
A Distributed Coverage- and Connectivity-
Centric Technique for Selecting Active Nodes

in Wireless Sensor Networks
Yi Zou, Student Member, IEEE, and Krishnendu Chakrabarty, Senior Member, IEEE

Abstract—Due to their low cost and small form factors, a large number of sensor nodes can be deployed in redundant fashion in

dense sensor networks. The availability of redundant nodes increases network lifetime as well as network fault tolerance. It is,

however, undesirable to keep all the sensor nodes active at all times for sensing and communication. An excessive number of active

nodes leads to higher energy consumption and it places more demand on the limited network bandwidth. We present an efficient

technique for the selection of active sensor nodes in dense sensor networks. The active node selection procedure is aimed at providing

the highest possible coverage of the sensor field, i.e., the surveillance area. It also assures network connectivity for routing and

information dissemination. We first show that the coverage-centric active nodes selection problem is NP-complete. We then present a

distributed approach based on the concept of a connected dominating set (CDS). We prove that the set of active nodes selected by our

approach provides full coverage and connectivity. We also describe an optimal coverage-centric centralized approach based on

integer linear programming. We present simulation results obtained using an ns2 implementation of the proposed technique.

Index Terms—Coverage and connectivity, distributed system, energy efficiency, wireless sensor networks.
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1 INTRODUCTION

WIRELESS sensor networks can be deployed to provide
continuous surveillance over an area of interest,

referred to as a sensor field [4], [11], [24]. Wireless sensor
nodes perform collaborative sensing [34] via wireless
communication channels to retrieve information about
targets that appear in the sensor field. Higher-level decision
making can then be carried out based on the information
received from the sensor nodes. Thus, these networks can
be deployed in inhospitable terrain or in hostile environ-
ments to provide continuous monitoring and information
processing for a wide variety of applications [5], [19].

Manywireless sensor nodes have low cost and small form
factors [11], [24]; therefore, they can be deployed in large
numberswith high redundancy. In thisway, the network can
be made fault-tolerant. Since nodes are deployed in a
redundant fashion, not every node in the sensor network
needs tobe active for sensingandcommunication all the time.
By selecting only a subset of nodes to be active and keeping
the remaining nodes in a sleep state, the energy consumption
of the network is reduced, thereby extending the operational
lifetime of the sensor network. Fewer active nodes also places
fewer demands on the limited network bandwidth. Sleeping
nodes serve as backup nodes to replace the failing active
nodes without affecting the quality of service in the sensor
network.

The selection of active nodes must be carried out with
coverage and connectivity as important considerations. A

procedure for selecting active nodes should provide the
highest possible coverage of the sensor field and it should
also assure network connectivity for routing and informa-
tion dissemination.

The problem of selecting active nodes belongs to the
category of sensor network management problems [25],
[28], which has a close resemblance to the well-studied
problem of forming the virtual backbone [2], [32] in an ad hoc
wireless network. The virtual backbone is a subset of nodes
that remain active for routing and it is represented by the
connected dominating set (CDS) of the graph correspond-
ing to the sensor network. For a graph G ¼ ðV ;EÞ, a subset
of vertices V 0 � V is a dominating set (DS) if any vertex in G
is either in V 0 or adjacent to at least one vertex in V 0. For
example, a wireless ad hoc network can be modeled as a
unit-disk graph [9] (UDG), where the unit disk represents
the simplified communication model for the sensor node.
The CDS is a subset of vertices that forms a DS and a
connected subgraph. Therefore, nodes in CDS form a
connected subnetwork that acts as a backbone for commu-
nication. It is only necessary to keep nodes in CDS active for
routing packets on the network. The problem of selecting an
optimal set of nodes for the CDS is referred to as the
minimum connected dominating set (MCDS) problem.
Since the MCDS problem is NP-hard for arbitrary graphs
[2], [13], significant effort has been devoted in the literature
to distributed heuristics for MCDS and on the reduction of
the size of the CDS [1], [2], [13], [27], [32].

In this paper, we address the problem of selecting a
subset of nodes that are active for both sensing and
communication. The sensor field coverage is not adversely
affected by keeping only this subset of nodes active;
whenever necessary, sleeping nodes can join the active
network for sensing or communication. This problem bears
some resemblance to the well-studied problem of finding
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the virtual backbone as described above. However, the
active nodes forming the backbone in this work must be
responsible for both sensing coverage and communication
connectivity. Connectivity and sensing coverage require-
ments are not concurrently satisfied for known CDS/MCDS
heuristics. This is due to the fact that the sensing area of a
node adjacent to the set of CDS nodes is not guaranteed to
also be covered by the CDS nodes, i.e., the node that is not
in the CDS also needs to be active to guarantee coverage.
This scenario becomes more complicated when the sensor’s
coverage area cannot be simply modeled as a disk-shaped
area. Motivated by this observation, we formulate the
coverage-centric active nodes selection (CCANS) problem.
We first prove that this problem is NP-complete. Based on
previous work on the use of CDS for efficient routing [2],
[32], we propose a distributed approach to find a CDS that
forms a virtual backbone for both sensing coverage and
communication connectivity.

