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Wireless sensor networks consist of a large number of wireless sensor nodes
with limited power and resource. To prolong network lifetime, the energy consumption
must be somehow reduced. This work proposes a localized density control algorithm for
energy savings. The goals are to maintain a minimal number of active sensor nodes
and to reduce radio-traffic intensity while conserving the sensing coverage of the
network.

In this thesis, the sensing coverage problem is transformed into a weighted set-
cover problem. Each node locally computes a greedy solution of such a problem. This
localized greedy solution indicates candidate nodes among this node and its neighbors
for sleeping. However, the solution of a node and those of its neighbors might be
different. Therefore, this work also includes a voting scheme for selecting inactive nodes

to assure that the selected nodes are the most deserving nodes in the area to sleep

without worsening the sensing coverage.
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A Set Cover-Based Density Control Algorithm
for Sensing Coverage Problems in
Wireless Sensor Networks

Saran Jenjaturong
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Abstract—Wireless sensor networks consist of a large number of
sensor nodes with limited power and resource. To prolong
network lifetime, the energy consumption must be somehow
reduced. In this paper, we propose a localized density control
algorithm for energy savings. The goals are to maintain a
minimal number of active sensor nodes and to reduce radio-
traffic intensity while conserving the sensing coverage of the
network. Our localized algorithm is based on a greedy solution of
a weighted set-cover problem. Each node locally computes
whether to sleep or to stay active. Given that the local decision
might worsen the sensing coverage, we also introduce a voting
scheme for selecting active nodes to assure that a node can sleep
if and only if its sensing area is completely covered by its active
neighbors. We have implemented our localized algorithm and
voting scheme on Tiny OS and evaluated on TOSSIM. The result
indicates that our algorithm is efficient and viable for practical
use.

Keywords; wireless sensor networks, coverage problem, density
control algorithm, set cover problem, redundancy, node scheduling

l. INTRODUCTION

Wireless sensor networks are becoming available for
effective monitoring and collecting data in an interested area.
Sensor networks are composed of a large number of small,
low-power devices called a sensor node. Each sensor node has
ability to communicate and transfer data through the wireless
on-board radio transceiver. For monitoring an environment,
there is a sensing module that can gather some environment
information in its sensing range such as light intensity,
humidity, and temperature. Each node collects sensing
information and forwards data packets to the others in an ad-
hoc manner. Due to a small dimension requirement, an energy
resource of each sensor is definitely limited. Furthermore, in
some monitoring area, it is difficult to replace a new energy
resource for all nodes. Consequently, one of the important
sensor-network challenges is to extend the network lifetime
(time that the sensing coverage property is still maintained) by
decreasing overall energy consumption. Most sensor-network
applications (e.g., attack detection and environment monitoring
[1]) confront the problem of constrained energy because of
their high energy consumption in wireless communication.
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Under the assumption that each sensor node has a disk
sensing area with the same sensing range, a sensing device can
monitor data from the environment in two dimension surface. It
is possible that sensing areas of any two nodes located in
adjacent areas can overlap with one another. In some sensor
network applications, high density of sensors is required for
more data integrity in monitoring. As a result, there will be
several overlapping areas appearing in the whole monitoring
area. In the coverage problem [2], [3], to have well monitored
area, these overlapping areas are considered to be undesirable
because they cause unnecessary energy consumption. For this
reason, a managing approach called a density control algorithm
is proposed to activate only a subset of sensor nodes. Sensor
nodes whose sensing areas are completely covered by other are
decided to be redundant. Some of these redundant nodes are
considered to be unreasonably active while the others, non
redundant nodes, still work. If some of these redundant nodes
are turned off, overall energy consumption and radio traffic
intensity of the network will be decreased.

Essentially, a density control algorithm requires
maintenance of two important networking properties: sensing
coverage and network connectivity. After some redundant
sensors are deactivated, the sensing coverage area should not
be smaller than the original one when all nodes are active. To
maintain the network connectivity, it must be possible to
successfully forward any data packet between any couple of
nodes during the network lifetime.

