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Abstract

In order to conserve battery power in very dense sensor networks, some sensor nodes
may be put into the sleep state while other sensor nodes remain active for the sensing
and communication tasks. However, determining which of the sensor nodes should
be put into the sleep state is non-trivial. As the goal of allowing nodes to sleep is
to extend network lifetime, we propose and analyze a Balanced-energy Scheduling
(BS) scheme in the context of cluster-based sensor networks. The BS scheme aims
to evenly distribute the energy load of the sensing and communication tasks among
all the nodes in the cluster, thereby extending the time until the cluster can no
longer provide adequate sensing coverage. Two related sleep scheduling schemes,
the Distance-based Scheduling (DS) scheme and the Randomized Scheduling (RS)
scheme are also studied in terms of the coefficient of variation of their energy con-
sumption. Analytical and simulation results are presented to evaluate the proposed
BS scheme. It is shown that the BS scheme extends the cluster’s overall network
lifetime significantly while maintaining a similar sensing coverage compared with
the DS and the RS schemes for sensor clusters.
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1 Intro duction

Recen technological advanceshave enabledthe emergenceof tiny, battery-
powered sensorswith limited on-board signal processingand wirelesscom-
munication capabilities. Sensornetworks may be deployed for a wide variety
of applications [1]. A typical sensornetwork may corntain thousandsof small
sensorswith the sensordensity as high as 20 nodes/m®. If these sensorsare
managedby the basestation directly, communication overhead,managemen
delay, and managemeh complexity could make sud a network lessrespon-
sive and lessenergye cien t. Clustering has beenproposedby researtiersto
group a number of sensorsusually within a geographicneighborhood, to form
a cluster. Using a clustering approad, sensorscan be managedlocally by
a cluster head, a node electedto managethe cluster and be responsible for
communication betweenthe cluster and the basestation.

Clustering provides a corveniert framework for resourcemanagemen It can
support many important network featureswithin a cluster, suc as channel
accessor cluster menmbersand power cortrol, aswell asbetweenclusters,sud
asrouting and code separationto avoid inter-cluster interference.Moreover,
clustering distributes the managemenh responsibility from the basestation to
the cluster heads.As pointed out by Varshney[2] and Heinzelmanet al. [3],
sud distributed managemen provides a corveniert framework for data fu-
sion, local decisionmaking and local cortrol, and energysavings. A xed or
adaptive approacy may be usedfor cluster maintenance.Iln a xed mainte-
nancesteme,cluster menmbership doesnot changeover time. In an adaptive
clustering scheme,however, nodesmay changetheir assaiationswith di erent
clustersover time.

The sleepingtechnique has beenusedto consere energy of battery powered
sensors.Rotating active and inactive sensorsin the cluster, some of which

provide redundart data, is oneway that sensorscan be intelligently managed
to extend network lifetime. Someresearbers even suggestputting redundart

sensomodesinto the network and allowing the extra sensorgo sleepto extend
the network lifetime [4]. This is made possibleby the low cost of individual

sensors.

When a sensomode is put into the sleepstate, it completelyshuts itself down,
leaving only one extremely low power timer on to wake itself up at a later
time. 2 This leadsto the following Sleep Scheduling Problem : How doesthe
cluster head selectwhich sensornodesto put to sleep,without compromising
the sensingcoveragecapabilities of the cluster?

2 Another approach is to use a low power wake-up circuit as in the WINS project,
but a drawback of this approach is that it may suffer from the so-called “sleep
deprivation torture attack” [5] by malicious nodes.



In [6], we generalizedand proposedtwo sleepscheduling schemes,termed the
RandomizedSdeduling (RS) sthemeand the Distance-basedddeduling (DS)
scheme.In the RS sdheme,sensornodesare randomly selectedto go into the
sleepstate. In the DS scheme,the probability that a sensornode is selected
to sleepdependson the distanceit is located from the cluster head.

One possibledrawbad of the RS and the DS sdhemesis that the average
energy consumptionsof sensorswith di erent distance to the cluster head
might be di erent. In the RS scheme,all the sensomodesin the cluster have
the same sleep probability even though the sensornodes on the border of
the cluster may consumemore energy than others. The DS sdheme selects
sensomodesto sleepbasedon their distancesfrom the cluster head, lowering
the variation of energyconsumptionsby all sensornodes.Howewer, sincethe
sleepingprobability in the DS schemeis only linearly related to the distance
to the cluster head, while the transmission energy consumption is at least
guadratically related to distance,the coe cient of variation of sensornodes’
energyconsumptioncould be relatively high. This is not desirablefor sensor
networks, asoneof the designgoalsof the sleepscheduling schemeis to extend
the network lifetime. If a certain fraction of the sensornodesin the network
consumemuch more energy than others, the batteries of these sensorsdie
out quickly, creating holes(uncoveredareaswithin the overall sensometwork
coveragearea.)

