Energy Efficient Fractional Coverage Schemes for Low Cost Wireless Sensor
Networks

Mao YE!?, Edward CHAN, Guihai CHEN and Jie WU
!Department of Computer Science, City University of Hong Kong, China
2National Laboratory of Novel Software Technology, Nanjing University, China
3Department of Computer Science and Engineering, Florida Atlantic University, USA

Abstract lifetime of both the individual node and the network. Re-
cent research [2—8] has found that significant energy sav-

An effective approach for energy conservation in wire- ings can be achieved by dynamic management of node duty
less sensor networks is scheduling sleep intervals for ex-cycles in sensor networks with high node density. In this ap-
traneous nodes, while the remaining nodes stay active toproach, some nodes are scheduled to sleep (or enter a power
provide continuous service. Depending on different types ofsaving mode) while the remaining active nodes continue to
applications, the network lifetime may be much more crit- provide service. A fundamental problem is how to mini-
ical than covering the entire monitored area at every data mize the number of nodes that remain active and maintain
reporting round. This paper presents a competition based the network function at the same time.
distributed scheme called FCS to address the fractional cov- Most of the existing protocols [3—6] in the literature are
erage problem in wireless sensor networks with tiny, low- solutions for complete coverage problem, i.e., covering the
cost sensors. Through localized, energy-aware competition,entire sense field. However, achieving complete coverage
the proposed scheme achieves the desired fractional covis usually very costly and energy wasting, and fractional
erage with a minimum number of active sensors. By tak-coverage is a promising and energy efficient approach in
ing account of both residual battery energy and recent re- some applications such as [1,9]. By selecting only a subset
porting latency, an enhanced version of FCS which uses aof the nodes to be active at a given time, it is possible to
novel competition metric to constrain the maximum report- achieve a suitable trade-off between energy-efficiency and
ing latency throughout the network is also proposed. Thesethe desired level of monitoring accuracy. Moreover, unlike
two schemes also contain the desirable property that it can many existing work in sensor coverage, we do not assume
be extended easily to handle the more general k-coveragghat the sensors are location aware, i.e. equipped with GPS
problem. or similar capabilities. Thus our network model is that of

a large, dense network of low cost sensors, with only se-
Keyword— energy awareness, fractional coverage prob- l€cted subsets activated in any single data reporting cycle to

lem, reporting latency, wireless sensor network. conserve energy. Our work is motivated in part by the pi-
oneering work by W. Choi et al., who propose strategies to
Area— sensor network, network coverage. deal with the fractional coverage problem for data gather-

ing in WSNs [8]. They proposed a pure random strategy to
produce the desired minimum number of working sensors
in each round and make a few improvements regarding the
reporting latency for time-sensitive applications.

Continued advances in MEMS and wireless communi-  In this paper, we use a localized energy-aware com-
cation technologies have enabled the deployment of largepetition approach in developing our Fractional Coverage
scale wireless sensor networks (WSNs) [1]. Such sensorScheme (FCS). To achieve a better balance between energy
networks can be characterized by high node density andefficiency and reporting latency, a modified version of FCS
highly limited resources such as battery power, compu- called Enhanced FCS (EN-FCS) is proposed as well. This
tational capability and storage space, which distinguishesprotocol uses a novel competition metric to constrain the
themselves from traditional ad hoc sensor networks. Sincemaximum reporting latency throughout the network. Fur-
the battery in each sensor is power limited and usually notthermore, we investigate the properties of the active sensor
renewable, energy conservation is important to extend thetopology (AST) produced by FCS/EN-FCS and give the op-

