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Abstract. The critical issuein sensor networks is the search of balance between
thelimited battery supply and the expected longevity of network operations. Sim-
ilar goals exist in providing a certain degree of sensing coverage and maintaining
a desirable number of sensors to communicate under the energy constraint. We
propose anovel sensor network protocol, called Coverage-Aware Sensor Engage-
ment (CASE) for coverage maintenance. Different from others, CASE schedules
active/inactive sensing states of a sensor according to the sensor’s contribution
to the network sensing coverage. The contribution is quantitatively measured by
a metric called coverage merit. By utilizing sensors with large coverage merit,
CASE reduces the number of the active sensors required to maintain the level of
coverage. Simulation results show that CASE considerably improves the energy
ef ciency and reduces the computation and communication co ststo maintain the
required coverage degree in a dense sensor network.

1 Introduction

Wireless sensor networks are networks of a large number of small wireless devices,
which collaborate to monitor environments and report sensing data via wireless chan-
nels. Wireless sensor networks have emerged rapidly in a variety of applications. For
instance, thermal sensors are being deployed to monitor temperaturein aforest, and to
report the temperature information back to data collection nodes for further analysis. In
another instance, alarge number of seismic sensors are employed to monitor animal ac-
tivitiesinawild eld. The seismic sensors, when triggered by the vibrations caused by
animal movements, can record the vibration signals and report them to data collection
nodes. |nformation about animal activities, like their moving tracks and velocities, can
be acquired through analyzing the collected signals.

Wireless sensorsarevery limited in their processing, computing and communication
capabilities aswell as the storage and power supply. Thetypical Crossbow MICA mote
MPR300CB [XBOW1] has a low-speed 4MHz processor equipped with only 128KB
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ash, 4KB SRAM and 4KB EEPROM. It hasamaximal datarate of 40k bpsand atrans-

mission range of about 100 feet, powered by two AA batteries. Therefore, a wireless
sensor network is usually deployed with high density. Dense deployment not only helps
to improve a sensor network’s reliability, but also extends its longevity. In practice,
large-scale wireless sensor networks are usually deployed randomly.

Given such a randomly and densely deployed wireless sensor network, it is de-
sirable to have sensors autonomously schedule their duty cycles while satisfying the
degree of sensing coverage required by the application. The problem is called coverage
mai ntenance.

Coverage maintenance problem in sensor networks has drawn intense research at-
tention recently. Tian et al. [TG1] presented a node-scheduling algorithm to turn off
redundant sensors if their sensing areas are aready covered by their neighbors. Ran-
domized as well as coordinated sleep algorithms were proposed in [HL1] to main-
tain network coverage using low duty-cycle sensors. The randomized algorithm enables
each sensor to independently sleep under a certain probability. The coordinated sleep
algorithm allows each sensor to enter sleep state if its sensing area is fully contained
by the union set of its neighbors. A K-coverage maintenance algorithm was proposed
in [HT1] so that each location of the sensing area is covered by at least K sensors.
A sensor decides whether it is redundant only by checking the coverage state of its
sensing perimeter. In [GWL 1], the redundancy of the sensing coverage of wireless sen-
sor networks is analyzed, and the relation between the number of neighbors and the
coverage redundancy is studied. Abrams et al. studied a variant of the NP-hard SET
K-COVER problem in [AGP1], partitioning the sensors into K covers such that as
many areas are monitored as frequently as possible. Yan et al. proposed an adaptable
energy-€f cient sensing coverage protocol, in which each s ensor broadcasts a random
time reference point, and decides its duty schedule based on neighbors' time reference
points [YHSI1].

We propose a new coverage maintenance scheme called Coverage-Aware Sensor
Engagement (CASE). CASE is based on a probabilistic sensing model, which is more
practical than the disk sensing model assumed by many others. Rather than xing the
sensing range of a sensor as the disk sensing model, the probabilistic sensing model
de nes the sensing ability as the probability to detect an ev ent happening at alocation.
To the best of our knowledge, thiswork isthe rst to addresst he K-coverage problem
under the probabilistic sensing model. In fact, the disk sensing model is a special case
of the probabilistic sensing model, and CASE works for the disk sensing model as
well. In CASE, each sensor isinitially inactive in sensing, but checks to see whether it
iS necessary to turn on its sensing unit according to its contribution (which we called
coverage merit) to meet the required degree of sensing coverage. Before actually turning
onitself, each sensor waits for a back-off period decided by its coverage merit. Sensors
with larger coverage merit have shorter back-off period. In this way, sensors turn on
themselves (if necessary) in the decreasing order of their coverage merit. By utilizing
sensors with large coverage merit, CASE can reduce the active sensor density needed
to maintain the required coverage degree.

