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Abstract-We propose a new probabilistic coverage protocol
(denoted by PCP) that considers probabilistic sensing models.
PCP is fairly general and can be used with different sensing
models. In particular, PCP requires the computation of a single
parameter from the adopted sensing model, while everything
else remains the same. We show how this parameter can be
derived in general, and we actually do the calculations for two
example sensing models: (i) the probabilistic exponential sensing
model, and (ii) the commonly-used deterministic disk sensing
model. The first model is chosen because it is conservative in
terms of estimating sensing capacity, and it has been used before
in another probabilistic coverage protocol, which enables us
to conduct a fair comparison. Because it is conservative, the
exponential sensing model can be used as a first approximation
for many other sensing models. The second model is chosen
to show that our protocol can easily function as a determin-
istic coverage protocol. In this case, we compare our protocol
against two recent deterministic protocols that were shown to
outperform others in the literature. Our comparisons indicate
that our protocol outperforms all other protocols in several
aspects, including number of activated sensors and total energy
consumed. We also demonstrate the robustness of our protocol
against random node failures, node location inaccuracy, and
imperfect time synchronization.

I. INTRODUCTION
Sensor networks have been proposed for many applications

such as forest fire detection, area surveillance, and natural
habitat monitoring [1]. A common ground for all such ap-
plications is that every sensor can detect an event occurring
within its sensing range, and sensors collaborate in some way
to deliver events, or information related to these events, to
processing centers for possible actions.

In many of the previous works, the sensing range is assumed
to be a uniform disk of radius r,. The disk model assumes
that if an event happens at a distance less than or equal to
r5 from the sensor location the sensor will deterministically
detect this event. On the other hand, an event occurring at
a distance r c (c > 0) can not be detected at all, even
for very small e values (see Fig. 1(a)). The disk sensing
model is appealing because it makes coverage maintenance
protocols, e.g., [2]-[4], less complicated to design and analyze.
It also makes analytical and asymptotic analysis, e.g., [5], [6],
tractable. However, it is unlikely that physical signals drop
abruptly from high, full-strength values to zero, as the disk
model assumes. This implies that there might be a chance
to detect an event occurring at distances greater than r,. By
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ignoring this extra sensing capacity, the disk model may not
fully utilize the sensing capacity of sensors, which may lead
to: (i) deploying more sensors than needed and thus incurring
higher cost, (ii) activating redundant sensors which increases
interference and wastes energy, and ultimately (iii) decreasing
the lifetime of the sensor network.

Several studies [7]-[11L] have argued that probabilistic sens-
ing models capture the behavior of sensors more realistically
than the deterministic disk model. For example, through
experimental study of passive infrared (PIR) sensors, the
authors of [11] show that the sensing range is better modeled
by a continuous probability distribution, which is a normal
distribution in the case of PIR sensors. The authors of [7],
[8] use an exponential sensing model, where the sensing
capacity degrades according to an exponential distribution
after a certain threshold, as shown in Fig. l(b). Whereas the
authors of [10] propose a polynomial function to model the
probabilistic nature of the sensing range, as shown in Fig. l(d).
Furthermore, the authors of [9] assume that the sensing range
can be modeled as layers of concentric disks with increasing
diameters, and each layer has a fixed probability of sensing,
as shown in Fig. l(c). A probabilistic sensing model is more
realistic because the phenomenon being sensed, sensor design,
and environmental conditions are all stochastic in nature. For
instance, noise and interference in the environment can be
modeled by stochastic processes. Sensors manufactured by
the same factory are not deterministically identical in their
behavior, rather, sensor characteristics are usually modeled
using statistical distributions.

While more realistic, probabilistic sensing models introduce
new challenges for coverage protocols in sensor networks.
First, the sensing range of a sensor is no longer a nice regular
disk, and therefore, it becomes harder to define the notion
of overlapping between sensing ranges of different sensors.
This notion is critical in coverage protocols, e.g., OGDC [4],
that minimize overlapping between sensing ranges to activate
the minimum number of sensors while ensuring full coverage.
This implies that directly using probabilistic sensing models in
coverage protocols that assume disk sensing model may yield
incorrect functioning of these protocols, such as terminating
while some subareas are uncovered, or activating more sensors
than actually needed. Most of the current coverage protocols,
including CCP [2], PEAS [1L2], Ottawa [13], and OGDC [4],
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Fig. 1. Some of the sensing models used in the literature.

assume disk sensing model. Second, the traditional definition
of the coverage itself which states that every point in the area
must be within the sensing range of at least one sensor-is no
longer valid because of the probabilistic nature of the sensing
range. Therefore, a new definition for coverage is needed when
probabilistic sensing models are considered.