1 Introduction
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(a) poor distribution of AST (b) fair distribution of AST As shown in Fig. 1-(a), poor distribution leads to a lot

of overlap among the covered regions, which severely im-
. o pacts the coverage of entire sensing area, and potentially
Figure 1. Distributions of AST of the network. increases the number of necessary selected active sensors.
Ideally the sensors should be evenly distributed, with lit-
tle overlap among regions, as shown in Fig. 1-(b). Hence
timized competing range analytically. Simulation results in- the desired minimum number of necessary active sensors in
dicate the performance of FCS is better than comparable alideal distribution case, rather than in pure stochastic case, is
gorithms, while EN-FCS achieves significant improvement nA
in terms of the maximum reporting latency. min{|Sa|} = R 2
The remainder of this paper is organized as follows. The ®
prel|m|r_1ary problem of this work is descnped and analy_zed 3 Overview of FCS and EN-FCS
in Section 2. Section 3 presents the details of our basic al-
gorithm (FCS) for solving the fractional coverage problem
as well as an enhanced version called EN-FCS for reduc-
ing the reporting latency. Section 4 contains an analysis of
the properties of the two algorithms, followed by evaluation
of their performance using simulation experiments in Sec-
tion 5. Finally, the paper concludes with a summary of our
contributions as well as future work in Section 6.

FCS is a competition-based distributed algorithm, where
only a subset of the installed nodes are chosen by localized
competition to sense and report data each round. We rotate
the active roles periodically over the network to guarantee
that no sensor is easy exhausted, which may result in “mon-
itoring hole”. By optimizing competing range and energy-
aware competition, FCS achieves the QoS of specific appli-
o cations, i.e., desired mean coverage fraction, while main-
2 Preliminary Problem taining extended network lifetime. In this paper, we mainly

focus on how to schedule sensors to work over the entire

In this paper we assume that a dense sensor network hasetwork. Our strategy is purposely simple in order to min-
been deployed. Each round only a few sensors are selecteéinize processing and communications overhead. In the
and activated to report the peripheral sensing data to a renetwork deployment phase, the base station broadcasts a
mote base station (BS). To simplify the problem, we make “hello” message to all nodes at a certain power level. Sub-
a few reasonable assumptions about the network model asequently, each node; exchanges “hello” message with
follows. There areV sensors dispersed uniformly over the its neighbors and computes the surrounding node depsity
network in a two-dimensional geographic atéaforming for later use. Finally, each node enters into the periodical
a network and the communication between them is sym-data reporting phase and takes over the information report-
metric. Each sensor is equipped with a sensing componenting task in individual active round. The details of FCS are
which can collect information within &, circular area.  given in the following subsection.

However, sensors are not located by any specific coordi-

nation system because such mechanisms may not be avaiB.1 ~Fractional Coverage Scheme (FCS)

able or practical in building low-cost and low-power sen-

sors with small form factor. Sensors can use power control ~ Active sensor selection is the most critical part in cover-
to vary the amount of transmit power depending on the dis- age problem of wireless sensor networks. There are two
tance to the receiver [10], in order to conserve power andphases: advocation phasend competition phasén our
attain the desired transmission range at the same time. CovFCS algorithm. Iradvocation phaseseveral pioneer nodes
erage requirement is depend on different applications andare selected to compete for active sensors. Each node be-
denoted by. comes a pioneer with the probabilify, which is a function

In [8], W. Choi et al. present a detailed analysis on the of surrounding node densipy.
determination ofnin{|S,|} based on a pure stochastic as-
sumption, where,, stands for the set of active sensors. For Flp) = {1’ pi<c 3)

7 fractional coverage problem, the desired minimum num- < pi>c’

pi’



wherec is the ideal node density of pioneer sensors, which
is determined by each specific application. Other nodes
keep sleeping till the next round. In this phase, each pioneer
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advocates the willingness within its competing range Bl ™%y i ’ o e ‘ : F, |
and as well receives other pioneers’ advocating messages ® = 4 A - coe S oD .t
COMPETEMSG. In the nextcompetition phaseresidual e : ' \L il

battery.energyEr’ is intrqduced as thef c;ompeting metr!c. (a) one arbitrary (b) The subsequent(c) The subsequent
Each pioneer sensor waits for the decision of all the neigh- round round in FCS round in EN-FCS

boring competitors with more energy. Pioneer sensor with

more residual energy wins the competition with a high prob-

ability. Following are three message triggered procedures: ~ Figure 2. Two sequential distributions of AST
on receiving COMPETEMSG On receiving a of the network.

