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

First we considera simpler problem of enegy-ef®cietcoverage
and formulate it using Linear Programming techniques. The
structure of the formulation provides some insights towards
developing algorithms for the lifetime coverageand connectivity
problem. An algorithm is developedwhich 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 scalelinearly with
the number of sensornodesin the system.Thus it servesas an
energy-ef®cientsolution towards ensuring connectedcoveragein
wir elesssensor networks.

I. INTRODUCTION

Wireless Sensor Networks promise to usher in a new
era of revolutionary computingwhich will ultimately prove
bene®cialto areasas diverse as healthcare,environmental
monitoring,agricultureanddefenseThe essentiatequirement
for such networksis to be able to sensethe datafrom the
speci®edegion of interestand to collect it at a centralized
locationfor further processingand decisionmaking. Ef®cient
deploymentof thesenetworksface multiple major challenges
today which include coverage connectivityand enegy con-
servation[4].

In manyapplicationsg.g.disastemanagemerandmilitary
applications,the sensornodesare static and are randomly
deployedin the region of interest. Randomplacementof the
sensomodesis necessitateth situationswherethe individual
sensorplacements infeasible.Event-drivenreporting of the
sensediatais performedby the sensomodeswhereina sensor
node,on detectingan eventof interesttransmitsrelevantdata
which is collectedat the sink (monitoring station).Generally
more sensornodeswould be deployed than necessaryto
compensatdor the lack of exact placementand to provide

suf®cient fault-tolerance.Since sensornodes collaborateto
achievea common sensingtask, it is not necessaryfor all
the sensomodesto be activeat the sametime in the network.

To accomplishcompletedata collection (i.e. none of the
eventsshould go unreportedin the network), sensornodes
needto actively senseor coverall “pointsof interest in the
region.The “Coveragé requiremenensureghat all the target
pointsin the networkarebeingcoveredby at leastone active
sensorat all times. Oncean eventhasbeendetectedby one
of the sensomodestheinformationneedso be propagatedo
the centralmonitoringstation.The “Connectivity requirement
ensureshatanyactivesensotin the networkis ableto transmit
or communicateto the monitoring stationat all times, using
relay sensomodes,if necessaty

The sensornodeshave limited battery (enegy) resources
andit maynot befeasibleto persistentlyreplenishtheir enegy
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 enegy-ef®cientsolution
towardsmaintainingcoverageandconnectivityin the network.
First of all, only a subsetof the setof all sensorsmeedto be
activatedat any giventime in orderto meetthe requirements
of coverageand connectivityin the network.Meanwhileother
sensorscould “Sleep or deactivatethemselvesconserving
their (battery)enegy for future use.

In addition to the fact that activatingall the sensornodes
simultaneouslyleads to excessiveenegy consumptionin
the systemlimiting the network lifetime, such an activation
scheduleis alsonot desirabledueto the following reasonsif
multiple activesensor@recoveringany particulartargetpoint,
this would resultin redundantdatabeencollectedat the sink.
Moreover in such a scenariomultiple sensornodeswould
sensea particulareventin theregionandwould try to transmit
at the sametime, causingunnecessaryacketcollisions due
to excessivecontentionfor the wireless channel. Therefore
activatinga minimal set of sensomodesat any time leadsto
betterresourcautilization in the networkandalsoprolongsthe
network lifetime.

Given a suf®cientlyhigh density deploymentof sensordn
the region, the initial decision making task is to identify a
feasibleset,whichis a setof sensorga subsef the available
setof sensors)which needsto be activatedin orderto ensure
the coveragerequirementin the network. To ®nd a feasible
setwhich containsthe minimum numberof sensorss referred



to asthe enegy-ef®cientoverageproblemin this paper One
suchfeasiblesetis suf®ciento sustainthe networkfor awhile.

However to maximizethe lifetime of the network one needs
to ®ndthe maximum numberof such disjoint feasible sets,
which is referredto as the lifetime coverageproblem. If all

the feasiblesetsarealsorequiredto provide connectivity the

resulting problemis referredto asthe lifetime coverageand

connectivityproblem.

