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Abstract— When sensors are redundantly deployed, a subset of
senors should be selected to actively monitor the field (referred
to as a “cover™), while the rest of the sensors should be put
to sleep to conserve their batteries. We consider networks in
which all the nodes are not aware of their locations or the
relative directions of neighbors. We develop several geometric
and density-based tests for deciding whether a sensor should
turn itself off without degrading the quality of field coverage.
These tests rely on estimated neighbor distances and locally
advertised two-hop neighborhood information. We design an
algorithm (LUC) that exploits these tests for computing covers.
Based on LUC, we propose two distributed protocols (LUC-I
and LUC-P) that periodically select covers and switch between
them to extend “coverage time” and tolerate unexpected failures.
Our protocols are highly efficient in terms of message overhead
and processing complexity. We implement LUC-I in TinyOS and
evaluate it using the TOSSIM simulator. Experimental results
indicate that our approach significantly prolongs coverage time.

I. INTRODUCTION

Several applications, such as environmental monitoring,
require sensors be redundantly deployed to accommodate
unexpected failures and improve the fidelity of received mea-
surements. Redundancy means that some parts of the field
are covered by more than one sensor at the same time.
If idle sensors are not put to sleep, then redundant node
deployment does not necessarily improve the coverage fime
of the field, defined as the time until the fraction of the
area that is monitored by at least one sensor falls below a
given threshold. This is because the sensor’s radio expends a
significant portion of its battery lifetime in idle-listening to
support data forwarding, and thus active sensors tend to die
at roughly the same time. For example, the powers consumed
by the radio of the MICA?2 mote [7] during idle-listening and
reception are almost the same, as reported in [2]. It was also
reported in [13] that in the WINS Rockwell seismic sensor the
power consumed in the receive and idle-listening modes are
0.36 mW and 0.34 mW, respectively. In conftrast, the energy
consumed in the sleep mode of the MICA?2 is three orders of
magnitude less than that during idle-listening.

Therefore, the network topology should be confrolled by
selecting a subset of nodes to actively monitor the field and
putting the remaining nodes to sleep. More specifically, if the
set of nodes in the network is V', it is required to select a
subset V4 € V that covers the entire area covered by V' (V,

1-4244-1588-8/07/$25.00 ©2007 IEEE 51

Marwan Krunz and Srinivasan Ramasubramanian

Dept. of Electrical and Computer Engineering
University of Arizona, Tucson, AZ 85721
Email: {krunz,srini } @ece.arizona.edu

is referred to as a “cover”). The remaining set of nodes Vg
=V — V4 can be put to sleep and later activated to form
new covers. Besides prolonging coverage time, reducing the
number of active nodes also reduces channel-contention and
collisions in the network.

Most proposed protocols for selecting sensor covers assume
that nodes can estimate their locations (via localization tech-
niques) or at least the directions of their neighbors (e.g., [9],
[16], [19], [20], [25]). Equipping every node with a GPS
is not cost effective, so localization is typically performed
by estimating distances between neighboring nodes (e.g.,
RADAR [3]) and triangulating positions using a small set
of location-aware anchor nodes (e.g., [3]). In this work, we
focus on applications in which network-wide localization is
umecessary and possibly infeasible. Localization is unneces-
sary in applications that do not require reporting the location of
events. An example is a warfare scenario, where the detection
of any radiation or chemical activity is enough to alert the
froops to evacuate. Localization may also be infeasible due to
the failure or bad distribution of anchor nodes. Note that node
localization can be performed based only on distance estimates
and arbitrary selection of anchors. However, in practice, this
approach may result in failure to place some nodes due to
inaccurate estimation of distances [23]. Thus, we need new
redundancy check tests that are based on “distance ranges”
and not on “locations.”

Contributions. In this work, we develop four tests for deter-
mining node redundancy, assuming that nodes are nof aware
of their locations or the relative directions of neighbors. Two
of the proposed tests are geometrically provable, while the
other two are based on the dense random deployment. To
determine if a node » is redundant, our tests exploit the
two-hop neighborhood information advertised by #’s one-hop
neighbors, as well as the estimated neighbor distances. We
propose a location-unaware coverage algorithm (LUC) that
incorporates our tests. Then, we design two computation-
ally efficient distributed protocols for periodically selecting
new active covers and switching between them. We refer
to these protocols as LUC-I and LUC-P (for iterative- and
probabilistic-LUC, respectively). We implement LUC-I in
TinyOS [17] and evaluate it in the context of a multi-hop
network application using the TOSSIM simulator [17]. To
the best of our knowledge, our work is the first to study
cover selection in the absence of information about the relative
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locations of nodes.