COMPETBMSG from a neighboring competing node

n;, node n; checks if it has received all the neigh-

boring COMPETEMSG.  Oncen; is the most pow-  coyerage ratio in these two sequential reporting rounds (Fig.
erful node of the competing neighbor s&t, i.e. 5 (3)and 2-(h)), there are a few regions not covered in both
nj Ly > mi B, ¥ € ny.S., it broadcastSWINMSG  roynds. On the other hand, the distribution shown in Fig. 2-
within the competing range to advocate its succuss and(c) js a desirable AST distribution for the second reporting
exits this competition phase. round, as most of sense field is covered in these two rounds.
on receivingWIN.MSG Receiving?IN.MSGneans that We can observe from Fig. 2 that sensors residing in the
m_)d(_a”j loses the competition. It at_:lvertm@stVE,U_F?,MSG region which have not been covered recently should have
within the competing range and exits the competition phase.a much larger probability to win the competition. EN-FCS
on receiving GIVE.UPMSG On receiving a  aehieves the desired effect by substitutiigin FCS with
GIVE UP MSGfrom noden;, noden; checks if itis the 5 \yeighting factor which takes into consideration both the
most powerful node comparing to the remaining competing resjqual energy of the nodes as well as the latency. In addi-
neighbors. Thatis to say, if;. E. > ng.Ey, ¥y, € nj.Se,  tion, a procedure is introduced to deal with the weight up-

wheren;.S. = n;.S. — {n;}, n; wins the competition by  4aiing. More formally, we define the decision factor during
broadcastingWINMSGwithin the competing range and he competition in EN-FCS as follows:

this competition phase ends.

In order to decide whether it is going to be an active sen- 9., E,) =1 x E,, 4)
sor or an ordinary one, each pioneer sensor waits for the de-
cision of all the neighboring competitors with more residual \yhereq is a weight factor.

energy {veight, in EN-FCS). This “waiting time” of each Unlike the original FCS, competition winners broadcast
node can be defined as a function of the distance of a HOd%CTIVE,MSG within R; radio range to inform neighbor-
from one of the initial nodes. Clearly, this “blocking dis- ing sensors of the coverage circumstance. Any informed
tance” () [11] depends on the current topology of energy gensor resets its and gives a larger chance to the sensor
distribution rather than oV, the number of the nodes in that has not received al\CTIVE_MSG as there is a high
the network. Hence the competing round is asymptotic to . apjjity that it may be covering a much larger area which
O(Dy) rather tharO(N). is experiencing even longer reporting latency. The latency

counterl,. of each sensor increases every round unless it re-
3.2 Enhanced Fractional Coverage ceives the coverage information (including itself being an

Scheme (EN-FCS) active sensor) in this period.

In time-sensitive applications employing f_ractlonal COV- 4 Theoretical Analysis of AST
erage of wireless sensor networks, the maximum reporting
latency is also a key performance metric besides guaran-
teed coverage ratio. For instance, users may impose a max- In this section, the properties of active sensor topology
imum latency in reporting sensing data of a given area. As(AST) generated by the FCS and EN-FCS algorithms are
FCS only focuses on the energy issue and coverage fractiongxamined analytically.
we develop an enhanced version of FCS called EN-FCS, to
constrain the reporting latency over the sense field. Lemma 1. Letd(x,y) denote the distance between sensor
Fig. 2 shows why FCS does not meet latency require- = andy. We havei(z,y) > R. (Vx,y € S,), using the
ments satisfactorily. Although FCS achieves the desired FCS algorithm.



Parameter | Fixed Value | Varied Value

N 300, 500, 700 200 ~ 800
n 04,06,08 | 03~09
c 0.025
R, 10
R, Z-F,
Ri \/gRs

. . « 3

A 100 x 100
Figure 3. Largest distance between two Table 1. Parameters of simulations

neighboring active sensors.
Thus the expected distance is

2R,
Proof. Based on the competition strategy in FCS, we can E(l) = / I g%dl — ERC. (6)
easily deduce that(z,y) > R.,Vz,y € S, over the entire R. 3 R? 9
network. O

O

Lemma 2. For any given active sensar, there exists at  Corollary 1. The optimized competing range for the frac-

least one neighboring active sensor withiR,.. tional coverage problem i%RS.