In this paper our goalis to maximizethe NetworkLifetime,
wherethe networklifetime is de®nedasthe time until which
both coverageand connectivity requirementsare met in the
network, and beyondwhich connectedcoveragecan not be
guaranteedTypically sensorsvould not be subjectto rechage
in uncontrollablescenarios.g. disastemanagementAnd the
sensornodesbelongingto the set of active sensors(active
se) would eventually get depletedof their enegy content,
and would die. At this time anotherset of sensorsfrom
the set of available sensorswould needto be activated.In
the presenceof signi®cantemporalcorrelationin the events
occuringat differenttarget points, all the sensomodesin the
active set which were active during the sametime interval,
would die together This would lead to the activation of a
freshsetof sensomodes causingthe newly formedactive set
to be disjoint from the previousone. In this way, mutually
exclusive sets of sensorswould get activatedin sequence
or rounds Maximizing the network lifetime is equivalentto
maximizingthe numberof suchrounds.Thereforedetermining
the maximum number of disjoint sets of sensorssuch that
each set can individually ensurecoverageand connectivity
(i.e. lifetime coverageandconnectivityproblem),servesasan
optimal solution towardsmaximizing network lifetime.

If the sensomodeswererechageable maximizingnetwork
lifetime would lead to minimal enegy consumptionat the
nodes.And a minimum rechage rate for the sensornodes
could thenbe computed which would be suf®cientto contin-
uously sustainthe network.

The main contribution of this paperis to develop an
algorithm to compute an enegy-ef®cient solution for the
lifetime coverageand connectivityproblemin wirelesssensor
networks.Our approactdiffersfrom otherrelevantapproaches
in the following aspects:

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

Consider the feasible set of sensornodeswhich can
provide both coverageand connectivity Eachof the sen-
sorscansenseaswell asrelay information. Sensingand
communicatiorrangesof the sensorsareindependent.
Proposeprecisemetricsfor performanceevaluationand
compareour solutionwith the optimal solutionand with
appropriatebounds.

Addressthe scalingof networklifetime with the number
of sensomodesin the network.

Note that the scaling of network lifetime while providing
connectedcoveragen wirelesssensometworkshasnot been
consideredpreviously

A. RelatedWork

Coveragehasbeenstudiedextensivelyin theliterature Area
coverage,where the goal is to monitor a speci®edregion,
has been consideredin [16], [18], [17]. Taryet (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], deterministicsensormlacementallows for topology-
awareplacemenfindrole assignmentwherenodescaneither
senseor serveasrelaynodesZhangandHou [18] showthatif
thecommunicatiorrangeof sensorgs atleasttwice aslargeas
their sensingrange,then coveragemplies connectivity They
alsodevelopsomeoptimality conditionsfor sensomplacement
and develop a distributed algorithm to approximatethose
conditions,given a randomplacemenbf sensors.

The notionof classifyingthe sensomodesinto disjoint sets,
such that each set can independentlyensurecoverageand
thus could be activatedin successionhas been considered
in [1], [16]. CardeiandDu [1] showthatthe disjoint setcover
problemis NP-completeand proposean ef®cientheuristicfor
set cover computationsusing a mixed integer programming
formulation. A similar centralizedheuristicfor areacoverage
has beenproposedin [16], wherethe regionis divided into
multiple ®eldssuch that all points in one ®eld are covered
by the sameset of sensors.Then a most-constrainedeast-
constrainingcoverageheuristicis developedwhich is empiri-
cally shownto performwell.

[8], [19] considerconnectedcoverageand provide ap-
proximation algorithmsto ®nd one minimal subsetof sen-
sor nodesto guarantee(k-)coverageand connectivity An
intergrated coverageand connectivity framework [17] has
also been proposedwhere the goal is to allow con®guring
varying degreesf coverageand to maximizethe numberof
sensomodesscheduledo sleepat eachstage.The coverage
con®gurationprotocol [17] is integratedwith SFAN [5] to
ensureconnectivityin the network.However the authorsnote
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],
wherethe networklifetime hasbeenconsideredhoweverfrom
a “coverageonly' perspectiveln [3] the constraintsfor the
setof sensordo be disjoint and for thesesetsto operatefor
equaltime intervals,arerelaxedandtwo heuristics,oneusing
linear programmingandthe otherusinga greedyapproactare
proposedand veri®edusing simulationresults.However our
approachs differentsincewe alsotake network connectivity
into consideratiorandabideby the assumptiorthat the active
setsaredisjoint to eachother

In general, the sensingand communicationrange of a
sensomode may be differentandtheserangesmay alsovary
sighi®cantlyacrosssensomodes.Forinstancejn regionswith
high density of target points, deploying sensornodeswith
large sensingrange might prove bene®cialto achieve data
aggregatiorbene®taindbetterresourceautilization. Howevera
large communicatiomangeat sensomodeswould leadto more



channelcontentionandcollisionsin the wirelessnetwork.On
the other hand,in a remoteregion with a few target points,
it would be bene®ciato deploy sensorswith a small sensing
rangeand a large communicatiorrange.