Most prior density control algorithms address the solution
for finding redundant nodes based on overlap of geographical
node’s sensing areas. They operate under a centralized concept
that each node requires to know all nodes’ locations in
network. The elimination rules of redundancy are provided for
checking node’s redundancy status. To avoid appearance of
blind area (area that is not detected by any sensor), the node
scheduling algorithms are proposed for the coverage
maintenance. Some redundant nodes are selected to be active in
round by using a node selection rule based purely on how large
area the node covers. According to this rule, a stimulation of
active nodes depends only on a timer set by node randomly.
This random timer solution has not considered about node’s
remaining energy so any node with low energy can be selected
to be active instead of the higher. As a result, the network



lifetime extension maybe results poorly. Our work proposes a
density control algorithm including a remaining energy factor
in a node selection rule.

In this paper, we propose a localized density control
algorithm based on weighted set-cover problem. Our algorithm
is divided into two main steps. First of all, each sensor
determines its redundancy status by using a concept of
sponsored areas and a redundancy rule [4], [5] that checks
whether its sensing area is completely covered by neighboring
nodes or not. Secondly, when a set of redundant nodes has been
discovered, these nodes will be put into a redundancy list used
by our node scheduling algorithm based on a weighted set
cover problem. Because the set cover problem is NP-hard, we
apply an approximation algorithm called a greedy algorithm [6]
for providing a guarantee on the quality of our solution. Nodes
with the maximum number of covered areas and high
remaining energy will be selected to be active first. These
redundant nodes take turn to be active for ensuring that all
nodes run out of energy about the same time. Furthermore, we
also provide a voting protocol for node’s solution management.
From a result, it shows that our algorithm can extend longer
network lifetime and use less number of active sensor nodes for
monitoring while the coverage is preserved on working.
Because only subset of nodes is active, the overall energy
consumption and radio-traffic intensity are definitely reduced.

The rest of paper is organized as follows: section 2 reviews
the related work in the literature. In section 3, a design of our
density control algorithm is described. Performance evaluation
and simulation results are shown in section 4 followed by the
conclusion in section 5.

Il.  RELATED WORK

Energy consumption minimization and network lifetime
extension become two major challenges for wireless sensor
network applications. Because of a limited energy resource, it
is necessary to reduce the overall energy consumption for
increasing the working lifetime of the network. Most of energy
consumption is in wireless communication and microprocessor
computation. Turning sensor nodes into a sleep mode can be an
efficient solution for saving this energy resource. Many
existing methods are presented in centralized and distributed
approaches for density control. The main concept is to find a
group of sensors that can sleep without losing the coverage
property. Slijepcevic and Potkonjak [7] introduce a cover
defined as a set of sensor nodes whose sensing areas
completely cover the interested monitoring region. They
propose a heuristic solution based on a Set k-Cover problem for
calculating the number of covers. This number depends on the
critical areas, the area detected by few sensor nodes. However,
this solution is unclear about an implementation and practical
use.

Ye, Zhong, Cheng, Lu, and Zhang [8] present the design of
a distributed density control algorithm called PEAS. PEAS is a
simple probing-based protocol that can extend system
functioning time by keeping only a subset of sensor nodes
working while the others are put into a sleep mode. Sleeping
nodes wake up occasionally and probe around for the existence
of working neighbors. If there is no response from any working
neighbors in their local area, probing nodes will change their
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status to be active and replace the ones disappear;
otherwise, they return to sleep again. This means that all of
their working neighbors have to run out of power first before
the sleepers replace them. This may result in network partitions
in some cases. Additionally, this solution cannot ensure the
coverage reservation although it may take a fewer number of
active nodes, compared with other schemes.

Tian and Georganas [4] present a density control with
complete coverage reservation while only a subset of active
sensors is required. They propose two new concepts including
coverage-based off-duty eligibility rule and backoff-based
node-scheduling scheme. They implement their scheme in NS-
2 as an extension of the LEACH protocol [9]. The sensing area
of a node is defined as a sponsored area and sensor nodes that
have sponsored areas overlapping with each other are called
sponsored neighbors. The word neighbors are defined as nodes
located at equal to or less than one sensing range from current
node’s location. Each sensor is assumed to have the same
sensing range. From the definition of eligibility rule, nodes that
have their sensing disk perimeter completely covered by their
sponsored neighbors can be concluded that their sensing areas
are also completely covered. These nodes are eligible for off
duty and can be turned off.