Proof. As shown in Fig. 3, we assume nogéas an arbi- Proof. Observing Lemma 3 and Eq. 2, for thdractional

trary sleeping node residing in the area between two con-coverage problem, we haveg$)2 = ;’1?2. Thus the opti-
s § c s

centric circles with radiug:. and2R,. centered at node.
According to the competition mechanism of the FCS, there

must exist at least one active sensor within the circle cen-
. . . FCS can be extended to resolve more genkrabverage
ter at nodey with radiusR., and none of any other active ) . .
problem & > 0), where the optimal competing range is

sensor within the dotted circular area centered.atet d o p 5
denote the distance betwegrandz’s R, circular area. It kS
can bee seen in Fig. 3 that nodas the farthest possible
active sensor within th&,. circle of nodey and is2Rc + d

distance away from node. Thus the distance between
nodez and the possible farthest neighboring active sensor isProof. Substituting E,. with weight, we can easily con-

min{2Rc+d,}. Inspired by the similar theoremin [12], we clude that the distribution of active sensors in EN-FCS is

mized competing range B, = %\/ERS.

Based on the theorem proposed in Section 2, we find

Corollary 2. EN-FCS holds the same statistical character-
istics in the distribution of active sensors as FCS.

havelimy_.. d = 0. Therefor, we conclude that there ex- the same as in FCS. O
ists at least one neighboring active sensor within any active
sensor'22R,. circular range in a dense WSNSs. O 5 Performance Evaluation

In this section, we evaluate the performance of FCS and
EN-FCS in handling data gathering and reporting for user
applications. Our simulation experiments are based on the
model and parameters used in the well-known LEACH pro-
tocol [13]. To the best of our knowledge, the only published
work in the area of fractional coverage in sensor networks

Proof. Observing Lemma 1 and 2, we find the distance be- is the pioneering paper by W. Choi et al. [8], and we will

Lemma 3. In our sensor network model, we consider two
active sensors are adjacent if the distance between them i
no larger than2R.. Then the expected distance between
any two adjacent active sensors#Rc, where R, is the
competing range.

tween any adjacent active sensors is betwBgmnd 2R... be using an idealized version of their pure stochastic based
Since the residual energy distributed over the network is ar-(PSB) protocol as the benchmark in our simulation experi-
bitrary, the probability of distance Prob(l) is given as ments. PSB is based on an analytical model in W. Choi et
al’s work and demonstrated in their paper to generate re-
27l 21 sult that always outperform the three protocols in terms of
Prob(l) = T =-__, (5) Yy p p

T(2R.)? —n(R.)2 3 R2 coverage. Using PSB simplifies the comparison since we



do not need to deal with the all three protocols separately inments ¢ = 0.4, 0.6 and0.8). As N varies from 200 to 800,

our experiments.

We note here that our notion of latency is different from
that of W. Choi et al. In their approach, the maximum re-
porting latency in terms of sensor node. At every cyCle

Fig. 4 shows the relation betweéh and the coverage per-
formance, i.e.|S,| and7. We find the desired number of
selected active sensors is independent of the node density.
Because the competing mechanism produces a fair distribu-

each sensor elects itself as a reporter by drawing a roundion of active sensors, FCS/EN-FCS outperforms the ideal

randomly withé reporting rounds of”, thus the report-
ing latency of each sensor in N-DRS ranges frém ot

case of PSB algorithm significantly. The impact of the edge
effect (ignored in analytical results) is apparent in the simu-

to 29 x ot. Furthermore, the reporting latency is enhanced lation results, and we find the FCS/EN-FCS protocol selects
to 6 x 4t in F-DRS. However, we consider “area reporting some more active sensors than predicted by the analytical
latency ", instead of “reporting latency of sensor node” is results, as shown in Fig. 4-(a). In Fig. 4-(b), the actual cov-
more meaningful in some applications such as [9], since re-erage quality of FCS/EN-FCS deviates from the predicated
duction in the latency for a report area is more suitable in value wherm is 0.8. We will give a detailed explanation in
such applications than individual sensors. Consequently, la-the next paragraph.

tency in all our experiments refer to area reporting latency.