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



Section 4 speci es CASE in more details. Simulation results are presented in Section 5
for performance eval uations. Section 6 concludes the paper.

2 Prior Works

In the scheduling algorithm proposed by [TG1], every sensor is active at the beginning.
A sensor iseligibleto turn off if its sensing areais covered by the union of the sponsored
sectors by its neighbors. A sensor eligible to turn off broadcasts a TURNOFF beacon to
inform neighbors. Every other sensor receiving such abeacon re-evaluatesits eligibility
to turn off. If not eligible, the sensor cancels the timer and stays active. [YHSI1] pre-
sented an elegant approach to dynamically schedule sensorsin order to guarantee a cer-
tain degree of coverage. Each sensor generates a random reference time and exchanges
the reference time with its neighbors. Each sensor can setup its working schedule by
examining the reference time of its neighbors.

There are several major differences between the proposed algorithm and the algo-
rithms proposed in [TG1] and [YHSI]. First, we differentiate sensors according to
their coverage merit, which decreases the active sensor density to provide the coverage
degree required by the application. Second, while both of the existing schemes assume
the disk sensing model, CASE solves the K -coverage problem under the probabilistic
sensing model. Treating the disk sensing model as a special case of the probabilistic
model, CASE also works for the disk sensing model. Third, unlike [TG1], CASE sets
sensor initial state as inactive. Following the scheduling procedure, each sensor tries
to turn on to provide the required coverage degree. This feature is favorable for dense
deployment in that the communication and computation overhead is reduced dueto less
sensor state changes.

The scheme proposed by [TG1] does not work for the probabilistic sensing model.
In order to compare CASE with the scheme proposed in [TG1], we modi ed the el-
igibility rule of [TG1] to accommodate the probabilistic sensing model. We refer the
scheme proposed in [TG1] as the sponsored sector scheduling scheme or Tian-Sector
and the scheme with the modi ed eligibility rule as the grid point scheduling scheme
or Tian-Grid. Section 5.1 explains in details about the differences between Tian-Grid
and Tian-Sector. The validation of the working schedule setup algorithmin [YHS]] is
tightly coupled with the assumption of the disk sensing model, which preventsit from
being ported to the probabilistic sensing model. Therefore, in the simulation evaluation,
we only compare CASE with Tian-Grid and Tian-Sector.

3 Assumptions

We assume that sensors are static, and that each sensor knows its location as well as
its neighbors’. Such assumptions are conveniently taken by other works [HT1] [TG1]
[YHS1] and are supported by the existing research [ACZ1] [BHE1] [BP1] [PCB1].
The location information can be absolute or relative to neighbors. We also assume that
sensors can synchronizetheir timers [DH1] [EGEL].

We assume that the sensing ability model of sensorsis available before deployment
through calibration process. A sensor detects an event based on its measurement, and



the event is detected if the measurement strength is above a preset threshold. Dueto the
signal attenuation and noise, a sensor’'s measurement is modeled by a probability den-
sity function (PDF), which varies with the type of signals and the propagation channel.
In CASE, the sensing ability of a sensor is modeled as the probability of a successful
detection of certain events of interests.

Apparently, a sensor’s sensing ability isafunction of the distance between the sen-
sor and the event [MKQP1]. We use S;(P;) to describe sensor j's sensing ability at
location P;. A sensor’s sensing range, which is denoted by SR, is de ned as the range,
beyond which the sensor’s sensing ability can be neglected. The disk sensing model is
regarded as a special case of the probabilistic sensing model, where a sensor detects an
event within the SR with the probability 1 and outside the SR with the probability 0.

We assume that sensors have the same SR, and that the sensor communication
range is greater than or equal to 2 SR. Thisis usualy true in practice. For example,
ultra-sonic sensors have a sensing range of approximately 0.2-6m [ROB1] while the
transmission range of MICA motesis about 30 meters [XBOW1]. In the casesthat the
communication range islessthan 2 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 guarantee K-Coverage with the least number of active
sensors. Under the disk sensing model, location P; is K-covered if the location is mon-
itored by at least K sensors. Under the probabilistic sensing model, however, we need
to modify the de nition of K-Coverage. We say a location P; is K-covered if the ex-
pectation of the number of sensorsthat monitor an event at the locationisat least K, or
essentialy the weighted sum of active sensorsis no less than K, as shown in Eq. (1).

Sj(Pi) K (D
]
where S; (P;) is the probability of sensor j to detect an event at location P;. Note that
coverage degree K can be a real number under the probabilistic sensing model. For
example, an application may require the target area to be 1:5-covered, which meansthe
expected number of sensors that detect an event at any location in the area needs to be
at least 1:5.

