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Abstract. The critical issue in sensor networks is the search of balaetween
the limited battery supply and the expected longevity ofuoek operations. Sim-
ilar goals exist in providing a certain degree of sensingecage and maintaining
a desirable number of sensors to communicate under theyeoengtraint. We
propose a novel sensor network protocol, called CoveragaréSensor Engage-
ment (CASE) for coverage maintenance. Different from ath€ASE schedules
active/inactive sensing states of a sensor according teeheor’s contribution
to the network sensing coverage. The contribution is qtetivély measured by
a metric called coverage merit. By utilizing sensors wittgéacoverage merit,
CASE reduces the number of the active sensors required ttairathe level of
coverage. Simulation results show that CASE considerabpraves the energy
efficiency and reduces the computation and communicatists ¢o maintain the
required coverage degree in a dense sensor network.

1 Introduction

Wireless sensor networks are networks of a large number afl smreless devices,
which collaborate to monitor environments and report sendiata via wireless chan-
nels. Wireless sensor networks have emerged rapidly iniatyaf applications. For
instance, thermal sensors are being deployed to monitqresature in a forest, and to
report the temperature information back to data colleatiodes for further analysis. In
another instance, a large number of seismic sensors ar@geatb monitor animal ac-
tivities in a wild field. The seismic sensors, when triggengdhe vibrations caused by
animal movements, can record the vibration signals andrtéipem to data collection
nodes. Information about animal activities, like their nmgvtracks and velocities, can
be acquired through analyzing the collected signals.

Wireless sensors are very limited in their processing, aging and communication
capabilities as well as the storage and power supply. Thealy@grossbow MICA mote
MPR300CB [XBOW1] has a low-speed 4MHz processor equipped aily 128KB
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flash, 4KB SRAM and 4KB EEPROM. It has a maximal data rate obg3kand a trans-
mission range of about 100 feet, powered by two AA battefiégrefore, a wireless
sensor network is usually deployed with high density. Deteggoyment not only helps
to improve a sensor network’s reliability, but also exteitddongevity. In practice,

large-scale wireless sensor networks are usually depl@retbmly.

Given such a randomly and densely deployed wireless sergwork, it is de-
sirable to have sensors autonomously schedule their datgsyhile satisfying the
degree of sensing coverage required by the applicationpfidtdem is called coverage
maintenance.

Coverage maintenance problem in sensor networks has draemse research at-
tention recently. Tiaret al. [TG1] presented a node-scheduling algorithm to turn off
redundant sensors if their sensing areas are already cbbgriheir neighbors. Ran-
domized as well as coordinated sleep algorithms were pespivs [HL1] to main-
tain network coverage using low duty-cycle sensors. Théaarized algorithm enables
each sensor to independently sleep under a certain prapabiie coordinated sleep
algorithm allows each sensor to enter sleep state if itsisgrsea is fully contained
by the union set of its neighbors. K-coverage maintenance algorithm was proposed
in [HT1] so that each location of the sensing area is covesedtbeastK sensors.
A sensor decides whether it is redundant only by checkingcthverage state of its
sensing perimeter. In [GWL1], the redundancy of the sensivgrage of wireless sen-
sor networks is analyzed, and the relation between the nuofheeighbors and the
coverage redundancy is studied. Abraehsl. studied a variant of the NP-hard SET
K-COVER problem in [AGP1], partitioning the sensors imiocovers such that as
many areas are monitored as frequently as possible etvah proposed an adaptable
energy-efficient sensing coverage protocol, in which eatisar broadcasts a random
time reference point, and decides its duty schedule baseeighbors’ time reference
points [YHS1].

We propose a new coverage maintenance scheme called Cevarage Sensor
Engagement (CASE). CASE is based on a probabilistic semsodgl, which is more
practical than the disk sensing model assumed by many otRatker than fixing the
sensing range of a sensor as the disk sensing model, thehiistiasensing model
defines the sensing ability as the probability to detect amelappening at a location.
To the best of our knowledge, this work is the first to addrbedi-coverage problem
under the probabilistic sensing model. In fact, the dislsBenmodel is a special case
of the probabilistic sensing model, and CASE works for thekdiensing model as
well. In CASE, each sensor is initially inactive in sensihgt checks to see whether it
is necessary to turn on its sensing unit according to itsrifmriton (which we called
coverage merit) to meet the required degree of sensingageeBefore actually turning
on itself, each sensor waits for a back-off period decideiishgoverage merit. Sensors
with larger coverage merit have shorter back-off periodthis way, sensors turn on
themselves (if necessary) in the decreasing order of tloeerage merit. By utilizing
sensors with large coverage merit, CASE can reduce theeasginsor density needed
to maintain the required coverage degree.