In this paper, we study the following Balanced-energy Sleep Scheduling
Problem : How should a cluster headselectnodesin the clusterto sleepsoas
to extend the network lifetime and reduce energy consumption of the ertire
cluster while keepinga certain fraction of the sensorsenergy-balanced?

In order to balancethe energyconsumption of a large fraction of the sensor
nodesin a cluster, we needto manipulate the sleepingprobability of eadh

sensornode accordingto its distancefrom the cluster head. Howewer, unlike

the DS scheme where the only criterion was to choosethe sleepingproba-

bilities to reduceoverall energy consumption, the goal hereis to ensurethe

averageenergy consumption of a large number of the nodesis the same.As-

sumingthat the nodesstart with approximately the sameinitial energy this

will ensurethat these energy-balancednodesrun out of energy at approxi-

mately the sametime, thereby extending network lifetime while maintaining

adequatesensingcoverage.To accomplishthis goal, we proposeand analyze
the Balanced-energySteduling (BS) scheme,which is also a distance-based
scheme,in this paper. The bene ts of the BS schemewill be shavn numerically

in Section5.



2 Related Work

There has been some published work related to the cluster formation and
cluster head selectionproblem [3,7]. In our work, we study the sleepingnode
selectionproblem by assumingthat one of theseclustering techniquesis in use
and the clustersand cluster headsare already in place.

Seeral shhemeshave beenproposedin the literature to determinewhich nodes
should be allowed to sleep.In [4], network nodes are allowed to go to sleep
accordingto routing information and information from the application layer.
This paper proposedthe Basic Energy Conserving Algorithm (BECA) and
the Adaptive Fidelity Energy-ConservingAlgorithm (AFECA). In the BECA
sdheme,nodesswitch amongsleeping,idling, and active statesto save energy
A node alternates between the sleep state and the idling state if no data
trac is presen. An idling node goesinto the active state when it receiwes
trac from its application layer or from its neighbors. The AFECA sdeme
was designedto work with an on-demandrouting protocol. In the AFECA
stheme, the intervals between consecutie times that a sleepingnode wakes
up and listensto the channelare a multiple of the route discovery interval, at
the end of which Route REQuest (RREQ) padkets are transmitted.

Spanwasproposedin [8]to maximizethe amourt of time network nodesspend
in the sleep state while maintaining the sametrac latency and network
capacity. In Span, a few nodes are selectedas Coordinators, which do not
sleep.All other nodesgo into the sleepstate accordingto a sleep/wake cycle
speci ed by the Coordinators. Only the Coordinators participate in padet
routing. Since signi cant energy is consumedby these Coordinators, Span
includesa procedureto rotate the Coordinator role amongthe nodesin the
network. Signi cant energysaving was reported with the help of Span.

In [9], a node-sheduling stheme was proposed to reduce the overall sys-
tem energyconsumptionby turning o someredundart nodesin sensornet-
works. The coverage-based -dut y eligibility rule and the bado -based node-
stheduling shemeguarartee that the original sensingcoverageareais main-
tained even after nodesare turned o . According to theserules, sensornodes
canturn themseheso whenthey notice that their neighbors can cover all of
their sensingcoveragearea. In order to avoid neighboring nodesturning o
simultaneously a badk-o basedapproat was designed.

In the S-MAC scheme[10],energyconsumptionis reducedby allowing randomly-
selectedidle sensorgo go into the sleepmode. The trac intendedfor these
sleepingnodes is temporarily stored at the neighboring active nodes. The
sleepingsensorsvake up periodically to retrieve the stored padkets from their
neighboring nodes.



In the Energy Dependent Participation (EDP) scheme[11], ad hoc network
nodes decide whether to participate in ad hoc routing basedon their resid-
ual energy When the residual energyis high, a network node participates in
routing with higher probability. This probability is lower when the residual
energyis low. A balancedenergyconsumptionis achieved and the extension
of network lifetime was reported in the paper.

Someof the shhemesdiscussedabove, e.g.,[7,8], require someknowledgeof the

ertire network beforea sensornode can decideto go to sleep.Other schemes
sudh as [4,9,11] make decisionsaccordingto a speci c system metric sud

asrouting delit y, sensingcoverage,or residual energy Schemesin [4,11] are
not suitable for cluster-basedsensometworks in which the goalis to improve
energy saving while maintaining the samesensingcoverage.Other proposed
methods, sud as those descriked in [12{14], were not designedfor cluster-
basedsensometworks, even though they studied coverageand connectivity in

the context of extra sensornodesin sensornetworks. The schemesin [9,10]
did not considerthe variable transmissionrangeof sensomodes.In the follow-

ing section, we proposea sleepsdieduling shemethat exploits the variable
transmissionrangeof sensomodesto save energywhile maintaining the same
sensingcoveragein cluster-basedsensornetworks.