4.2 CoverageMerit

Apparently, when a location P; is already covered by a group of sensors A, the addi-
tional coverage needed to ful Il the K-coveragerequirementis

X
C(Pi) =K Sm(Pi): 2
m2A

If C(P;) isgreater than O, more sensors are required to provide additional coverage.



In order to see sensor j's coverage merit at location Pj, we compare sensor j's
probability of detecting an event at location P; with C(P;), the minimum of which is
dened as sensor j's coverage merit at the location. That is, sensor j’'s coverage merit
at location P;j is:

by —  mMin(C(Pi); Sj(Pi)); C(Pi) >0
CMJ (PI) - 0; C(Pi) 0 (3)
Note that when C(P;) is less than or equal to 0, P; is already K-covered, therefore
the sensor j's coverage merit at this location is 0. It is easy to see that CM;(P;) isa
continuous function over the sensing area of sensor j, and is dependent on the active
states of its neighbors.

In order to evaluate sensor j's coverage contribution to the sensor network as a

whole, the summation of CM;(P;) over sensor j's sensing areais computed as:
ZZ7

CMj = CMj(Pi)dxdy

Since the existence of asensor only affectsthe area covered by the sensor, its cover-
age merit can be calculated by only considering the areawithin its SR. For computation
convenience, the above equation is converted into polar coordinates:

z 2 z SR

CM; = CM;(Pi)rd dr 4
0 o0

4.3 Coverage-Aware Sensor Engagement

To provide K -coverage with the minimum number of sensors, CASE applies a greedy
strategy by gradually activating sensors in decreasing order of their coverage merit. In
contrast, previous schemes schedul e sensors regardless of their contribution to meet the
required degree of network coverage (e.g., in [TG1], redundant sensors have the same
chance to power off based on a random back-off timer). More speci cally, CASE runs
in two phases as follows:

1. Wakeup phase: the rst phase when sensorsstart in inactiv e sensing state, and grad-
ually enter the active state according to their coverage merits.

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

In the wakeup phase, each sensor isinactive in sensing, and computesan initial cov-
erage merit. Note that the inactive/active states are logical statesin CASE, i.e., sensors
are actually active to execute the CASE algorithm. Because no neighbor is active, the
initial coverage merit of a sensor is maximum, and given by Eq. (5).

z 2 yA SR
CMmax = min(K; S; (P;))rd dr (5)
0 o

Afterward, each sensor sets a back-off timer T to announce its active state. The

back-off timer T is determined according to its coverage merit using Eqg. (6).



T= (CMmax CMj)+ (6)

where is acon gurable system parameter, and  is a small positive random number.

determines the convergence latency of the wakeup phase in CASE. Small value of
means fast convergence but may increase the chance of collisions among neighboring
sensors. The choice of an appropriate value for s out of the scope of this paper, and
will be part of our futurework. is used to prevent the potential collision between two
neighboring sensors with the same coverage merit.

According to Eq. (6), sensors with larger coverage merit have shorter back-off pe-
riod. When a sensor times out, the sensor changes to active state, and broadcasts a
TURNON message to its neighborswithin its transmission range, which is approximated
by 2 SR. When a sensor receives a TURNON message before the timer expires, it
recalculatesits coverage merit, and adjusts its back-off timer accordingly.

Accordingto Eg. (2), (3) and (4), the sensor’s coverage merit is reduced when a new
neighbor is turned into active state, thus the back-off timer is aways delayed. Once all
the locations within the sensing range of a sensor are K -covered, the sensor’s coverage
merit becomes 0. The sensor cancelsits back-off timer and stays inactive.

Thewakeup phaseendsat CMmax. After the wakeup phase, there may be redun-
dant active sensors. Thisis becausethat the coverage of the sensorsturning on later may
overlap with the sensing area of the active sensors. In the optimization phase, we use
a similar random back-off algorithm as [TG1] to turn off redundant sensors. Accord-
ingly, each redundant sensor sets arandom timer, and re-checksits eligibility to turn off
when received TURNOFF messages from other sensors. If the sensor realizes that it is
not eligible to turn off, it cancels its timer and stays active. Otherwise, it broadcasts a
TURNOFF message and turns off upon timeout.

In order to simplify the computation, we cover the target area by a virtual square
grid (Fig. 1) and sensors only consider the grid points within the SR when calculating
coverage merit (thistechniqueis also used by Yan et. al [YHSL1]). The coverage merit
is approximated by the summation of the coverage merit on the grid points within the
SR, i.e, PjinEq. (4) isagrid 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 the pro babilistic sensing
model and the disk sensing model, both over a square deployment areaof 100 100m?2.