Areacoverageproblemcanalsobe approximatedy that of
point coveragausinga minutegrid andconsideringonly those
grid points which belongto the areaor region. The level of
approximationis increasedvith ®nergrid. Thusa solutionto
the point coverage(and connectivity)canbe extendedo that
of areacoverage(and connectivity).

This paperis organizedas follows. In the next section,
we formulate the problem of enegy-ef®cientcoverageusing
linear programmingtechniquesin Sectionlll, we formulate
the lifetime coverageand connectivityproblemand comment
on its optimal solution. In SectionlV, we describeour pro-
posedsolutionin detail. SectionV describeghe performance
metrics consideredand relatedbounds.Resultsare discussed
in SectionVl andwe summarizehe conclusionin SectionVII.

Il. ENERGY-EFFICIENT COVERAGE

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

A. Notationsand De®nitions

Consider a network of N sensorsintended to provide
sensingcoveragdo a setof m tamgetpointsin theregion.The
target points and the sensorsare randomly distributedin the
region.Sensorsare deployedredundantiyto provide extended
coveragdifetime andmayhaveindependensensingadii. Let
S bethesetof all sensor@andM bethesetof all tagetpoints.

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

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

De®nition3: A FeasibleSetS; is a setof sensorss 2 S
suchthat for all target pointst 2 M, there existsa sensor
s 2 S which coverst.

De®nitiond: A CoverSetA is asetof sensors 2 S such
that,

A is a feasibleset.

8s2 A : thesetA - fsgis not afeasibleset.
Hencea coversetdoesnot containany redundansensorsand
activatingone suchcoversetis suf®cientto provide coverage
in the network.

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

X
U(A) =
S2A
De®nition6: Coverageof the setM of tamet points with
respectto a setS of sensords de®neds

u(s) @)

Cs(M) = cs(t)
t2M

)

B. Properties

Next we develop some results relatedto the utility and
coverageprovidedby a cover set.

Lemmal: For acoversetA, Cao(M) = U(A).

Proof: Considera tamet pointt 2 M. Let X denote
the setof sensorswhich covert suchthatX  A. We have,
ca(t) = jXj. Now for all s 2 X, t addsoneto the utility of
sensors, u(s). Thust addsjXj (= ca(t)) to the utility of the
coversetA. Also t addsca (t) (= jX ) to the coverageof the
setM . Summingover all tamget pointst 2 M, we havethe
desiredresult. ]

Note thatLemmal is alsovalid for any feasibleset.

Lemma2: For a coversetA of sizek (i.e. jAj = k), the
utility of anysensors 2 A is upperboundedby (m+ 1 k).

Proof: SinceA is a non-redundanteasibleset, for all
sensorss 2 A theremust exist a target point t which is not
coveredby anyothersensors® 2 A (otherwisethesetA fsg
is a cover setand hencethe setA is not a cover set). Thus,
we have,

8s2 A;9t 2 M : scoverst andca (t) = 1.

SincejAj = k, theremustexist at leastk target pointsin
M which havetheir coveragewith respecto the setA, equal
to one.Now let sjhax 2 A bethe sensomodewith maximum
utility in A. Sincethe total numberof target pointsis m and
there must be at least (k 1) tamet points which are not
coveredby Smax , U(Smax) (m+ 1 k). [ |

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

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

Next we generalizethe boundsto the utility of a coverset
of anysize.

Lemma3: The utility of a coversetA is boundedas,m
UAA) (24)2;8m> 0.

Proof: SinceA is a coverset,eachtamget pointt 2 M
must have coverageca (t) 1. This togetherwith the fact
thatjMj = m, leadsto CA(M) m. Now from Lemmal,
the lower boundfollows.

From Corollary 1, we haveU(A) (m+ 1 k)k, where
k = jAj. Letf (k) = (m+1 Kk)k. Thenfrom simplecalculus,
f (k) is maximizedatk = ™1 HenceU(A) (231)2. m

From lemmas 1 and 3, we observethat the coverage
providedto the setof tamget pointsby any coversetis bounded
only in termsof the total numberof target points and these
boundsare independentf the size of the cover set.

