnumberof redundantsensorsfrom the
setB so as to form a minimal activeset.

The heuristic developedhere is basedon the following
intuition. A sensors 2 B with a higher degree (measure
of connectivity) in B is less likely to be redundant.Even
when such a sensoris redundant,preferring sensorswith a
lower degreethans for removal,would possiblyleadto more
numberof sensorsbeingremovedfrom the setB . Initially all
the sensorss 2 B areunmarked.

1) Choosethe unmarkedsensors 2 B with the lowest
degreein B .

2) Check to seeif the set B � f sg is an active set i.e. it
ensuresconnectedcoveragein the network.

3) If true, modify the set B as B = B � f sg, Else mark
the sensors.

4) Repeatsteps1 - 3 till all the sensorss 2 B aremarked.

The active set thus obtainedis suf®cient to provide con-
nectedcoverageto the networkfor oneround.Oncethe three
phasesof a particular iteration are over, the set of available
sensorsis modi®edas Av = Av � B and the algorithm
proceedsto the next iteration. Iterationsare repeatedtill no
moreactivesetcanbefound(i.e. theoutputof coveragephase
is not a cover set or the output of connectivityphaseis not
an activeset).The activesetscomputedarenow activatedin
successiverounds.R denotesthe numberof disjoint active
setscomputedor equivalentlythe numberof rounds.

C. RunningTime

Let us analyze the running time of the algorithm. The
coveragephaserunsfor a maximumof m iterations.Thetime
complexityof eachof theseiterationsis O(m + N ) = O(N ),
sinceN >> m. Thereforethe coveragephasetakesO(mN )
time. Shortestpath computationbetweenany two pair of
verticesin a graph is of order O(N 2) [6]. Clearly SPT and
ICT eachtakeO(N 3) time. To ®ndthe shortestpathbetween
a vertexandatreein GIT takesamaximumof N shortestpath
computations(O(N 3)). ThusGIT hasa complexityof O(N 4).
Checkingif a set of sensorsensurescoveragetakesO(mN )
time.To checkif thesetis connectedtakesO(N 3) time. In the
last phase,the algorithm tries to removesensorsone by one
checkingfor coverageand connectivity (O(N 3)). Therefore
redundancyreduction phasetakes O(N 4) time. Hence the
overall runningtime of the algorithmis O(N 4).

V. METRICS AND BOUNDS

In this section, we develop precise metrics to evaluate
the performanceof the algorithm towardsthe desiredgoals.
Relevantboundsarethenderivedto comparetheperformance
for variousnetworksizes.

A. PerformanceMetrics

The primary objectiveof the algorithmis to maximizethe
networklifetime in the presenceof energy-constrainedsensor
nodes.In addition, the algorithm also strives for minimum
energy consumptionin the network. The following metrics
areproposedwhich serveasbenchmarksfor the abovegoals.

� Network Lifetime Metric : Since the lifetime of the
networkis directly proportionalto thenumberof rounds,
R is an appropriatemeasurefor networklifetime. Larger
R implies betternetwork lifetime.

� Energy-ef®ciencyMetric: Assumingactive sensorsdis-
charge uniformly acrossall rounds, the total number
of sensornodesutilized over the lifetime of the net-
work seemsanappropriatemeasurefor energy-ef®ciency.
However, this could be a misleadingmeasure.Consider
two solutionsS1 and S2. Clearly the solution with the
largerR is desired.Only if bothS1 andS2 havethesame
value of R, the solution with lessernumberof sensors
used,is preferred.An appropriatemetric which captures
the aboverequirementsis the averagenumberof sensor
nodesusedper round (or in an active set), denotedas
Sa . Smaller Sa implies better energy-ef®ciencyof the
solution.

B. Bounds

For small network sizes (N), the optimal solution is also
computedusing exhaustivesearchand comparedwith the
GIECC algorithm. However, since the optimal solution is
computationallyexpensivefor large network sizes, the per-
formanceof the GIECC algorithmin suchcasesis compared
with appropriateboundswhich arederivedhere.