The rest of this paper is organized as follows. The diffeesnaf our work from
the others are examined in Section 2. Section 3 describesstemptions of CASE.



Section 4 specifies CASE in more details. Simulation resutgresented in Section 5
for performance evaluations. Section 6 concludes the paper

2 Prior Works

In the scheduling algorithm proposed by [TG1], every seisactive at the beginning.
A sensor is eligible to turn off if its sensing area is covevgdhe union of the sponsored
sectors by its neighbors. A sensor eligible to turn off bizests arURNOFF beacon to
inform neighbors. Every other sensor receiving such a beseevaluates its eligibility
to turn off. If not eligible, the sensor cancels the timer atal/s active. [YHS1] pre-
sented an elegant approach to dynamically schedule sénsoder to guarantee a cer-
tain degree of coverage. Each sensor generates a randoenceféime and exchanges
the reference time with its neighbors. Each sensor can setuwyorking schedule by
examining the reference time of its neighbors.

There are several major differences between the propogedthim and the algo-
rithms proposed in [TG1] and [YHS1]. First, we differenéatensors according to
their coverage merit, which decreases the active sensaitgém provide the coverage
degree required by the application. Second, while bothegttisting schemes assume
the disk sensing model, CASE solves tfiecoverage problem under the probabilistic
sensing model. Treating the disk sensing model as a spexsal af the probabilistic
model, CASE also works for the disk sensing model. Thirdiken[TG1], CASE sets
sensor initial state as inactive. Following the schedupngcedure, each sensor tries
to turn on to provide the required coverage degree. Thisifeas favorable for dense
deployment in that the communication and computation aexdis reduced due to less
sensor state changes.

The scheme proposed by [TG1] does not work for the prob#ibiensing model.
In order to compare CASE with the scheme proposed in [TG1]madified the el-
igibility rule of [TG1] to accommodate the probabilisticrsng model. We refer the
scheme proposed in [TG1] #se sponsored sector scheduling scheme or Tian-Sector
and the scheme with the modified eligibility rule e grid point scheduling scheme
or Tian-Grid. Section 5.1 explains in details about the differences éetwTian-Grid
and Tian-Sector. The validation of the working schedulaseigorithm in [YHS1] is
tightly coupled with the assumption of the disk sensing nhodkich prevents it from
being ported to the probabilistic sensing model. Therefaréne simulation evaluation,
we only compare CASE with Tian-Grid and Tian-Sector.

3 Assumptions

We assume that sensors are static, and that each sensor ikndoesition as well as
its neighbors’. Such assumptions are conveniently takesthogr works [HT1] [TG1]
[YHS1] and are supported by the existing research [ACZ1] [BH [BP1] [PCB1].
The location information can be absolute or relative to hbdas. We also assume that
sensors can synchronize their timers [DH1] [EGE1].

We assume that the sensing ability model of sensors is alaitefore deployment
through calibration process. A sensor detects an eventlmséds measurement, and



the event is detected if the measurement strength is abaeseatpghreshold. Due to the
signal attenuation and noise, a sensor’s measurement isletbldy a probability den-

sity function (PDF), which varies with the type of signalslahe propagation channel.
In CASE, the sensing ability of a sensor is modeled as thegitity of a successful

detection of certain events of interests.

Apparently, a sensor’s sensing ability is a function of tigtathce between the sen-
sor and the event [MKQP1]. We usg (P;) to describe sensgi's sensing ability at
locationP;. A sensor’s sensing range, which is denoted; is defined as the range,
beyond which the sensor’s sensing ability can be negle@teel disk sensing model is
regarded as a special case of the probabilistic sensinglnvduere a sensor detects an
event within theS R with the probabilityl and outside th& R with the probability0.

We assume that sensors have the s@&e and that the sensor communication
range is greater than or equal2e SR. This is usually true in practice. For example,
ultra-sonic sensors have a sensing range of approximatigra [ROB1] while the
transmission range of MICA motes is about 30 meters [XBOWihe cases that the
communication range is less than SR, our algorithms can work through multi-hop
transmissions.