Unfortunately, to avoid appearance of a blind area, these
off-duty nodes cannot turn themselves off simultaneously. For
this reason, a node scheduling has been proposed to manage
their timetable for activation. The operation timeline of each
node is divided into rounds and each round consists of three
phases including scheduling, clustering, and sensing. Before
any off-duty node makes a decision to turn off, it sends others a
notification message to inform its status. After a period of time
passes, if it does not receive any notification message from
neighbors, it is safe to be off; otherwise, it recalculates its
covered area again and starts a new message transmission. Due
to the definition of neighbors that are only located no further
than one sensing radius, the number of discovered off-duty
nodes may be fewer than it should be. Although this solution
can maintain the sensing coverage of the network, there are too
many active nodes.

Jiang and Dou [5] address the above problem of the
previous approach by improving the eligibility rule for
increasing the number of redundant (or off-duty) nodes. They
introduce a new concept of effective neighbors for redundancy
determination. Effective neighbors can be located further than
one sensing range. Similar to [4], if a node’s sensing disk
perimeter is completely covered by its effective neighbors, the
node will be redundant. For node scheduling, they use the same
one as in [4].

Zhang and Hou [10] propose another solution for
redundancy determination. Each sensor node divides its own
covering area into grid. Each cell in grid is represented by its
central point. If all points in the sensing area of a node are
located in the sensing areas of its neighbors, the node will be
redundant. Even though the solution is rather simple, it requires
excessive memory capacity for grid buffering.

Carbunar, Grama, Vitek, and Carbunar [11] study the
problem of redundancy detection and elimination in a sensor
network. They solve by reducing the problem to Voronoi



diagrams computation. The whole monitoring area is divided
into a large number of Voronoi cells for coverage detection.
Due to the limited resources of sensor device, Voronoi-based
solution has high complexity in computation and maybe not
suitable for sensor networks.

According to the previous works, the selection rule in node
scheduling depends only on timer set randomly. This kind of
method makes any redundant node has the same probability to
be selected for activation. The remaining energy of node has
not been considered in selection. It can result that node with
low remaining energy maybe selected to be active before the
higher. In our work, we emphasize the remaining energy factor
in our node selection and apply a set-cover problem for node
scheduling instead of random timer.

I1l.  SET COVER-BASED DENSITY CONTROL ALGORITHM

In our localized density control algorithm, each node uses
only their local information from neighbors for checking
redundancy status. To spread sensing duty to nodes with high
remaining energy, we weight our active node selection rule
with the current remaining energy of nodes. This weighted rule
can make our scheduling scheme more balanced while the
sensing coverage is maintained.

There are some assumptions of sensor networks in our work
as follow.

o Nodes are deployed in a two-dimensioned plane.

e Each node knows its own location represented by a
coordinate (X, y).

e A sensing area is a disk and each node has the same
communication range twice as far as the sensing range.

e Every node has the same initial energy quantity and
consumption rate.

Our density control algorithm has been divided into two
phases. In the first phase, each node determines its redundancy
status by using the concept of perimeter coverage [4] and
effective neighbors [5]. All redundant nodes will be taken into
the second phase for node scheduling. This scheduling includes
an active node selection (using a greedy solution for a weighted
set-cover problem) and notification protocol based on voting.
The design of our algorithm will be described in details as
follows.

A. Redundancy determination

To have neighboring nodes’ locations, each node exchanges
some messages containing its own location with local
neighbors. All locations received from neighbors are used as
information for checking node’s redundancy status. From the
concept of perimeter coverage and effective neighbors, every
redundant node has two main characteristics.