Let A be the areaof the manhattangrid representingthe
network and Rs be the sensingradius of sensornodes in
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Fig. 3. Example1: Active Sets(N = 10, m = 6, Rs = Rc = 40)

Fig. 4. Example2: Active Sets(N = 14, m = 3, Rs = Rc = 30)

the network. Then the minimum numberof sensorsneeded
to cover the area[16] is given by,

n =
2� A

p
27� R2

s

(11)

Notethat theminimumnumberof sensorsneededto ensure
both coverageandconnectivitymustbe at leastn. Assuming
a suf®cientlylargenumberof targetpointsscattereduniformly
acrossthe network, it would require at least n sensorsto
completelycoverandconnectthenetworkin eachround.Thus
the maximumnumberof roundspossiblewould be N

n , where
N is thetotal numberof sensors.Hencewe havethefollowing
result.

Lemma5: N
n is an upper bound on R and n is a lower

boundon Sa , wheren is given by (11).
Notethat theupperboundon R is linear in thetotal number

of sensorsN while the lower boundon Sa is invariant to N .
Also theseboundsare not tight since they do not take into
accountthe transmissionradius(Rc) of thesensors.However,
the bottomlineis that, irrespectiveof the changesto network
parameters,one would expect a good heuristic solution to
closely follow theseboundsi.e. the network lifetime should
scalelinearly with N , andSa shouldremainconstantwith N .

VI . RESULTS

Next we evaluatethe performanceof the GIECC algorithm
consideringthe above metrics. Experimentsare performed
for various network sizeswith a grid of size 100x100. The
experimentalsetupis the sameas mentionedin SectionIII.
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Fig. 5. Network Lifetime comparison(m = 4, Rs = Rc = 40)
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Fig. 6. Energy ef®ciencycomparison(m = 4, R s = Rc = 40)
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Fig. 7. Network Lifetime comparison(Rs = Rc = 40)
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Fig. 8. Energy ef®ciencycomparison(Rs = Rc = 40)

GIT heuristic is used during the connectivity phaseof the
GIECC algorithm,unlessstatedotherwise.

For considerablysmall networksize,the GIECC algorithm
performsvery close to the optimal, as depictedin Figures3
and 4. Here the actual active sets are shown for better
visualization.The network lifetime (R) is the samefor the
optimal solutionand the GIECC algorithm in both the cases,
although the former is better in terms of energy ef®ciency
(Sa).

Now we gradually increasethe network size (N ) and
comparethe performanceof the GIECC algorithm with that
of theoptimalsolution.Figures5 and6 depicttheplotsof the
performancemetrics.

Next we comparethe performanceof the GIECCalgorithm
for largenetworksizeswith thederivedboundsusingdifferent
connectivity heuristicsSPT, GIT and ICT. Figures7 and 8
show the desiredplots. We observethat the three heuristics
performcloseto eachotherandthechoiceof theconnectivity
heuristic doesnot signi®cantlyaffect the performance.SPT
heuristic has a better time complexity and is also easy to
realize in a distributedenvironment.GIT heuristic is better
suited for data aggregationat the relay nodes.ICT heuristic
is found to be themosttime consumingbecausealmostall of
the availablesensorsneedto be consideredin theredundancy
reductionphase.Thus appropriateheuristiccan be chosento
suit a given application.

From Figure 7 we observethat with an increasein the
networksize,the network lifetime obtainedusingthe GIECC
algorithm showsa linear increase.Also the averagenumber
of sensorsusedper round remainsconstant(Figure 8). Note
here that the optimal solution to the lifetime coverageand
connectivity problem can not show a better scaling (than a
linearscaling)of thenetworklifetime, becauseof the linearity
of the upperboundon R.