4 Coverage-Aware Sensor Engagement (CASE)

4.1 K-Coverage

The objective of CASE is to guarantdé-Coverage with the least number of active
sensors. Under the disk sensing model, locaftpis K -covered if the location is mon-
itored by at leasf< sensors. Under the probabilistic sensing model, howeweneed
to modify the definition ofK-Coverage. We say a locatidp) is K-covered if theex-
pectation of the number of sensors that monitor an event at the locaianleasti’, or
essentially the weighted sum of active sensors is no lessihas shown in Eq. (1).

> 8(P) > K (1)
J

whereS;(P;) is the probability of sensor to detect an event at locatidh. Note that
coverage degre& can be a real number under the probabilistic sensing model. F
example, an application may require the target area tofeovered, which means the
expected number of sensors that detect an event at anydodatihe area needs to be
at leastl.5.

4.2 CoverageMerit

Apparently, when a locatio®; is already covered by a group of sensdrsthe addi-
tional coverage needed to fulfill th€-coverage requirement is

C(P) =K =Y Su(P). (2)

meA

If C'(P;) is greater than 0, more sensors are required to provideaiaitoverage.



In order to see sensgfs coverage merit at locatiof;, we compare sensgi's
probability of detecting an event at locatiéh with C(P;), the minimum of which is
defined as sensgfs coverage merit at the location. That is, sengsrcoverage merit
at locationP; is:

CM;(P,) = {g?iH(C(PL)7Sj(Pi))7 ggg% 2 8 -

Note that whenC(F;) is less than or equal t0, P; is alreadyK-covered, therefore
the sensoy’s coverage merit at this location (s It is easy to see that'M;(P;) is a
continuous function over the sensing area of serisand is dependent on the active
states of its neighbors.

In order to evaluate sensgis coverage contribution to the sensor network as a
whole, the summation af'M;(F;) over sensoy’s sensing area is computed as:

Since the existence of a sensor only affects the area colgrbe sensor, its cover-
age merit can be calculated by only considering the areawitthS R. For computation
convenience, the above equation is converted into poladauates:

2w SR
OM; = / CM;(P;)rddr 4)
0 0

4.3 Coverage-Aware Sensor Engagement

To provide K -coverage with the minimum number of sensors, CASE applgreedy
strategy by gradually activating sensors in decreasingrasfitheir coverage merit. In
contrast, previous schemes schedule sensors regardtesérabontribution to meet the
required degree of network coveragay(, in [TG1], redundant sensors have the same
chance to power off based on a random back-off timer). Moeei§ipally, CASE runs

in two phases as follows:

1. Wakeup phase: the first phase when sensors start in iegeiising state, and grad-
ually enter the active state according to their coveragétsaer

2. Optimization phase: the second phase when sensors peting coverage by turn-
ing off redundant sensors to meet coverage requirements.

In the wakeup phase, each sensor is inactive in sensing pamglutes an initial cov-
erage merit. Note that the inactive/active states are évgiates in CASE,e., sensors
are actually active to execute the CASE algorithm. Becaaseeighbor is active, the
initial coverage merit of a sensor is maximum, and given by(Ex

2r SR
C M ae :/ / min(K, S;(P;))rdodr (5)
o Jo

Afterward, each sensor sets a back-off tififeto announce its active state. The
back-off timerT" is determined according to its coverage merit using Eqg. (6).



T=¢ (CMpaz —CM;) + € (6)

where¢ is a configurable system parameter, ansl a small positive random number.
¢ determines the convergence latency of the wakeup phase 8EC8mall value of
means fast convergence but may increase the chance ofa@dlisamong neighboring
sensors. The choice of an appropriate valuetfizrout of the scope of this paper, and
will be part of our future worke is used to prevent the potential collision between two
neighboring sensors with the same coverage merit.

According to Eg. (6), sensors with larger coverage meriehghorter back-off pe-
riod. When a sensor times out, the sensor changes to actitee sind broadcasts a
TURNON message to its neighbors within its transmission range;iwikiapproximated
by 2 - SR. When a sensor receivesST&JRNON message before the timer expires, it
recalculates its coverage merit, and adjusts its backroéfrtaccordingly.