C. Linear Program

Next we addressthe issueof enegy-ef®cientcoveragein
sensometworks.The objectiveis to ®ndafeasiblesetA (A
S), which comprisesof a minimum numberof sensorslt is
easyto observethatthe setA mustbe a coverset,asde®ned
in Sectionll-A.

De®nition7: ExcessUtility of a sensors 2 A, uYs), is
de®nedas,uqs) = u(s) 1 Similarlré the excessutility of
a coversetA is de®nedas,UYA) = =, uXs). Note that
UYA) = U(A) jA].



Let Sg denotea setof sensorawvhich providescoverageo
the network utilizing minimum numberof sensorsThen Sg
is a cover set with minimum cardinality Thatis, 8S° S,
suchthatSCis a coverset,jSgj jSY. Sincethe setSg is a
coverset,it also satis®eshe following constraints:

8s2Sg:uds) O )
8t2M :cs. (1) 1 (4)
Cs. (M) = jSej+ UYSe) 5)

(3) is satis®edsince otherwisethe setSg fsg would be
a feasibleset,andhencethe setSg would not be a cover set.
(4) holds sincethe setSg is a feasibleset. (5) follows from
Lemmal. From (5), we have,jSgj = Cs. (M) UYSg). In
otherwords,the setSg minimizesover all setsof sensorsA,
the objectivefunction Y (A) de®nedas,

Y(A)= Ca(M) U%A) ©)

subjectto the following constraints
8s2A:ufs) 0 (7)
8t2 M :ca(t) 1 (8)

To posetheaboveoptimizationproblemasa linearprogram,
let usintroducethe following variables For eachsensomode,
si, wherei 2 [1:N], let x; denotewhethers; 2 A. Thatis,
8i:1 i N, thevariablex; takeson value

0,if 5 2 A.
1,if 52 A.

For eachtamget pointt; 2 M, wherej 2 [1:m], let y;
denotewhetherthe target point t; is coveredby sensors;.
Precisely 8i 2 [1::N], 8] 2 [1::m], the variabley; takeson
value

1, if sensors; coverstarget pointt; .
0, otherwise.

Note thatthe variables)y; , could be precomputedncethe
network con®gurations known, and are effectively constants
thereafter Now the enegy-ef®cientcoverageproblemcanbe
expresseds the following linear integer program[14], with
N variablesgndN + m constraints.

Minimize iN:1 X;i subjectto
Xn .
Xi( yj 1) 0;8i2[1:N] 9)
j=1
X\l .
Xiyi  1,8j 2 [1::m] (10)

i=1
(9) and (10) correspondo (7) and (8) respectively
From the structure of the above optimization problem,
we observethat minimizing the objective function Y (A)
(Equation6), is the sameasminimizing the sumof coverages
of all target points with respectto A and maximizing the

sum of utilities of all sensorss 2 A, simultaneously This
structureprovidesusthe necessarynsighttowardsdeveloping
appropriaténeuristicalgorithmto extendthe coveragdifetime
of the networkin SectionlV.

I1l. LIFETIME COVERAGE AND CONNECTIVITY PROBLEM

This problem differs from the enegy-ef®cient coverage
problemposedin Sectionll in the following aspects:

Each set of sensorsneedsto ensureboth coverageand
connectivityin the network.

The goal is to ®nd multiple suchdisjoint (or mutually
exclusive)sets,and in particularthe maximum number
of suchsets.

In this sectionwe formulatethe problemmore preciselyand
commenton its optimal solution.

A. ProblemFormulation

Considera region of interestrepresentedy a Manhattan
grid, with m tarmget points distributedrandomly in the grid.
N static sensornodesare deployedrandomlyin the region.
Sensorssenseinformation and transmitit 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 radiusR.. A sensors whoseeuclideandistancefrom
anothersensors® (or the monitoring station)is lessthan its
transmissionradius (R¢), can transmitdirectly to s° (or the
monitoring station). All the sensorshave a constantchage
level C at thetime of deployment.

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

Let S bethe setof all sensorandM bethe setof all target
points. Let A, denotethe set of availablesensorgwhich is
initially the sameasS).

De®nitior8: An activesensors hasa pathto the monitoring
stationM S in the setS iff s cantransmitto M S or thereexist
relay sensorgy; i rg 2 S suchthat

Sensors cantransmitto sensorm ¢,
8i:1 i< k,sensor; cantransmitto sensorr;.; , and
Sensor, cantransmitto M S.
De®nition9: An Active Set A, is the setof sensors 2 S
suchthat
A is a feasibleset.
8s 2 A : thereexistsa pathfromsto M S in A.