In [15],the time and energycostsof both computation and comnunication ac-
tivities were consideredn the task allocation problemsfor wirelessnetworked
embeddedsystemswith homogeneouglemerts. In orderto extendthe network
lifetime, the authors' goalis to balancethe energydissipation of the elemens
during ead period of the application with respect to the remaining energyof
elemerts. An optimal solution and a heuristic approad were proposedin the
paper. Unlike in [15], we use a probabilistic approad to balancethe energy
consumption of the sensornodes while maintaining the sensingcoverage of
the cluster.

3 The Sleep Scheduling Schemes

In our study, the following assumptionsare made about the sensornetwork:

A su cient number of sensornodesare deployed over a sensing eld sud
that somesensornodes can go into the sleepingmode without degrading
the sensingcoverageof the network.

Static circular cluster ass@iations are assumedn the sensometwork. Each
sensomode belongsto the samecluster throughout its lifetime. 3

3 The cluster head might be rotated among nodes in a small region near the center
of the cluster, so that the distance between each sensor node and the cluster head



Eadh sensorcan use variable transmission power (assumedto be a con-
tinuous variable here) accordingto its distance from its cluster head [16].
Consequetly, it can usethe minimal transmissionpower that is necessary
for communication with its cluster head. The cluster head, howewer, uses
the maximum transmissionpower, with a rangeof R, to communicate with
all the sensomodes.*
The distance between eat sensornode and the cluster headis known to
these two nodes. The distance can be estimated, e.g., by measuringthe
strength of signalsreceived from the cluster head.It is not necessaryfor a
node to know other sensors'distancesto the cluster head.
Nodesare randomly distributed asa two-dimensionalPoissonpoint process
with density . Therefore,the probability of nding n nodesin a region of
areaA isequalto (A )" e A =nl. Furthermore, thesen nodesare uniformly
distributed in the area.

IS the averagepadket transmissionrate per secondof eat sensornode
sendingdata to the cluster headduring its non-sleepperiod, which includes
all data transmissionperiods and idle periods.®

We further assumethat the energy saving of eat sleepingnode per second
is the expected energy consumption if the node were awake, including the
required energyto transmit sensingresultsto the cluster headand the energy
consumedwhenthe node s idle. That is, the averageenergyconsumptionper
secondof the active nodesis

Eactiv e(x) = kl [maX(Xmin ;X)] + k2 ; (1)

wherek; is the constart correspnding to energy consumptiondue to trans-
missionof eat padet, k; is the idle/receive energyconsumptionper second,
Xmin IS the minimum transmissionrangecorresmpnding to the minimum allow-
able transmissionenergy[17], and 2 is the path lossexponert. The max
function indicates that, even if the distance between a sensornode and the
cluster headis smaller than X, , the sensorneedsto spend the energythat

correspndsto Xmin, for its transmission. We further assumethat the initial

energiesof all nodesare the same.

stays approximately the same.

4 Although a multi-hop cluster structure is possible, it will significantly increase
the intra-cluster communication overhead and management task for the cluster. A
discussion of the advantages and disadvantages of such a multi-hop approach is out
of the scope of this work.

5 The sleeping nodes do not generate any traffic to send to the cluster head. How-
ever, we stress that the neighborhoods of the sleeping nodes are covered by other
active neighboring sensors [6].



3.1 The RS and the DS Schemes

In order to save energyand extend the network lifetime as long as possible,
someextra sensorsmay be put into the sleepstate, in which these sensor
nodesconsumemuch lessenergy It is, howewer, non-trivial to selecta fraction
of thesenodesto sleep,asthe selectionof di erent sensorgnay a ect the per-
formanceof the ertire cluster. More speci cally, the total energyconsumption
and sensingcoveragemay be a ected depending on which sensorsare active
and which are asleep.In [6], we studied the Sleep Scheduling problem, as
descrilked in Section 1. We generalizedand proposedtwo sleep scheduling
sthemes,termed the RandomizedSdeduling (RS) sthemeand the Distance-
basedSdeduling (DS) sdheme. A brief introduction of thesetwo sthemesis
provided below. Detailed discussionson the energysaving and sensingcover-
ageof thesetwo sthemesmay be found in [6].