The formal definition of area reporting latency is as follows.

max { max — {Ti(z,y) — Ti-1(z,y)}}, (7)
(z.y)€A T,_, <T;<lifetime
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whereT;(z,y) denotes the time of;;, reporting round oc-
curred on the area poifit, y).

In our experiments, we ignore signal collision and inter-
ference in the wireless channel for simplicity. Several sys-
tem parameters are listed in Tab. 1. Unless otherwise spec-
ified, each simulation result shown below is the average of
100 independent experiments where each experiment uses a
different, randomly generated uniform topology of sensors.

As we mentioned earlier in Section 2, the critical issue
of fractional coverage is how to select the minimum num-
ber of active sensors, while achieving the desired coverage
fraction . Thus we evaluate the performance of FCS and ) i
EN-FCS based on the following metrics: timean number Fig. 5 shows the impact af on the performance of
of selected active sensofiS,|) and theaverage covering ~FCS/EN-FCS in different network densitV(= 300, 500

fraction (7). Our analysis in Section 4 indicated that FCS @nd700). According to the analytical results proposed in
and EN-FCS has the same behavior in terms of coverage?ecuon 2, FCS/EN-FCS should exhibit a smaller increase

this is confirmed by Fig. 4 and 5. in the number of active sensors with increasing coverage
area when compared to PSB. This prediction is confirmed
by the simulation results shown Fig. 5-(a), particularly for
largen. We note however that in Fig. 5-(b), while FCS/EN-
FCS behaves as predicted by the analytical results, there is a
small degradation in its performance wheis large. As we
mentioned earlier, FCS/EN-FCS usually selects more active
sensors than predicted by our analytical model due to the
edge effect. Consequently the real coverage ratio tends to
be somewhat larger than the desirgdas part of the cov-
erage area of active sensors residing near the edge of the
sense field will be wasted. Since the number of active sen-
sors near the marginal area grows|.8g| increases, actual
results forn will be lower than the predicted values, as the
number of sensor suffering from this effect increases. This
explains the small degradation in actual results compared to
predicted results in Fig. 5-(b).

First we examine the impact of node density on the per- Fig. 6 compares the performance of FCS and EN-FCS
formance of FCS/EN-FCS with different coverage require- in terms of maximum reporting latency. For an application
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requiring coverage ratio of, the desired maximum report-
ing latency isr}]. Thus we find EN-FCS performs even better
whenn is small as shown in Fig. 6-(a). Additionally, Fig. 6-
(b) shows that the maximum reporting latency in EN-FCS
is independent of the network density, especially in large
scale sensor networks. Note that this substantial improve-

ment is achieved at the expense of just a small increase in

the message overhedd({|) compared to FCS. Incidentally,
we have also implemented an alternative EN-FCS protocol
by substituting),- with frequency of node selectiorfy) to
constrain the area reporting latency. However, although the
use of (f,) may seem intuitively appealing, we observed
that the reporting latency does not improve significantly in
this alternative protocol. This is becausefifYis used, two

adjacent sensors may be selected as active nodes in two sublél
sequent rounds respectively. Therefore, we concluded that

I, is more meaningful tharf, in reducing area reporting
latency and this is the approach used in all our experiments.

6 Conclusion and Future Work

In this paper, we presented a novel energy-aware,
competing-based, distributed algorithm called FCS for
solving the fractional coverage problem in wireless sen-
sor networks. Through localized competition in optimized

nication is a mainstream technique for energy saving, and
our goal is to design an integrated connectivity and cover-
age protocol based on FCS/EN-FCS which is independent
of the communication range in the future work.
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