Activating an active setis suf®cientto maintaincoverage
and connectivityrequirementsn the networkfor a while. Let
sucha setof sensorsA, be activatedattime T,. At sometime
T, > Ty, oneor moresensorsn the setA would getdrained
of their enegy completely At this time a new setof sensors
s 2 A, needsto be computed,which shall be activatedto
meetthe aboverequirements.



Fig. 1. Ensuringcoverageand connectivity SensomodesA andB cover
tamget points X andY respectively Sensornode C actsas the relay node.
M S is the monitoring station.HereRs = R¢ = R.

Assumingall the sensordn the setA die at the sametime,
the new set should be mutually exclusiveto all the active
setscomputedearlier Thusthe computedactive setscould be
activatedin successionwhere eachone of them contributes
towardsone Roundof sensomodesactivationin the network.
Givena particularnetwork con®gurationlet R bethe number
of roundsthus computed(i.e. R = numberof disjoint active
setscomputedrom S). Assumingthe sensorspendnegligible
amountof enegy 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 longer network
lifetime. On the contrary a trivial activation decisioncould
be to setthe initial active setA 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 andto computethe
activesets(A1;:::; Ar) correspondingdo therounds(l; :::; R).
Or equivalently

Maximize R suchthat8i;j 2 [1;:::; R]:

A is an active set.
Ai \ Aj =, ;i 6 j

In the presencef multiple solutions,the onewith the least
enegy consumptionis desired.For instance,considertwo
solutions having the samevalue of R but different set of
disjoint activesets(A1; :::;; Ar) and (A?; :::; AZ) respectively
The solutioncomprisesf thoseactive setsfor which the total
numberof sqglsorsactivat?dis the least(i.e. the former setis
asolutionif = 1, jAij RIAY).

B. NP Completenessf the Optimal Solution

The optimal solution to the lifetime coverageand connec-
tivity problemis to ®ndthe maximum number of disjoint
active setsof sensordn S, suchthat eachof the active sets

can independentlyprovide coverageand connectivity in the
network.

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

Lemma4: The optimal solution to the lifetime coverage
and connectivityproblemis 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 ei®cientheuristic
solution approachneedsto be developed.

IV. GIECC: AN ALGORITHM FOR LIFETIME COVERAGE
AND CONNECTIVITY

This paper proposesa Greedy lterative Enegy-ef®cient
ConnectedCoverage(GIECC) algorithmto addresgheissues
of coverage,connectivity and enegy-ef®ciencyin Wireless
Sensor Networks. The algorithm computesa 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 sensorsAfter the end of eachiteration, the
availablesetis modi®edy removingthesensorsvhich belong
to the active setfound in the currentiteration. The algorithm
haltswhenit is unableto ®ndan active set of sensordrom
amongthe availableset of sensorsNow the computedsets
of sensorsare activatedin successiorto achievethe desired
network lifetime. Figure 2 depictsthe pseudo-coddor the
algorithm.

A. Notationsand De®nitions

Before delving into the details of the algorithm, let us
formalize somenotationand focus on the global information
that the algorithm needsto maintain.

De®nition 10: A sensors is consideredredundantwith
respectto an active set A iff the set A fsg is also an
activeset.Note thatanactivesetmayhavemultiple redundant
Sensors.

Initially, the algorithm computesthe coverage,cs(t), for
eachtargetpointt 2 M andthe utility, u(s), for eachsensor
s 2 S. Next, a network connectivitygraphG is computedas
follows. Eachof the sensoraandthe monitoringstation(M S)
correspondo a vertexin G. Vertexu hasa directededgeto
vertexv in G, iff the sensors (or M S) representedy the
vertexv is within the transmissiorrange(R.) of the sensor
representedby the vertex u. Note that thereare no outgoing



find_active_set(A,, M)
{
set A =0;
/* Coverage Phase */

/* Connectivity Phase */
/* Remove Redundancy Phase */
return A;
}
GIECC(S, M)
{
setA, =S;
boolean flag = True;
intR=0,i=0;
while (flag)
{
A, = find_active_set(A,, M);
if (A, is not an Active Set)
flag = False;
else
{
A, =A -A;
R++; i++;

}
/* Output R, A, ... Ag ¥/

Fig. 2. Pseudo-Codéor the GIECC Algorithm

edgesrom the vertexcorrespondindo the monitoringstation
(MS).