In the RS scheme,the sleepingsensomodesare selectedrandomly from among
the nodesin the cluster. Assumingthe averagefraction of sensorsallowed to
sleepis s < 1, ead sensornode goesinto the sleepstate with probability

p= .

In the DS stheme, howewer, the probability that a node goesinto the sleep
state, p, is related to the distance betweenthe sensorand its cluster head,
X. A sensornode that is farther away from the cluster head will be put into
the sleepstate with higher probability. Energy canbe saved by allowing nodes
that arefar from the cluster headto sleepcomparedwith allowing nodescloser
to the cluster headto sleep.The sleepingprobability of a sensornode in the
DS schemeis (when < 2)

3R s 2X _ 3 X

4 R R : (2)

p(x) =

3.2 Coefficient of Variation of Energy Consumption

Intuitiv ely, when the sensornodes consumeappraximately the sameamourt

of energy per second,they run out of energy at about the sametime and
there will not be any holesin the cluster due to dead sensorsduring network

lifetime. In this subsection,we analyzethe coe cient of variation of sensor
nodes' energy consumptionwhen the RS or the DS schemeis employed. We
presern the studieson their network lifetime in Section5.3.

When the RS schemeis employed, ead node goesto sleepin ead cycle® with

6 The exact length of a cycle is left for system implementation. However, we want to



probability p= . Therefore,the expectedenergyconsumptionper secondof
a sensornode that is a distancex from the cluster headis:

Ers(x) = (1 s) Eactiv e(X) 0 x R: 3

The expected energy consumption per secondper sensornode can be calcu-
lated as:

ERS
/OR (1 s)Eaciive(X) f(x)dx

1 k 2k
i S {+12(Xmin) 4 ;

+ 2

=3 R "+ kQRQ}

(4)

wheref (x) = %; 0 x R;isthe Probability Density Function (PDF) of the

distance, x, betweena sensorand the cluster head, basedon the assumption
that the sensorodesare distributed uniformly in the circular cluster region.

The variance of the energyconsumptionof the sensorodesis 3s:

R
2= [ 100Ers(0)  Ensld

@ s>2{(x”"”) (K1 (Xmn) + Kol

R2
2 k {)?

+ @ {; :)2 [Rz +2 (Xmin )2 +2}
2k 1k2 +2 +2 (k2)2 2 2

+ Y {R (Xmin ) } + T [R (Xmin ) ]
1 [k, 2k , 2
i |l e SR R }

The coe cien t of variation of energyconsumptionis then cvgs = |/ As=Ers.
Note that cws is not relatedto ¢ sincethe terms (1 s) in the numerator
and the denominator cancelout.

When the DS sthemeis employed, every sensornode goesto sleepbasedon
the probability p(x) as expressedn (2). Similar to (3), the expected energy

point out that a small cycle duration increases the overhead of a sleeping scheme.
On the other hand, a large cycle duration may reduce the impact of a sleeping
scheme.
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Fig. 1. Coefficient of Variation of the Sensor Nodes’ Energy Consumption, cv.

consumption per secondof a sensornode that is a distancex away from the
cluster headis:

Eps(X)=[1 pP(X)]Eactive(X)
3 3 X .
= (l SR > Eacive(X) ; (®)

where0 x R. The expectedvalue of energyconsumptionis:

R
Eps /0 1 pX)]Eacive(®) f(x)dx

1]k 2k
= @ l +1 2(Xmin) 2 + + 12R +2+ k2R2]

k 3k
R_z lTlg(Xmin) 3+ T??,R s k2R3] ; (6)

Similarly, for the DS scheme, the variance of the sensornodes' energy con-
sumption, 2, becomes?

bs= /ORf(X) [Eps(X) Eps] dx : (7

The coe cien t of variation is cvps = |/ 3s=Eps.

In Fig. 1, we draw the coe cient of variation of the sensornodes' energy
consumptionfor the RS and the DS sdhemes.In the sensornetwork that we

" Due to page limitations, we omit the closed form of this equation.



studied, we assumethat there are N = 500 sensorsin ead cluster, k; =
105 J=(packet m?), ky = 0:1 J=se¢ and Xmin = 10 m. The trac load on
ead active sensornode takeson the valuesof 25, 50, and 100 packet=sec
to demonstrate di erent energy consumption requiremerns. The maximum
transmissionrange of the cluster headis R = 100m. The path lossexponert
is = 2.