The proposed approach offers several benefits. First, the
surveillance area is fully covered for target detection events.
Second, raw sensor data can be directly obtained from the
active nodes in the CDS. Therefore, the routing of sensor
data is simplified. The communication cost is reduced
because there is no need to request any sensor data from
nodes outside the CDS.

The remainder of this paper is organized as follows:
Section 2 presents a brief review of related research topics. In
Section 3, assumptions and preliminaries are presented. We
present the coverage and connectivity-centric active nodes
selection problem and prove that it is NP-complete. We also
present an integer linear programming model to solve the
coverage-centric problem in a centralized manner. While the
centralized approach is clearly not scalable for large problem
instances and it has low fault tolerance because of the
reliabilitybottleneckdue to thehost, it isuseful to evaluate the
distributed algorithm for small problem instances. The
proposed distributed approach is introduced in Section 4
and we prove that full coverage and connectivity are
provided by the selected set of active nodes. Implementation
details are presented in Section 5. In Section 6, simulation
results basedonns2arepresented to showtheeffectiveness of
the proposed approach. We conclude the paper in Section 7
and outline future research directions.

2 LITERATURE REVIEW

Sensor node deployment strategies provide efficient sensing
coverage over the surveillance area for typical tasks such as
target detection. This problem has received a lot of attention
recently [10], [22], [30], [35]. In [22], sensor deployment is
carried out based on the idea of “exposure” to determine
the best and worst-case sensing coverage. Clouqueur et al.
[10] propose a sequential deployment strategy with a
limited number of sensors deployed in each step until the
desired probability of target detection is achieved. Self-
deployment for mobile sensors based on the notion of
potential fields is presented in [16]. Zhou and Chakrabarty
[35] propose cluster-based sensor deployment based on
virtual forces. Recent work [30] presents the design of
distributed sensor deployment protocols based on vector
forces, Voronoi graphs, and mini-max approaches.

Distributed collaborative sensing in ad hoc wireless
sensor networks raises many issues that are different from

the well-studied centralized scenario [5], [11], [21], [24], [34].
Special considerations have been given to sensor network
characteristics such as limited resources, energy require-
ments, scalability, etc. Ad hoc sensor networks depend on
distributed target localization and estimation techniques [8],
[21], [29], where tracking accuracy may have to be traded
off in practice to adhere to constraints such as energy
consumption, communication latency, etc. Most of these
approaches are based on the use of cheap omnidirectional
acoustic sensors as the node sensing unit whose sensing
area can be simply modeled as a disc [8], [29].

A number of different approaches have been proposed to
prolong the operational lifetime of battery-powered sensor
networks using energy-efficient protocols [7], [15], [20], [23].
PAMAS is a MAC-layer protocol [23] that can achieve
significant power savings without affecting delay or
throughput. LEACH, proposed in [15], is a cluster-based
energy-efficient routing protocol with self-selected cluster
heads that collect and aggregate sensor data. PEGASIS, an
improvement over LEACH [20], tends to increase the sensor
network lifetime by decreasing the bandwidth via local
collaboration among nodes. SPAN [7] is another protocol
that achieves energy efficiency for wireless sensor networks
by introducing off-duty and on-duty cycles for sensor
nodes. Some other work includes rumor routing [3],
geography information-based routing [33], the topology
management-based protocol STEM [25], and coverage-
preserving node organization [14], [28], [31].

Dominating set (DS) based routing algorithms lead to a
virtual backbone for the deployed ad hoc sensor network
[1], [2], [13], [26], [27], [32]. This approach achieves better
results over early on-demand routing protocols such as DSR
[18]. The virtual backbone is formed by representing the
connected routing nodes as a CDS. Since the minimal CDS
(MCDS) problem is NP-hard, most previous work has
focused on finding distributed heuristics for reducing the
size of the CDS [2], [26]. The MCDS problem for ad hoc
network was first introduced in [2], in which shortest paths
are found for routing. In [13], the MCDS problem for
arbitrary graphs has been solved using approximation
algorithms. Wu [32] proposed a simple distributed algo-
rithm to form the CDS based on a marking process in which
a node is marked as a dominant node when it has two
neighbors not connected to each other directly. These
results have been further improved by extension rules
based on node ID [32]. Stojmenovic et al. [27] present a
distributed construction with complexity �ðnÞ for cluster-
based ad hoc sensor networks. In [1], two node-ID-based
distributed heuristics are proposed that use single-hop
knowledge and have time and message complexity of OðnÞ
and OðlognÞ, respectively.