De®nition11: The deg ee of a sensornodes 2 A in the
active set A, is de®nedas the numberof sensorss® 2 A
such that either s° lies within the transmissionrange of s
or vice-versa(plus one if the monitoring stationlies in the
transmissiorrangeof s).

Note that the degreeof sensors in A is the total number
of edges(incoming and outgoing) incident on the vertex
correspondingo sensors in Ga, whereGp is the portion of
the connectivitygraph G without the verticescorresponding
to sensorss® 2 A and without the edgesincident on those
vertices. Thus the degreeof a sensors is a measureof its
connectivityin the active set.

B. Algorithm

Eachiteration of the algorithm comprisesof the following
phases.

1) CoveragePhase: Theinput to this phaseconsistsof the
setof availablesensorqA,) andthe setof target points (M ).
The goalis to computea cover setA.

From the structureof the optimization problem posedin
Sectionll-C, we observethat a solution to enegy-ef®cient
coverageproblemexploresall possiblecombinationsof sen-
sors to ®nd the set of sensorswhich provides minimum
coveragesum to all the target points with respectto the
set and maximum utility sum to all the sensorsin the set,
simultaneouslyA 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 and maximizethe utility
of individual sensomodes At eachstage theheuristicchooses
anuncoveredargetpoint which hasa minimum coveragewith
respectto the setS and then choosesa sensorto cover the
chosentamet point such that the sensorprovides maximum
utility .

1) Startwith an emptysetA.

2) Choosea tamgetpoint t, which is not coveredby any of
thesensorsn thesetA. Whenmultiple target pointsare
eligible, choosethe one which hasminimum coverage,
Cs (t)

Choosea sensomodes which coverst. Whenmultiple
sensorsare eligible, choosethe one with maximum
utility, u(s). Add sensors to the setA.
4) Repeatsteps? - 3, till A is a coverset.

Tiesabove(alsoat otherplaceslater) arebrokenrandomly
Note that the heuristic attemptsto form a cover set A com-
prisedof a minimal numberof sensorsActivating sensorsvith
high utility alsofavoursdataaggregatiorat the source,since
datacorrespondingo multiple (temporallycorrelated)events
in the network gets combinedin one transmittedmessage.
In addition, this reducesnetwork traf®c when similar events
occur at multiple (spatially close) target points. Since only
one active sensorcoversall the target points, it leadsto only
onemessagéeinggeneratedn responseo multiple eventsin
the network (assumingsensotis ableto differentiatebetween
events).

2) ConnectivityPhase: The input to this phaseconsistsof
the coversetA (computedin the coveragephaseabove)and
the network connectivitygraphG. The goalis to computean
activesetB suchthatB  A.

If the setA is alreadyan active set,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 approachesharea commonobjective, which is
to minimize the total numberof sensorsaaddedasrelay nodes
to the active set B. This increaseddataaggregatiorbene®ts
achieved11], aslower the numberof relay sensorsmorethe
dataaggregatiorin the network (at the relay sensors).

ShortestPath Tree (SPT) For all the sensorss 2 A,

3)



computethe shortespathfrom s to the monitoringstation
(M'S) in G. Add all the sensordn thesepathsto the set
A, forming the active setB.

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 hasbeenchosenthe shortestpathfrom
the sensors to thetreeB is computedandall the sensors
alongthis pathareaddedto thetreeB . Keepon choosing
sensorsn A till B A. It is easyto observethatthe set
B thusformed,is an active set.

Implicit ConnectivityTree (ICT): All availablesensorsn
the setA,, exceptthe oneswhich do not havea pathto
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 stationin G, cannotserveas
relay sensorsand henceare not 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®cientto ensure
coverageand connectivityin the network. However thereare
possibly redundantsensorsin the set B (particularly using
ICT), which can be removedfor better enegy ef®ciencyin
the currentiterationandwhich might alsoprove usefulduring
the nextiteration,contributingproductivelytowardsextending
network lifetime.

3) RedundancyReductionPhase: The input to this phase
is anactivesetB (computedn the connectivityphaseabove),
which ensuresconnectedcoveragein the network. The goal
is to removemaximumnumberof redundansensordrom the
setB soasto form a minimal active set.

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

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

2) Checkto seeif thesetB fsg is an activeseti.e. it
ensurexonnecteccoveragen the network.