As mertioned before,cvgs is not relatedto . Howewer, cvgrs increaseswith
an increasein . For example,cvgs is 0:32 when is 25 packets=secwhile
C\rs becomes0:48 whentrac load increasesto 100 packets=sec This
increasecould be due to the larger relative energy consumptionfor nodeson
the border of the circular cluster region. Interestingly, cvps decreasesvith an
increaseof the expectedsleepingprobability, s, until ¢ reachesbetween0:5
and 0:6, dependingon , andthen it increaseswith . cvps is generallylower
than the correspnding cvks, asthe DS sdhemeallows the farther-away nodes,
which needto spend more energyto transmit to the cluster head,to sleepwith
higher probability. This can be explainedin the following intuitiv e way: the
RS sthemeselectssensomodesto sleeprandomly. Howewer, the sensormodes
that are farther away from the cluster head consumemuch higher energy
than thosethat are closerto the certer of the cluster. Therefore,the energy
consumptions of nodes from di erent regionsvary signi cantly. In the DS
stheme, the farther-away nodesare selectedto sleepwith higher probability,
leading to more balanced energy consumption among all sensornodes. In
the following section, we proposea schemeto further lower the coe cient of
variation of the energyconsumptionof sensornodes.

4 Balanced-energy Scheduling (BS) Scheme

In the Balanced-energySheduling (BS) scheme,a sleepingprobability p(x) is
chosenin sud a way that asmany sensomodesas possibleconsumethe same
amourt of energy on average.Therefore,the BS sthemeis actually a special
caseof the DS stheme.Let Egs(x) be the expected energyconsumptionof a
node at a distance x from the cluster head. Our goalis to nd a p(x) sud
that Egs(x) doesnot depend on the value of x:

Ees(X) = [1  PO)|Eacwe(X) = ESL forallx, x R ;

wherethe useof x, guararteesthat p(x) 0, asEaqve(X) iS a non-decreasing
function of x. Note that the nodes closeto the cluster head might not be
energy-balancedvith other nodes,astheir energyconsumptionper transmis-
sion is much smaller than others basedon (1). Howewer, we should minimize

Eéb% when a feasiblexy, is given. Since another important goal of the sleep

10



stheduling schemeis to save as much energyas possible,we should let those
sensornodesthat are closerthan x, to the cluster head remain awake all the
time (for a xed ). Therefore,we have

O]
BS Oforallx, x R

1 :
p(x) — Eactzve(x) . (8)
0 otherwise

The feasiblerange of x, will be determined later. It can be proven that Eéb%

is a non-increasingfunction of x, for a xed .

In (8), the value of Eéb% is related to the fraction, ¢, of sensomodesthat are
allowed to sleep:

R R g 2%
f (x)dx = 1 —BS | Zdx= 4

The above equation allows us to determinethe relation betweenEéb% and :

EO) = R*(1 &) x;
BS™ 2R x __dx
Xb Eactive(x)
R?(1 s)  Xp

(9)

= oR
2 Jo, T i 9

SinceEéb% should not be lessthan 0, we can derive the upper bound on x,, as

Xp Ry1 (20)

Also, sincex,, should guarartee that p(x) 0 and notice from (8) that p(x)
increaseswith xy,, a lower bound of x;, should satisfy

b
Es

E activ e(xb)

p(x = Xxp) = 1
which meansx, and Eéb% should satisfy

Eéb% K 1[max(Xmin ; Xp)] + ko : (11)

11
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It can be proven that if x, = Xmin Satis es the above inequality, then x;, can
be setto 0.

When a BS sthemeis employed as given by (8), the fraction of sensorsthat
are energy-balanced, y,, can be calculated as:

(12)

L A T CO L2 B

n R2 °
Thus,the valueof ,increasessx, decreasedn orderto increasethe fraction
of sensorghat are energybalanced,we should decrease,. Unfortunately, the

decreasef x;, in its allowable rangeleadsto an increaseof the expectedenergy
consumptionof a sensornode, as shown in (9).

Basedon f (x), the expected energy consumption of a sensornode can be
calculated asthe averageover the ertire cluster:

Xp 2X R? X
Ess :/o Eactive(x)@d)(+ Eéb%Tb : (13)

Figure 2 presetts the averageenergyconsumptionof the BS stchemefor di er-

ent averagefraction of nodesthat are allowed to sleep, s. In this gure, we
draw the expected energyconsumptionof a sensornode, Egs in (13), for the
rangeof allowable x,,, which satis es (10) and (11). As shavn in the gure, the
allowable range of x;, is relatively small givena xed . We can alsoobsene
that, when ¢ is small, the upper bound of the feasiblerangesof x, should
be selected,which minimizes the averageenergy consumption. Howewer, by

noticing that =1 é—é, when ¢ becomedarger, e.g.,0:45to0 0:9, it might

12



be more appropriate to selectthe lower bound of the x;, values.Even though
this selectionmay lead to slightly higher energyconsumption,it resultsin a
much larger fraction of sensormodesthat are energy-balanced.