Having a closerlook at the resultshelpsus understandthe
importanceand role of each of the different phasesof the
GIECC algorithm.For a samplenetworkrepresentedby N =
200, m = 10, and RC = Rs = 30, the behaviourof the
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Fig. 9. Network Lifetime comparison(Rs = 40, Rc = 20)
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Fig. 10. Network Lifetime comparison(Rs = 20, Rc = 40)

three different phasesfor a sampleiteration (14th ) was the
following. 5 sensorsgot addedin the coveragephase,7 more
sensorsgot addedasrelaynodesduringtheconnectivityphase
(SPTheuristicwasbeingused),while 3 sensorsgot removed
from the activesetduring the redundancyreductionphase.

Further resultswere obtainedby varying the transmission
and sensingradii of the sensors.Figure 9 showsthe perfor-
mancefor large sensingradiusandsmall transmissionradius.
Noteherethattheseradii arethesamefor all thesensornodes.
Figure 10 showsthe performancewith small sensingradius
and large transmissionradius.For the caseof small sensing
radii (Figure10), the numberof target pointsplay a vital role
in the performanceof the algorithm, when comparedwith
the caseof small transmissionradii (Figure 9). Also when
transmissionradius is signi®cantlylarger than the sensing
radius,the performanceof the algorithmis closeto the upper
bound (Figure 10), while it is further away from the upper
boundwhen the transmissionradiusis comparativelysmaller
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(Figure9). Notethat in all thesecases,thealgorithmperforms
reasonablywell i.e. the network lifetime scaleslinearly with
the networksize.

From the experimentalresults, we infer that the GIECC
algorithm performs within a constant factor of the upper
bound. We show that the algorithm also performswithin a
constantfactorof theoptimalsolution.Let Ro denotethevalue
of R givenby theoptimalsolutionandRg denotethevalueof
R computedby the GIECC algorithm.Then from Lemma5
(SectionV-B), we have,

Ro � cN (12)

where c (= 1
n ) is a constantindependentof N , for given

network parameters.Emprically we observe that for the
GIECC algorithm, the network lifetime scaleslinearly with
the networksize,i.e.

Rg � c0N (13)

wherec0 is a constantindependentof N , for given network
parameters.Therefore,

Rg � c0N �
c0

c
cN �

c0

c
Ro (14)

i.e. the GIECC algorithm performswithin a constantfactor
( c0

c ) of the optimal solution.

VI I . CONCLUSION

This paperaddressesthe issuesof coverage,connectivity
andenergy-ef®ciencyin wirelesssensornetworks.An ef®cient
methodto prolongthenetworklifetime is to deviseappropriate
activation schedulesfor the sensornodes in the network.
One of the approachesis to decomposethe complete set
of sensorsinto mutually exclusive sets such that each set
can independentlyensurecoverageand connectivity in the
network.Eachof thesesetscanbe activatedin successionor
rounds.Only one set of sensorsis active during a particular
roundwhile theothersensorsareput to sleepstateto conserve
batteryenergy. The problemof computingmaximumnumber
of disjoint setsof sensorsis modeledasthe lifetime coverage
andconnectivityproblem,which is shownto beNP-complete.

An iterative, greedy, polynomial time algorithm is devel-
opedto maximizethenetworklifetime, while trying to reduce
the energy consumptionin the network. The algorithm does
not put any restriction on the network con®guration(for
instance,the numberor distribution of the target points) or
on thesensornodes(their sensingor transmissionranges)and
is easily implementablein a distributedmanner. In addition,
theproposedalgorithmprovidesfor dataaggregationbene®ts,
both at the sourceand at the intermediatenodes.The algo-
rithm demonstratesa linear scaling of the network lifetime
and performs within a constantfactor of the upper bound
(and hence of the optimal performance).However, further
commentsregardingthis factor (e.g. lower bound)requiresa
detailedanalysis,which would be an areaof future research.
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