3) If true, modify the setB asB = B fsg, Else mark
the sensors.

4) Repeatstepsl - 3 till all thesensors 2 B aremarked.

The active set thus obtainedis suf®cientto provide con-
nectedcoverageo the networkfor oneround.Oncethe three
phasesof a particulariteration are over, the set of available
sensorsis modi®edas Ay, = A, B and the algorithm
proceedsto the next iteration. Iterationsare repeatedtill no
moreactivesetcanbefound (i.e. the outputof coveragghase
is not a cover setor the output of connectivity phaseis not
an active set). The active setscomputedare now activatedin
successivaounds.R denotesthe numberof disjoint active
setscomputedor equivalentlythe numberof rounds.

C. RunningTime

Let us analyzethe running time of the algorithm. The
coveraggphaserunsfor a maximumof m iterations.Thetime
complexity of eachof theseiterationsis O(m+ N) = O(N),
sinceN >> m. Thereforethe coveragephasetakesO(mN )
time. Shortestpath computationbetweenany two pair of
verticesin a graphis of order O(N?) [6]. Clearly SPT and
ICT eachtake O(N 3) time. To ®ndthe shortestpath between
avertexandatreein GIT takesamaximumof N shortespath
computationgO(N 2)). ThusGIT hasa complexityof O(N ).
Checkingif a setof sensoreensuresoveragetakesO(mN )
time. To checkif the setis connectedakesO(N ) time. In the
last phase the algorithmtries to removesensorsone by one
checkingfor coverageand connectivity (O(N 2)). Therefore
redundancyreduction phasetakes O(N ) time. Hence the
overall runningtime of the algorithmis O(N #).

V. METRICS AND BOUNDS

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

A. PerformanceMetrics

The primary objective of the algorithmis to maximizethe
networklifetime in the presenceof enegy-constrainedensor
nodes.In addition, the algorithm also strives for minimum
enegy consumptionin the network. The following metrics
areproposedwhich serveas benchmarkdor the abovegoals.

Network Lifetime Metric : Since the lifetime of the
networkis directly proportionalto the numberof rounds,
R is anappropriateneasurdor networklifetime. Larger
R implies betternetwork lifetime.
Enegy-ef®ciencyMetric: Assumingactive sensorsdis-
chage uniformly acrossall rounds, the total number
of sensornodesutilized over the lifetime of the net-
work seemsanappropriateneasurdor enegy-efdciency
However this could be a misleadingmeasure Consider
two solutionsS; and S,. Clearly the solution with the
largerR is desired Only if bothS; andS, havethe same
value of R, the solution with lessernumberof sensors
used,is preferred.An appropriatemetric which captures
the aboverequirementss the averagenumberof sensor
nodesusedper round (or in an active set), denotedas
Sa. Smaller S, implies better enegy-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 suchcasess compared
with appropriateboundswhich are derivedhere.

Let A be the areaof the manhattangrid representinghe
network and Rs be the sensingradius of sensornodesin



Fig. 3. Examplel: Active Sets(N =10, m =6, Rs = R¢ = 40)

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

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

2 A
" PR -
Note thatthe minimum numberof sensorsieededo ensure
both coverageand connectivitymustbe at leastn. Assuming
a suf®cientlylarge numberof target pointsscatterediniformly
acrossthe network, it would require at least n sensorsto
completelycoverandconnecthe networkin eachround.Thus

the maximumnumberof roundspossiblewould be X, where

N is thetotal numberof sensorsHencewe havethefrz)llowing
result.

Lemmab: ?1‘— is an upperboundon R andn is a lower
boundon S,, wheren is given by (11).

Notethatthe upperboundon R is linearin thetotal number
of sensordN while the lower boundon S; is invariantto N .
Also theseboundsare not tight since they do not take into
accountthe transmissiomadius(R¢) of the sensorsHowever
the bottomlineis that, irrespectiveof the changego network
parameterspone would expecta good heuristic solution to
closely follow theseboundsi.e. the network lifetime should

scalelinearly with N, andS, shouldremainconstantith 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 Sectionlll.
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GIT heuristicis usedduring the connectivity phaseof the
GIECC algorithm,unlessstatedotherwise.

For considerablysmall network size, the GIECC algorithm
performsvery closeto 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 algorithmin both the cases,
althoughthe former is betterin terms of enegy ef®ciency
(Sa)-

Now we gradually increasethe network size (N) and
comparethe performanceof the GIECC algorithm with that
of the optimal solution.Figures5 and6 depictthe plots of the
performanceametrics.