In Eq. (6), parametersare chosenas = 0:1 and = 0:01. If not otherwise spec-
i ed, the deployment density is set to 0.08 sensors/ m?, and the network is designed to
provide the coverage degree of 1.0.

The probabilistic sensing models depend on the sensor capabilities and environ-
ments. Although CASE shall work with any realistic sensing model, for smplicity, we
assume avirtual probabilistic sensing model for the sensors, two examples of which are
shown below,

1
1+ Djj+ D+ + D

Sj(Pi) = f(Djj) =

1
Si(Pi) = f(Dij) =
where Dj;j is the distance between sensor j and locationP;; , , and ( >1)are

system parameters re ecting the physical characteristics of sensor j and deployment
environments.
Speci cally, we assume the following virtual probabilisti ¢ sensing model in the

simulations; 1

(1+ Dij) (7)

where issetto0:1and issetto3 or 4. Assuming that detection probability lower
than 4% is negligible, two SRs, i.e.,15 and 20 meters, are smulated. For the disk sens-
ing model, the SR is set to 15 meters.

As we explained in Section 2, under the probabilistic model, CASE is compared
with the modi ed Tian-Sector based on virtua grids, which w e call Tian-Grid. Like
CASE, Tian-Grid checks the expected number of monitoring sensors at each grid point
within its sensing range. A sensor is eligible to turn off if the expected number of mon-
itoring sensors of each grid point within its sensing rangeis at least K. Also, different
from Tian-Sector, which only examines the sectors sponsored by neighborswithin SR,
Tian-Grid considersall the neighborswithin 2 SR. In the disk sensing model, we com-
pare CASE with both Tian-Grid and Tian-Sector because Tian-Grid natively works for
the disk sensing model.

f(Djj) =

5.2 Result Analysis

The simulation results show the performance of CASE in terms of active sensor density,
communication overhead and computation overhead. The communication overhead is
computed as the number of beacons sent and received for the TURNON messages in
the wakeup phase and the TURNOFF messages in the optimization phasein CASE. Be-
causethedligibility checking isthe most costly computation operation, the computation
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Fig. 2. Various Deployment Densities

overhead is calculated as the times of checking the eligibility of a sensor to bein active
state, which is determined by coverage merit.

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

Probabilistic sensing model 1n section 4.3, we have proposed to compute the coverage
merit based on virtual grids. For comparison purposes, we simulate the modi ed Tian-
Sector protocol, which we refer as Tian-Grid in the gures, and collect corresponding
statistics.

The results under various deployment densities are shown in Fig. 2. Results for
different required coverage degrees are shown in Fig. 3.

Fig. 2(a) indicates that both CASE and Tian-Grid provide stable active sensor den-
sity. However, CASE results |lower active sensor density than Tian-Grid under different
deployment densities because CA SE activates sensors with large coverage merit, there-
fore allowing less active sensors in order to provide the same degree of coverage. For
instance, when the sensor network has the deployment density of 0.05 sensors/m? and
sensors have the SR of 20meters, CASE provides 1.0-coverage with the active sensor
density of only 0.0137 sensors/m?, whereas Tian-Grid requires 0.0175 sensors/m?.
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Fig. 2(b) shows that CASE uses less beacons than Tian-Grid. This is due to the
fact that sensors are gradually switched on from inactive state to active state in CASE,
whereas Tian-Grid has all sensorsinitially in active state and turn off redundant sensors,
which translates into different amount of beacons transmitted in order to inform state
changes. If the network deployment is dense enough, the number of redundant sensorsis
much larger than the number of active sensors needed to provide the required coverage
degree. Thus CASE involvesless state changes than Tian-Grid.

Furthermore, we observe that the number of transmitted beaconsin CASE changes
little along with the increase of deployment density. In contrast, Tian-Grid sufferswhen
the deployment density increasesin Fig. 2(b). Thisis because the active sensor density
is almost stable along with the deployment densities in CASE, whereas in Tian-Grid,
most beacons are the TURNOFF messages sent by redundant sensors. When the deploy-
ment density increases, more redundant sensors need to turn off with more beacons.

Similar to Fig. 2(b), Fig. 2(c) shows that CASE has less received beacons than
Tian-Grid, and that the number of beacons received in both schemesincreases with the
deployment density because of the broadcast nature of the wireless channel. However,
the increasing rate of received beaconsin CASE isless than that in Tian-Grid because
the increase of the received beaconsin CASE is mainly caused by the increase of sen-
sor density. In Tian-Grid, however, the increase is caused by the increase of both the