1) Perimeter coverage: All perimeter of a sensing area
must be covered by the sensing area of its neighbors. Figure
1(a) shows an example of sensor node X whose perimeter
(represented by a circle with node inside) has already been
completely covered by seven neighboring nodes.
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2) Overlapping segment of perimeter: For each
effective neighbor, its segment of perimeter inside the
considered node’s sensing area must be covered by the sensing
area of the other effective neighbors. Figure 1(b) shows that
sensor node Y’s segment of perimeter inside X’s sensing area
has already been covered by A’s, B’s, C’s and D’s sensing

(e

Figure 1. Redundancy charasteristics: (a) Perimeter coverage and
(b) Overlapping segment of perimeter

.

Both of these characteristics are used as main conditions for
redundancy determination. Consequently, sensor nodes which
have completely these two redundancy characteristics are
decided to be redundant.

B. Activation node scheduling

Because of high-density deployment, there is definitely
more than one redundant node in the network. Some of these
may be located at a nearby area. Figure 2(a) shows ten sensor
nodes deployed. From redundancy determination, node X, Y
and Z are found to be redundant and should be turned into a
sleep mode. However, if all of these three redundant nodes
decide to sleep at the same time, a blind area that is not
detected by any sensor will exist. For this reason, we cannot
turn every redundant node into a sleep mode simultaneously.

(@ (b)

Figure 2. (a) Redundant nodes located at a nearby area and (b) Blind area
appearance which is divided into three small regions

To avoid a blind area appearance, all redundant nodes need
to properly schedule their working timeline. For longer
network lifetime, the number of active redundant nodes should
be minimized while the others can sleep for power savings. The
selected ones should cover the largest critical areas.

In this paper, the whole monitoring area is divided into
small regions. These small areas are bounded by sensing disk
perimeters of some nodes. This problem can be considered a



set cover problem whereby each redundant node is treated as a
set owner and the set members consist of those small areas it
covers. As in figure 2(b), the whole blind area can be divided
into three small areas including area a, b and c. Area a is
covered by node X and Y so it will be a member of both X’s
and Y’s set. Likewise, area ¢ will be a member of Y’s and Z’s
set while area b will be a member of all X’s, Y’s and Z’s set.
We can form a set cover problem model as (1). In this example,
node Y should be chosen to be active since it can cover all
critical areas a, b, and c by itself.

Universe ={a,b,c}

X ={a,b} )
Y ={a,b,c}
Z ={b,c}

Unfortunately, in a real environment, each node is not
provided with such a nice picture of overlapping areas. In this
paper, we propose an area searching protocol for computing a
set of covering areas of each node. In this protocol, each node
exchanges the location with its neighbors. Then, the node uses
its neighboring nodes’ locations for calculating crossing points
between two nodes’ perimeters. These crossing points are
viewed as the vertices of an area search graph. According to the
previous example, node X calculates its crossing points inside
its sensing area by using Y’s and Z’s location. Figure 3 shows
that node X has five crossing points including point 1, 2, 3, 4,
and 5. These crossing points and the segments of perimeters
(connecting between two crossing points) are considered
vertices and edges in our area search graph. This graph will be
put into an area searching process.

Figure 3. Area search graph using perimeter-crossing points as vertices

Area search graph can be considered as a set of several
arrays. Each redundant node in the problem space has its own
set of arrays for keeping the crossing points located on nodes’
perimeters. All of these points in array are sorted by their
positions in clockwise order referring to the center of circle
(node’s location). As in figure 4, for example, there are three
redundant nodes located nearby in the problem space. Node X
has its own set of three arrays consist of array X, Y and Z for
keeping the crossing points located at node X’s, Y’s and Z’s
perimeter respectively. Due to five crossing points in node X’s
sensing area, array X will have four members consist of point
1,2,5and 4. Same as array X, array Y and Z have point 5, 3, 1
and 4, 3, 2 as their members respectively.