According to Eqg. (2), (3) and (4), the sensor’s coveragetisreduced when a new
neighbor is turned into active state, thus the back-off timalways delayed. Once all
the locations within the sensing range of a sensof&®vered, the sensor’s coverage
merit become$. The sensor cancels its back-off timer and stays inactive.

The wakeup phase endséatC M,,, ... After the wakeup phase, there may be redun-
dant active sensors. This is because that the coverages#itisers turning on later may
overlap with the sensing area of the active sensors. In tlimiz@ation phase, we use
a similar random back-off algorithm as [TG1] to turn off rediant sensors. Accord-
ingly, each redundant sensor sets a random timer, and kg hig eligibility to turn off
when received URNOFF messages from other sensors. If the sensor realizes that it i
not eligible to turn off, it cancels its timer and stays aeti®therwise, it broadcasts a
TURNOFF message and turns off upon timeout.

In order to simplify the computation, we cover the targetdog a virtual square
grid (Fig. 1) and sensors only consider the grid points withie SR when calculating
coverage merit (this technique is also used by #famal [YHS1]). The coverage merit
is approximated by the summation of the coverage merit omtitepoints within the
SR,i.e, P;in Eq. (4) is a grid point.

Fig. 1. Grid Point X in the Target Area



5 Simulation Evaluations

5.1 Experiment Setup

We carried out experiments under two sensing models — thbapilistic sensing
model and the disk sensing model, both over a square depiuayarea ofl 00 x 100m2.

In Eq. (6), parameters are chosentas 0.1 ande = 0.01. If not otherwise spec-
ified, the deployment density is set to 0.08 sensefsand the network is designed to
provide the coverage degree of 1.0.

The probabilistic sensing models depend on the sensor itiéipakand environ-
ments. Although CASE shall work with any realistic sensingdel, for simplicity, we
assume a virtual probabilistic sensing model for the sem$ep examples of which are
shown below,

1
14 aDi; + D% +---+~DE

S;(P;) = f(Dij;)

1
Sj(Pi) = f(Dij) = Do
whereD;; is the distance between sengand location?;; «, 3, v andy (x > 1) are
system parameters reflecting the physical characteristisensor; and deployment
environments.
Specifically, we assume the following virtual probabilisensing model in the

simulations: )

whereq is set to0.1 and is set to3 or 4. Assuming that detection probability lower
than4% is negligible, twoS Rs,i.e.,,15 and20 meters, are simulated. For the disk sens-
ing model, theSR is set tol5 meters.

As we explained in Section 2, under the probabilistic mo@&ASE is compared
with the modified Tian-Sector based on virtual grids, which eall Tian-Grid. Like
CASE, Tian-Grid checks the expected number of monitorimgses at each grid point
within its sensing range. A sensor is eligible to turn ofhiétexpected number of mon-
itoring sensors of each grid point within its sensing rargatileastx’. Also, different
from Tian-Sector, which only examines the sectors spondoyaneighbors withirt' R,
Tian-Grid considers all the neighbors witlinS R. In the disk sensing model, we com-
pare CASE with both Tian-Grid and Tian-Sector because GQad-natively works for
the disk sensing model.

f(Di;) =

5.2 Result Analysis

The simulation results show the performance of CASE in tesfastive sensor density,
communication overhead and computation overhead. The cmieation overhead is
computed as the number of beacons sent and received fGUUREON messages in
the wakeup phase and ti&IRNOFF messages in the optimization phase in CASE. Be-
cause the eligibility checking is the most costly compuetatiperation, the computation
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overhead is calculated as the times of checking the eliyiloif a sensor to be in active
state, which is determined by coverage merit.

We analyze the results in the probabilistic sensing moddl the disk sensing
model, separately.

Probabilistic sensing model In section 4.3, we have proposed to compute the coverage
merit based on virtual grids. For comparison purposes, melsite the modified Tian-
Sector protocol, which we refer 8g&an-Grid in the figures, and collect corresponding
statistics.

The results under various deployment densities are showigin2. Results for
different required coverage degrees are shown in Fig. 3.