In this paper, we propose a new probabilistic coverage
protocol (denoted by PCP) that considers probabilistic sensing
models. We design PCP keeping in mind that no single sensing
model (probabilistic or not) will accurately model all types
of sensors in all environments. It is expected that different
sensor types will require different sensing models. Even for the
same sensor type, the sensing model may need to be changed
in different environments or when the technology changes.
Designing, implementing, and testing a different coverage
protocol for each sensing model is indeed an extremely costly
process, if at all possible. To address this challenging task, we
design our protocol with limited dependence on the sensing
model. In particular, our protocol requires the computation
of a single parameter from the adopted sensing model, while
everything else remains the same. We show in this paper how
this parameter can be derived in general, and we actually do
the calculations for two sensing models: (i) the probabilistic
exponential sensing model [7], [8], and (ii) the commonly-used
deterministic disk sensing model. The first model is chosen
because it is conservative in terms of estimating sensing
capacity, and it has been used before in another probabilistic
coverage protocol (CCANS [8]). This enables us to compare
our protocol against CCANS, which is the only fully-specified
probabilistic coverage protocol that we are aware of. Also
because it is conservative, the exponential sensing model can
be used as a first approximation for many other sensing
models. The second model is chosen to show that our protocol
can easily function as a deterministic coverage protocol In
this case, we compare our protocol against two recent de-
terministic protocols that were shown to outperform others
in the literature. Our comparisons indicate that our protocol
outperforms the other two in several aspects, including number
of activated sensors and total energy consumed. We also
demonstrate its robustness against random node failures, node
location inaccuracy, and imperfect time synchronization.

The rest of the paper is organized as follows We summarize
the related work in Section II. In Section III, we formally
define the probabilistic coverage problem and present the

key ideas behind our new probabilistic coverage protocol. In
Section IV, we present the details of our new protocol, and
in Section V, we prove its correctness and provide bounds
on its convergence time and message complexity. We also
prove the conditionron the communication range needed for
our protocol to provide connectivity in addition to coverage.
In Section VI, we evaluate our protocol and compare it against
other deterministic and probabilistic coverage protocols in the
literature. We conclude the paper in Section VII.

II. RELATED WORK

Coverage in sensor networks has received significant re-
search attention. The studies in [5], [6] conduct asymptotic
and analytical analysis to provide necessary and sufficient con-
ditions for coverage in various environments. In [14], optimal
deployment patterns for different ratios of the communication
and sensing ranges are proposed. While these studies provide
useful insights and guidelines, which we indeed benefited
from, they do not propose specific coverage protocols.

Several distributed coverage protocols have been proposed
for the disk model. For example, OGDC [4] tries to minimize
the overlap between the sensing circles of activated sensors,
while CCP [2] deactivates redundant sensors by checking that
all intersection points of sensing circles are covered. Other
earlier protocols include PEAS [12] and Ottawa [13]. We
compare our protocol against the more recent OGDC and CCP
protocols, because, according to the performance evaluations
in [2], [4], they outperform the earlier ones.

Probabilistic coverage with various sensing models has also
been studied in [8]-[10]. The work in [10] analytically studies
the implications of adopting probabilistic and disk sensing
models on coverage, but no specific coverage protocol is
presented. In [9], the sensing range is modeled as layers of
concentric disks with increasing diameters, where the proba-
bility of sensing iS fixed in each layer. A coverage evaluation
protocol is also proposed. Although the authors mention
that their coverage evaluation protocol can be extended to a

dynamic coverage protocol, they do not specify the details of
that protocol. Therefore, we could not compare our protocol
with theirs. The closest work to ours is [8], where the authors
assume that the sensing capacity decreases exponentially fast
after certain threshold The authors also design a probabilistic
coverage protocol (CCANS) based on that model. We use the
same sensing model in our coverage protocol and compare
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