Next we comparethe performanceof the GIECC algorithm
for large networksizeswith the derivedboundsusingdifferent
connectivity heuristicsSPT, GIT and ICT. Figures7 and 8
show the desiredplots. We observethat the three heuristics
performcloseto eachotherandthe choiceof the connectivity
heuristic does not signi®cantlyaffect the performance SPT
heuristic has a better time complexity and is also easyto
realizein a distributedenvironment.GIT heuristicis better
suited for data aggregationat the relay nodes.ICT heuristic
is found to be the mosttime consumingbecausealmostall of
the availablesensorsieedto be consideredn the redundancy
reductionphase.Thus appropriateheuristic can be chosento
suit a given application.

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

Having a closerlook at the resultshelpsus understandhe
importanceand role of eachof the different phasesof the
GIECC algorithm.For a samplenetworkrepresentedy N =
200 m = 10, and Rc = Rg = 30, the behaviourof the
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ig. 10. Network Lifetime comparison(Rs = 20, R¢ = 40)

three different phasesfor a sampleiteration (14") was the
following. 5 sensorgjot addedin the coveragephase,7” more
sensorgjot addedasrelay nodesduring the connectivityphase
(SPT heuristicwas being used),while 3 sensorggot removed
from the active setduring the redundancyeductionphase.
Furtherresultswere obtainedby varying the transmission
and sensingradii of the sensorsFigure 9 showsthe perfor
mancefor large sensingradiusand small transmissiorradius.
Note herethattheseradii arethe samefor all the sensomodes.
Figure 10 showsthe performancewith small sensingradius
and large transmissiorradius. For the caseof small sensing
radii (Figure 10), 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
boundwhenthe transmissiorradiusis comparativelysmaller



(Figure9). Notethatin all thesecasesthe algorithmperforms
reasonablywell i.e. the network lifetime scaleslinearly with
the network size.

From the experimentalresults, we infer that the GIECC
algorithm performs within a constantfactor of the upper
bound. We show that the algorithm also performswithin a
constanfactorof theoptimalsolution.Let R, denotethevalue
of R givenby the optimal solutionandR 4 denotethe valueof
R computedby the GIECC algorithm. Then from Lemma5
(SectionV-B), we have,

(1]

(2]

(3]
[4]

(5]
R, c¢N (12)
wherec (= %) is a constantindependentof N, for given
network parameters.Emprically we observe that for the
GIECC algorithm, the network lifetime scaleslinearly with

the network size,i.e.

(6]
(71

(8]
Ry c™N (13)
where c? is a constantindependenbf N, for given network

9
parametersTherefore, ol

0 0

c [10]
N SR,
C C

Ry cN (14)

i.e. the GIECC algorithm performswithin a constantfactor [

(%0) of the optimal solution.
[12]

VIl. CONCLUSION [13]

This paperaddresseshe issuesof coverage,connectivity
andenepgy-ef®ciencyin wirelesssensonetworks.An ef®cient
methodto prolongthenetworklifetime is to deviseappropriate
activation schedulesfor the sensornodesin the network.
One of the approacheds to decomposethe complete set
of sensorsinto mutually exclusive sets such that each set
can independentlyensurecoverageand connectivity in the
network. Eachof thesesetscan be activatedin successioror
rounds.Only one setof sensords active during a particular
roundwhile the othersensorsareputto sleepstateto conserve
batteryenegy. The problemof computingmaximumnumber
of disjoint setsof sensords modeledasthe lifetime coverage
andconnectivityproblem,whichis shownto be NP-complete.

An iterative, greedy polynomial time algorithm is devel-
opedto maximizethe networklifetime, while trying to reduce
the enegy consumptionin the network. The algorithm does
not put any restriction on the network con®guration(for
instance,the numberor distribution of the tamget points) or
on the sensomodes(their sensingor transmissiorranges)and
is easily implementabldan a distributedmanner In addition,
the proposedalgorithmprovidesfor dataaggregatiorbene®ts,
both at the sourceand at the intermediatenodes.The algo-
rithm demonstrates linear scaling of the network lifetime
and performs within a constantfactor of the upper bound
(and henceof the optimal performance).However further
commentsregardingthis factor (e.g. lower bound)requiresa
detailedanalysis,which would be an areaof future research.

[14]
[15]

[16]

[17]

(18]

[29]
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