Fig. 2(a) indicates that both CASE and Tian-Grid provid®lgtactive sensor den-
sity. However, CASE results lower active sensor density flian-Grid under different
deployment densities because CASE activates sensorsangin¢overage merit, there-
fore allowing less active sensors in order to provide theesdegree of coverage. For
instance, when the sensor network has the deployment gexi€it05 sensorst? and
sensors have th&R of 20meters, CASE provides 1.0-coverage with the active sensor
density of only 0.0137 sensorsf, whereas Tian-Grid requires 0.0175 sensafs/
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Fig. 2(b) shows that CASE uses less beacons than Tian-Gnig.i3 due to the
fact that sensors are gradually switched on from inactiggedb active state in CASE,
whereas Tian-Grid has all sensors initially in active statd turn off redundant sensors,
which translates into different amount of beacons trartehiin order to inform state
changes. If the network deployment is dense enough, theaushbedundant sensors is
much larger than the number of active sensors needed toderthve required coverage
degree. Thus CASE involves less state changes than Tiah-Gri

Furthermore, we observe that the number of transmitteddmssin CASE changes
little along with the increase of deployment density. Intrast, Tian-Grid suffers when
the deployment density increases in Fig. 2(b). This is beetlue active sensor density
is almost stable along with the deployment densities in CA8kereas in Tian-Grid,
most beacons are tH&JRNOFF messages sent by redundant sensors. When the deploy-
ment density increases, more redundant sensors need tofftwith more beacons.

Similar to Fig. 2(b), Fig. 2(c) shows that CASE has less rexkibeacons than
Tian-Grid, and that the number of beacons received in bdtarses increases with the
deployment density because of the broadcast nature of tieées$ channel. However,
the increasing rate of received beacons in CASE is less tatrirt Tian-Grid because
the increase of the received beacons in CASE is mainly camséte increase of sen-
sor density. In Tian-Grid, however, the increase is causethé increase of both the
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number of the transmitted beacons and sensor density. Bedag eligibility checking
computations are often triggered by the received beaconsawve similar observation
for computation overhead as shown in Fig. 2(d).

In Fig. 3, we show the results based on various coverage eegeguirements.
Again, CASE performs better than Tian-Grid under variougetage degree require-
ments. However, the difference between the two protocoisgn3(b), 3(c) and 3(d)
diminishes with the increase of the required coverage @editas is because the higher
the coverage degree, the more sensors are needed actiaeisBabe sensors initially
assume inactive in CASE, higher coverage degree means emsers need to turn on.
While in Tian-Grid where sensors are initially active, hégttoverage degree means
less sensors need to turn off.

To further investigate the performance improvement of CA®E show a nor-
malized histogram of the number of grid points under différeoverage degrees in
Fig. 4(a). As we can see, majority of the grid points are cesdry a degree from 1.0
to 2.0 in CASE, while the grid-point coverage under TianeGsaries from 1.0 to 3.0.
From a different observation angle, we plotted the covetsggee of different points
in the sensor network as shown in Fig. 4(b), which indicatas CASE provides more
even coverage than Tian-Grid does.

Disk sensing model We compare CASE with Tian-Grid and Tian-Sector under thle dis
sensing model in Fig. 5. In [YZLZ1], a theoretical lower baluon the active sensor
density to achievé-coverage is provided &+/27SR?, and is again calculated here in
Fig. 5(a) as a baseline for the comparison purposes. Natalthaugh we only present
the results ofl -coverage, similar results are observed for otReralues ég., K = 2).
Fig. 5(a) shows that Tian-Grid achieves the same requireerage degree with less
than half of the active sensor density required by Tian@ethis is because that Tian-
Sector is conservative about the sensor redundancy by onkidering the neighbors
within SR, and ignoring the coverage provided by sensors in range §déirto 2 -
SR. Thus Tian-Sector results in relative high density of acsensors. Again, CASE
performs better than Tian-Grid by reduci2@% of the active sensor density.
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A larger discrepancy between CASE and the other two prosarel shown in terms
of the communication and computation overheads in Fig., 56k¢) and 5(d).

6 Conclusions

We have proposed a novel coverage maintenance scheme Callecage-Aware Sen-
sor Engagement (CASE). CASE conserves energy while prayittie required cov-
erage degree by allowing sensors to autonomously decideatttése/inactive states.
Unlike prior works, CASE considers local coverage inforimabf sensorsi.e. cover-
age merit, when scheduling sensors’ active/inactive st&ienulation results show that
CASE provides the required coverage degree for a densersessoork with lower
active sensor density and less communication and compntetists than existing so-
lutions. Furthermore, CASE is highly scalable to sensowagt deployment density
due to the low increasing rate of communication and comjmrtaiosts relative to the
increase of deployment density.
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