103

Figure 4. Arrays of crossing points located on nodes’ perimeters

If current node searching areas is node P, one of P’s
vertices in array P is selected as a starting point and as the root
of P’s area search tree. From this starting point A, we traverse
on an edge of the area search graph to the next vertex B.
However, this next traversed edge cannot be on the same
perimeter which the previous edge is on. This starting point A
is considered to be on P’s perimeter so the next vertex cannot
be on P’s perimeter. We can get this vertex B by considering at
the vertex located adjacently to vertex A in the other array Q
whose vertex A as its member. This vertex B is inserted into
the area search tree as a child of vertex A. After the new vertex
is inserted, we continue searching by selecting one child in our
area search tree (in a breadth-first manner). This selected vertex
C will be checked for a loop. If there is another vertex C at the
higher level of the tree (vertex C’s parent path to the root), we
have a loop in our area search graph. As a result, this loop
represents an overlapping area found in the computing node’s
set. The overlapping area can be represented by a list of
vertices (a path from the higher vertex C toward the lower
vertex C of the area search tree). After the overlapping area is
found, we stop searching on this path (represented the
overlapping area) in tree.

Otherwise, if there is no other vertex C at the higher level
of the tree, we continue traversing from the current vertex C on
the next edges (not be on the previous perimeter) of the area
search graph and add the new vertices found as a children of
vertex C in tree. This searching process will continue searching
until there is no leaf vertex in tree has not been traversed (or all
edges in area search graph have been traversed). As a result, a
set of all node P’s covering areas are definitely found.

In figure 5(a), node X chooses point 1 as the starting point.
The next point is point 3 on Y’s perimeter. From point 3, we
cannot continue traversing on the same perimeter. Therefore,
we can only traverse on Z’s perimeter to point 2 or 4. Figure
5(b) shows an area search tree whose vertices are the crossing
points gathered from the searching process. The final result
shows that node X have three discovered critical areas
including area (1, 3, 2, 1), (3, 2, 5, 3), and (3, 4, 5, 3). However,
the areas only covered by one node are not included in our
result because they cannot appear to be blind.

When the set of covering areas has been completely
discovered, they exchange some messages containing their own
sets including remaining energy with their neighbors. All sets
received are used to form a set-cover problem. According to
the greedy solution, a set with the most members will be
selected first. This implies that the owner of the selected set is
chosen to be active.



@ (b)

Figure 5. (a) Area searching procedure and (b) Area search tree

As a result, nodes with more covering areas are always
selected. Given limited energy, these nodes will run out of
energy before others. Consequently, the overall sensing
coverage may not be preserved. As in figure 2(a), although
node Y has the most covering areas, node X and Z should be
activated to replace node Y once in a while. Therefore, we
propose that the remaining energy of the node should be
factored into the node selection process. Not surprisingly, our
greedy rule includes remaining energy as a weight (see
Equation (2)).

Cost — Effectiveress = Remaining energyx #Coveringareas (2)

The solution form the set cover problem consists of two
node lists: an active and inactive list. From the above equation,
higher remaining energy and a larger number of covering areas
result in higher cost-effectiveness. Therefore, nodes with such
properties will be selected to be active first and put into the
active list. This is reasonable because these nodes deserve to
work more than the others. After all nodes in the active list
have covered the whole blind area already, the selection
process stops and the remaining nodes unselected are put into
the inactive list.

However, given that neighbors of each node are different, a
set cover problem of a node differs from that of the other.
(These problems are localized to avoid excessive overhead in
forming a centralized problem.) Therefore, their solutions of
active nodes may conflict with one another. Some nodes may
be decided to be active by one node but the other nodes may
prefer them to sleep.

In this paper, we address the above problem using a voting
protocol. Figure 6 shows a state diagram of our voting scheme.
Once the solution of the set cover problem is obtained in the
state “Calculate set cover solution”, the node sends a voting
message containing its solution to its neighbors. In a sense, the
sender votes that nodes on the active list should be activated
and nodes on the inactive list should be deactivated. After the
votes have been completely sent out, the node goes to the state
“Collect solutions from nbrs” and waits for receiving votes
from neighbors. Each node focuses on the votes about itself.
When voting time is out, node goes to the next state “Calculate
wait-to-sleep timer”. In this state, the ratio of inactive and
active votes is combined with the remaining energy to set up a
wait-to-sleep timer. This timer is set up for listening
deactivation announcements (receiving deactivation messages
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from neighbors) in such a way that the timer is shorter for
the node with lower remaining energy and more votes to sleep.