5 Performance Evaluation

In this section, we study the performanceof the BS scheme, including its
averageenergy consumption, coe cien t of variation of energy consumption,
sensingcoverage,and network lifetime.

5.1 Awverage Energy Consumption

The averageenergyconsumptionof the BS schemecan be calculated by (13):

X 2
Eos= [k () + ko] )
L 2Kal(xa) *? (Xmin) *7]
( + 2)R2
Ka[(X2)®  (Xmin )’] R® Xxp
= R2 - + Eéb% R2 ” ! (14)
wherex; and x, are
X1 = MiN(Xp; Xmin ) @and Xo = max(Xp; Xmin ) ; (15)
and Eéb% is given by (9):
2 2
EQ = (16)

(X'min)Q_(Xl)2 R X '
K 1(Xmin)Y+ka2 + 2f><2 k 1x7+ko dx

A closedform is available for the integral in (16) when = 2, 3, and 4. Due
to pagelimitations, we only presen the closedform when = 2:

X 1 [ k1R2+k2] (17)

2 ) kx v 6T G M e K

Combining (17) with (16) and substituting in (14), we have a closedform
solution for the averageenergyconsumptionfor the BS shemewhen = 2.

13
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In Fig. 3, we show the averageenergyconsumptionof the RS, the DS, and the

BS sdhemes.The trac load is xed at 100 packet=secin this gure. We
selectx,, asthe lower boundin (11) in orderto maximizethe fraction of sensor
nodesthat are energy-balancedAs expected,the averageenergyconsumption
of all three schemesdecreasewvith an increaseof . This gure shows that

the averageenergyconsumptionof the DS and the BS sthemesis always lower
than that of the RS sdheme.The BS sdhemeout-performsthe DS schemein

averageenergyconsumptionfor most of the valuesof ¢ we shaw.

5.2 Coefficient of Variation of Energy Consumption

When the BS schemeis employed, the variance of the sensornodes' energy
consumptionbecomes

2s
R
= / f(x)[Ess(x) Egs]?dx

- 2 (X1)?
- [k 1(Xmin) + k2] W
> 2 (Xmin)*
(2 + 2)R2
(X2) 2 (Xmin) 2
( +2)R?
2(X2)2 (Xmin )2
R2

+ 2(k )2

+ 4K 1Ky

2 2
R*  Xj

+ (k) +(Ege)’ 5 ° (Ees)

(18)
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Fig. 4. Coeflicient of Variation Comparison of the RS, DS, and BS schemes (v = 2).

wherex; and x5 are given by (15), Eéb% is given by (16), Egs(X) is the energy
consumption of a sensornode that is x away from the cluster head (e.g.,
Egs(x) = EJL for x > xp), and Egs is given by (14). Coe cien t of variation
is then C\Wgs = \/E:Egs.

In Fig. 4, we show the coe cient of variation of the energy consumption of

sensomodeswhenthe DS, the RS, and the BS schemesare employed, respec-

tively. Again, Xy is selectedas showvn in (11), and = 100 packets=sec cvgs

is lower than cvgrs and cvps, as shown in the gure. Therefore, the energy
consumptionof the BS sthemeis more balanced.The valuesof cvg s decrease
with an increaseof ¢ becausethe lower bound of x, rangesis smaller for

larger ¢, sudh that more nodesare energy-balancedi.e., larger ).

5.8 Network Lifetime

Wede ne the network lifetime T( 4) asthe time whena fraction of sensors, ¢,
run out of energy Let  be the total battery energyead sensornode carries
when the sensometwork is initialized. Sincethe cluster coveragedrops below
90%when ¢ > 0:4 for the parametersusedin our scenario(seesection5.4),
we comparethe lifetime of the three sleepsdieduling schemesfor ¢ < 0:4.

In the BS scheme, all nodeswith distancex X, from the cluster head run
out of energyat the sametime, asthey consumethe sameenergyon average.
In orderto simplify the discussionwe only considerthe casewhenxy, is chosen
to be the smallestvalue of its allowable range. Consequetly, all sensormodes
that are closerthan x, to the cluster head consumeless energy than Eébg.
Furthermore, X, satis es either X, > Xmin Or X, = 0.
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Sincea fraction of |, sensornodesconsumethe sameenergyon the average,
when 4 by

Tes( a) = —5
=

where Eéb% is given by (16).