The rest of the paper is organized as follows. Section II
briefly surveys related work. Section II introduces our re-
dundancy check tests. Section IV presents the LUC algorithm
and its associated protocols. In Section V, we study the
properties of our protocols via simulation. Section VI describes
our implementation of LUC-I in TinyOS and evaluates its
performance in the context of a multi-hop network application.
Finally, Section VII gives concluding remarks.

II. RELATED WORK

Several protocols were proposed for selecting sensor covers.
These protocols are either centralized (e.g., [6], [9], [12])
or distributed (e.g., [19], [20], [25]). They target either field
coverage, where a whole area is to be monitored, or target
coverage, where a set of targets in the field are to be monitored.

Cardei et al. [6] computed a mumber of set covers that
maximize the lifetime of the sensor network. They proposed
two centralized heuristic techniques for target coverage; one
uses linear programming and the other is a greedy approach.
We use the greedy approach in [6] as a baseline for com-
parison with our protocols (see Section V). Meguerdichian et
al. [12] proposed cenfralized algorithms for achieving both
deterministic and statistical coverage using Voronoi diagrams.
Slijepcevic and Potkonjak [15] proposed a centralized heuristic
to compute a disjoint maximal set of covers.

Several distributed algorithms were recently proposed.
Wang et al. proposed CCP [19], which probabilistically pro-
vides different degrees of coverage according to the appli-
cation requirements. Zhang and Hou proposed OGDC [25],
which determines the minimum set of working nodes by
reducing their overlap. They provided necessary conditions
on the ratio between the sensing and transmission ranges
to guarantee that coverage implies connectivity, and studied
the case where the sensing range is non-uniform. Tian and
Georganas [16] proposed a simple approach for selecting
covers based on checking the sponsored area, defined as the
area covered by other working neighbors. If the union of all
sponsored areas includes the sensing area of a sensor, then this
sensor decides to go to sleep. Gupta et al. [9] and Iyengar et
al. [10] proposed algorithms for selecting connected covers.
These algorithms do not enforce constraints on the relation
between sensing and transmission ranges. Yan et al. [20]
proposed a protocol for collaborative sleep and wakeup among
neighboring nodes, assuming that the network is synchronized.
Ye et al. [21] proposed the PEAS protocol that provides fault-
tolerance coverage using randomized sleep/wakeup schedules.
PEAS focused on maintaining network connectivity by peri-
odically awakening nodes to probe the active ones. Kumar et
al. [11] provided theoretical bounds on the number of nodes
required to achieve k-coverage.

All the aforementioned protocols assumed that nodes can
estimate their locations and/or the directions of their neighbors.
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They also assumed that the employed localization mechanisms
can provide reasonably accurate location estimates of all the
nodes, which may be difficult in large-scale networks [23]. In
this work, we do not make any of these assumptions.

III. DETERMINING NODE REDUNDANCY

Below, we introduce our system model and describe our
proposed tests for determining node redundancy.

A. System Model

We consider sensor nodes for which £; is the maximum
transmission range and R, is the maximum sensing range
(i.e., the distance from the sensor after which an event or
phenomenon is not detectable). We assume the following:

1) Nodes are randomly and redundantly deployed. They
have similar batteries and energy consumption rates.

2) Nodes have omni-directional antennae and do not pos-
sess localization capability. Thus, node locations and
relative directions of neighbors cammot be estimated.

3) Ry > 2R,. Under this condition, coverage implies
connectivity [25]. An example where this assumption
holds is the MICA?2 mote [7], which has a maximum
communication range of about 1000 feet and a sensing
range of about 100 feet [20].

4) A node can estimate the distances to its one-hop
neighbors. This can be achieved using well-known ap-
proaches, such as time of flight or RF signal strength [3],
[24]. If transmission ranges are short, these approaches
can provide reasonably accurate estimates of one-hop
distances. For example, the Cricket sensor [7] uses
time of flight of packets for accurate ranging based on
ultrasound and RF beacons (effect of distance inaccuracy
is evaluated in Section V).

5) Links can be asymmetric due to radio range irregular-
ity [26]. A node decides whether it is redundant or not
based on the one-hop neighbors it is aware of.

B. Redundancy Check Tests

Let N (v, 7) denote the set of neighbors of node v that lie
within a range r. Discovering such a set relies on an approach
that is described later in Section IV. A node can be in one of
three states: ACTIVE, ASLEEP, or UNDECIDED. All nodes
start in the UNDECIDED state. Let Vi denote the set of
undecided nodes. Note that V' =V || Vg | Vir. Define wgt(v)
to be the weight of a node v in the network (e.g., its remaining
battery). We will use different definitions for wet(v) in our
LUC-T and LUC-P protocols, described in Section IV.

We propose two geometrically proven tests (RTest-D1 and
RTest-D2) and two density-based tests (RTest-H1 and RTest-
H2) for determining node redundancy. RTest-D1 and RTest-
D2 decide that a node is redundant only if its sensing region
is geometrically covered by active nodes. These tests assume
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