Collect solutions
from nbrs

Receive decision message
fromnbrs

Vote timeout Send votes to nbrs

Calculate
wait-to-sleep timer.

Calculate
set cover solution

Wait-to-sleep timeout Go to next round

Turn into
sleep mode
Figure 6. Voting state diagram

Once the wait-to-sleep time is out, the node is eligible to
sleep. The node announces to its neighbors about its
deactivation and safely goes to sleep in the state “Turn into
sleep mode”. Other nodes check whether these deactivation
events conflict with their current solutions or not. If yes, these
nodes go back to the state “Calculate set cover solution”. Then,
they re-compute their solutions and send new votes to their
neighbors again.

IV. PERFORMANCE EVALUATION AND SIMULATION

In this section, we evaluate our algorithm performance on a
TinyOS [12] simulator called TOSSIM [13]. Our simulation
code is written in nesC [14], a programming language for
wireless sensor networks. The monitoring area is a square of
100x100 units. Each sensor has the same sensing range. There
is no packet loss in our simulation. In the first part of our
evaluation, we compare the performance of four redundancy-
determination algorithms. Table | shows a percentage of an
average false error (non-identical result between theoretical and
simulation) for varying number of simulated sensor nodes. The
result indicates that a hybrid approach of perimeter and
effective neighbors can reduce false errors and improve the
accuracy in redundancy determination.

TABLE I. RESULTS OF SIMULATION FOR REDUNDANCY
DETERMINATION
Totgl Average false error (%0)

number i i i

of nodes | partion | coverage | . of perimeter | 01
50 4.2 13.8 4.4 3.6
100 12.7 38.6 11.3 9.7
150 185 51.3 19.3 15.8
200 255 57.3 26.5 225
250 29.0 59.8 295 25.0
300 29.3 62.0 31.0 27.0
350 32.0 63.0 32.0 24.0

To evaluate our node scheduling algorithm, we compare
our set cover approach with PEAS [8] and randomized timer
[4] approaches. We measure the number of active nodes
required for each approach. As in figure 7, under the
assumption of fixed monitoring area through simulation, all
approaches can reduce and preserve the number of active nodes
varying between 50 and 90. According to the same total node



number, our protocol requires a fewer number of active sensor
nodes than the randomized timer approach because it attempts
to activate redundant nodes that cover more areas first.
Unfortunately, our protocol requires more number of active
nodes than PEAS. However, while using PEAS, redundant
nodes are turned off without any coverage consideration. Due
to our set cover -based algorithm, each part of the monitoring
area is covered by at least one sensor node. Therefore, it can
guarantee that the original sensing coverage of the network will
be conserved.

Required active nodes for monitoring area
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Figure 7. Number of active nodes vs. total number of nodes

In addition, we measure the network lifetime of these
approaches (see figure 8). Given that, in our approach, the
remaining energy of a node is factored into the node selection
rule, nodes with higher energy will likely be selected. Hence,
the network lifetime can be extended longer than previous
algorithms.

Network lifetime extension

20,000

16,000

12,000 - —%— Normal

—e—PEAS
8,000 /
4,000 | /

—a— Random
100 150

—a— Voting

Network lifetime (seconds)

200 250 300 350

Total number of nodes
Figure 8. Network lifetime vs. total number of nodes

V. CONCLUSIONS

In wireless sensor networks, several sensor network
applications require a high density of sensors to accurately
collect data. These networks may consume excessive energy as
there are several redundant sensors that cover the same sensing
areas. To address this problem, we propose a set cover-based
density control algorithm that can reduce the overall energy
consumption by putting some subsets of redundant nodes into a
sleep mode. This sensing coverage problem is transformed into
a weighted set-cover problem. We solve this problem using a
greedy approximation algorithm weighted by the remaining
energy of nodes.
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For practical use, we also introduce an area searching
protocol for determining the covering areas of a node. In
addition, a voting protocol has been provided for finalizing the
active node selection given that our localized solutions may
conflict with one another. TinyOS technology and tools (e.g.,
TOSSIM simulator) have been used in our implementation and
evaluation of this work. The result indicates that our approach
is efficient, practical, and viable for wireless sensor networks.
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