When 4> 4, weshouldconsiderthe time whena fraction of 4 b SENSOrs
located at distancex, Xmin < X < Xp, from the cluster headrun out of energy
Sinceall sensornodes at distance lessthan X, from the cluster head will
consumethe sameenergy when

2 2
Xb Xmin

Xb
> + f dx = + =M -

the network lifetime is

Tes( a) =

E activ e(Xmin ) Tk 1(Xmin ) + k2 7

x2

2_ .
When , < 4 p + b ===, all the energy-balancedsensornodes and
another 4  portion of sensomodesrun out of energyin Tgs( 4). We have

Tes( ) = Eactive(XéBS)) = < [XéBS)] K2 ;

wherex ) = \/xg (¢ bR2%

In the RS stheme, howeer, the sensornodes farther away from the cluster
head consumemuch more energy than the sensornodes that are closerto
the cluster headdue to (1). Therefore,the outer sensornodeswill run out of
energymuch faster than the inner sensomodes. The time when 4 fraction of
nodesrun out of energyis the time when sensomodeswith x xijS) all run

out of energy WherexéRS) satis es:

e BT
0= [ o T 00X =

d

leadingto x{** = R o —

The network lifetime of the RS schemeis then
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It is rather cumbersometo presen the similar analysisof the network lifetime
of the DS scheme,thereforeit is omitted for concisenesslhe network lifetime
of the DS scheme can be calculated numerically in the following way: from
(5), the energy consumption of all sensornodes can be calculated basedon
their distancefrom the clusterhead.Wethen nd a 4 fraction of sensomodes
that run out of energysoonerthan the restof 1 4 fraction of sensomodes.
The time whenthe last of these 4 fraction of sensomodesruns out of energy
represeis the network lifetime, Tps( q).

We show the network lifetime of the RS, the DS, and the BS sdhemesin
Fig. 5. In the calculations, we assume = 10° J.® The network lifetimes
of all three sthemesimprove as ¢ increasesdue to increasingenergy saving
in the sensornetwork. The network lifetime of the BS sdheme s the same
for smaller 4 becausemorethan 4 fraction of the sensornodesare energy-
balanced.Thesenodesrun out of energyat appraximately the sametime. The
network lifetime of the RS sdhemeis shorter than that of the DS stheme.The
best network lifetime of the three sthemesis that of the BS sdheme, except
when 4 = 05 and s < 0:27. As shown in Fig. 2, when ¢ is smaller, the
fraction of sensomodesthat are energy-balanceds smallerin the BS scheme.

8 These results only have relative significance, as network lifetime depends largely
on VU, ki, ko, v, and other system parameters.
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Therefore,the time that 50% of the sensomodesrun out of energyis shorter

in the BS scheme,resulting in shorter lifetime than the RS and DS schemes

when < 0:27and 4 = 0:5. As Fig. 5 shows, the 4 = 0:1 network lifetime

(de ned asthe time when 50 nodesdie, asN = 500), of the BS schemeout-

performsthe DS and the RS sthemesby 70% and 150%, respectively, when
s IS closeto 0:4.

5.4 Sensing Coverage

We study the sensingcoverage of the BS scheme by meansof simulation.
Figure 6 comparesthe sensingcoverageperformanceof the RS, the DS, and
the BS schemes.n this gure, we show the ratio of areasin the clusterthat are
coveredby at leastoneactive sensor.The sensingrangeof eat sensoris xed
at 10 m, comparedwith the 100 m cluster range, R. There are 500 sensors
in the cluster. It can be seenthat the sensingcoverageof the RS sthemeis
slightly better than that of the DS scheme,which, in turn, out-performsthe
BS scheme. This is due to the way the sensorsare selectedto sleepin the
DS and the BS schemes.Overall, the sensingcoverageof the three sthemes
are very similar, providing at least 90% sensingcoverageto the cluster when
s < 0:4.

In Figs. 7, 8,and 9, we shav snapshotsof the cluster coveragewhenthe RS, the
DS, or the BS schemeis used.The total number of sensorgs 500and  is 0:4.
The shadedareasrepresem the areasthat are coveredby active sensornodes
whendi erent schemesare usedto select ¢ portion of sensornodesto sleep.
Note that the total areanot coveredby any active sensordn all three sthemes
is about 10% of the ertire circular cluster region, asindicated in Fig. 6. From
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thesethree gures, we can seethat the regionsleft uncoveredin the cluster
with the RS, the DS, and the BS schemesdo not di er signi cantly.

In order to ewaluate the uniform-nessof the sensingcoverage of the sleep
stheduling schemes,we have simulated and recordedthe averageratio of cov-
eragein the ring with radius of r from the certer of the circular cluster region.
We show this ratio of areasbeing covered in Fig. 10, which represemts an
averageof 20 runs. A perfectly uniform distributed sensingcoveragewould
result in a horizontal line in the gure. Howewer, due to the randomnessand
the border e ect, suc a horizortal line cannot be achieved in practice. From
Fig. 10, we can seethat the RS scheme does provide more uniform sensing
coverageexceptin the border area, while the DS and the BS sthemespro-
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Fig. 12. Sensors that remain alive in the RS scheme after 50% of the sensor nodes
run out of energy. Small circles represent alive sensors nodes, small dots represent
dead sensor nodes.

Fig. 13. Sensors that remain alive in the DS scheme after 50% of the sensor nodes
run out of energy. Small circles represent alive sensor nodes, small dots represent
dead sensor nodes.

vide 5-10%lower sensingcoveragein the outer ring of the cluster region. In
Fig. 11, we shaw the ratios after 40%of sensomodesrun out of energy While
the coverageof the RS schemeis clearly lowered on the border of the region,
the BS schememaintains similar coverage.

Figures12, 13, and 14 presen snapshotsof the cluster after 50% of the sensor
nodesrun out of energy whenthe RS, the DS, and the BS sthemesare used,
respectively. The small circles represen alive sensornodes, while the small
dots identify the deadsensomodes.In Fig. 12, the resultsfor the RS scheme,
all the deadsensorsarein the outsideregionof the circular cluster region. This
is due to the higher energy consumption of these sensornodesand the pure
random selectionin the RS stheme. Thus, only the sensorsinside a certain
radius still have battery energyremaining. Similarly, when the DS schemeis

21



[e]

e
el

Fig. 14. Sensors that remain alive in the BS scheme after 50% of the sensor nodes
run out of energy. Small circles represent alive sensor nodes, small dots represent
dead sensor nodes.

Table 1
Network Lifetime (in minutes) of PEAS and BS

PEAS | BS

Network Lifetime of 90% sensing coverage 17 32

used,asshown in Fig. 13,the deadsensomodesare still mostly in the cluster
border. In corntrast, when the BS scheme s used, as shovn in Fig. 14, the
distribution of alive and deadsensords purely random. Therefore,the sensors
that remain alive using the BS schemewill be better able to cover the ertire
cluster regionthan the sensorghat remain alive usingthe RS or DS sdhemes.

We have also comparedthe BS sthemewith the PEAS scheme proposedin
[12]. In order to make a fair comparison,we implemerted PEAS in a cluster.
All sensorsexceptthe current cluster head employ the random wake-up and
probing procedureasdiscussedn [12]. The probing rangeof PEAS wassetto
the sensingrange (10 m). Other parametersare the sameas in the previous
experimerts. Note that we did not simulate node failure due to reasonsother
than energydepletion, nor did weimplemert the adaptive sleepingtechnique of
PEAS sincewe are not comparingthe two sthemesregarding communication
overhead.

The resultsof network lifetime arepreserted in Table 1, wherenetwork lifetime
is de ned asthe time whenthe sensingcoveragedrops belonv 90%. The longer
network lifetime of the BS schemeis dueto the balancedenergyconsumption.
Note that networks employing the BS schemewill experiencea suddendrop in
sensingcoveragelater on as all energy-balancedsensorsrun out of energyat
about the sametime. The sensingcoverageof networks employing the PEAS
schemedeterioratesuniformly over time, resulting from the random selection
of active nodes.
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6 Conclusions

In order to extend the network lifetime of wireless sensornetworks, extra
sensornodes may be distributed to allow a certain fraction of the nodesto
sleep from time to time. It is important to study the problem of how to
selectwhich sensorgo put into the sleepmode in order to achieve maximum
bene ts from thesesensomodes,i.e., extending the network lifetime as much
as possiblewhile maintaining adequatesensingcoverage.

In this paper, we studied the coe cient of variation of energy consumption

of three di erent sleepsdeduling schemes:the RandomizedSdeduling (RS)

scheme,the Distance-basedSdeduling (DS) scheme,and the Balanced-energy
Sdeduling (BS) scheme.Our study shows that the proposedBS schemeex-

tends the network lifetime by a factor of 1.5 and 0:7 comparedwith the RS

and DS sdhemes,respectively.

In this work, we assumedhat all sensordbeganwith approximately the same
amourt of initial energy In our future work, we will explorehow the sleeping
probabilities should changeif nodeshave di erent initial energy In this case,
the sleepingprobabilities will needto be a function of x, the distanceto the
clusterhead,aswell ask;, the energyof sensoi. In addition, we plan to inves-
tigate how cluster formation can bene t from thesedi erent sleepsdeduling
sthemes sud asdetermining for a certain node distribution and sleepsdedul-
ing technique, the optimal number of clusters and the optimal cluster head
locations.We will alsoexplorewaysto dynamically changeclustersand cluster
head nodesto ensurethat all nodes are energy balancedwhile meeting the
sensingrequiremerts.
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