Relatively less attention has been devoted in the
literature to the problem of finding a subset of (active)
nodes that satisfies the requirements for both sensing
coverage for surveillance and communication connectivity
for routing. In [14], Gupta et al. proposed a greedy
algorithm for efficient querying based on the notion of a
connected sensor cover, which manages the topology
without sacrificing connectivity and sensing coverage.

Recently, [28] proposed a distributed node scheduling
scheme to decide which nodes can be turned off without
affecting the sensing coverage, where global coverage is
achieved by making use of the geometric relationships
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between the sensing regions of the nodes. Another recent

approach distinguishes connectivity from sensing and

determines the configuration of the nodes with both

communication connectivity and sensing coverage as

considerations [31].
Similarly to [31], the proposed approach makes a clear

distinction between sensing coverage and communication

connectivity and derives the same conditions under which

connectivity can be obtained without compromising sen-

sing coverage. However, the proposed approach differs

from [31] in a number of ways. Unlike [28] and [31], the

proposed approach is based on the formation of a CDS. As

we show later, the sensing range introduces an additional

constraint to the existing CDS problem for ad hoc network

connectivity. A CDS that satisfies both sensing coverage

and connectivity constraints acts as a backbone for the

sensor network. The proposed approach reduces the

amount of communication necessary for retrieving sensor

data since nodes in CDS are responsible for both routing

and sensing. Moreover, when evaluated in terms of the

percentage of active nodes, i.e., the size of the CDS, the

proposed approach outperforms previous work such as

SPAN [7] and coverage scheduling [28].

3 PRELIMINARIES

3.1 Assumptions

In this paper, all subsequent discussions are based on the

following assumptions:

. The location information is available to the sensor
node either through hardware such as embedded
GPS or through location discovery algorithms.

. The ad hoc sensor network is deployed with
sufficient nodes such that the network is connected.
All sensor nodes are equipped with the same
hardware, software, and initial energy level, i.e.,
the network consists of homogeneous sensor nodes.

. We represent the surveillance field by a 2D grid,
whose dimension is given as X � Y . Let m ¼ X � Y ,
i.e., there are a total of m grid points in the field. Let
G ¼ fg1; g2; � � � ; gmg be the set of all grid points. Let gi

be the location vector for grid point gi, i.e.,
gi ¼< xi; yi > , where xi and yi are the coordinates
for grid point gi.

. We use S to denote the set of n sensor nodes that
have been placed in the sensor field, i.e., jSj ¼ n. A
node with id k is referred to as sk ðsk 2 S; 1 � k � nÞ.
Let lk be the location vector of node k and let
L ¼ fl1; � � � ; lng.

. Assume that all sensor nodes are equipped with the
same type of sensing and communication hardware,
i.e., they have the same maximum communication
range rc and maximum sensing range rs, both in
meters.

. Let dij ¼ jjgi � gjjj be the distance between grid
points gi and gj, dij ¼ jjli � ljjj be the distance
between node si and sj, and dki ¼ jjgi � lkjj be the
distance between the grid point gi and the sensor
node sk.

3.2 Sensing Coverage Evaluation

We express the sensing coverage over the sensor field using
a sensing model which converts a physical signal to a
confidence level of how well the area is detected by the
sensor node. We denote the coverage as the detection
probability of a target at grid point gi being detected by a
node sk as pki . For a simplified binary sensor model, pki ¼ 1
when dki � rs, otherwise pki ¼ 0. In reality, however, the
strength of the sensor signal suggests the probability of the
existence of a target, hence we use the following exponen-
tial function to represent the confidence level in the
received sensing signal:

pki ¼
e��dki ; if dki � rs;
0; otherwise;

�
ð1Þ

where � is a parameter representing the physical character-
istics of the sensing unit. The model conveys the intuition
that the closer a location is to the node, a higher signal-to-
noise ratio is expected, resulting in a higher confidence level
of that location being detected. Areas beyond the maximum
sensing range rs are then considered to be too noisy for the
sensor node to determine if there is a target. Since the
sensing model is only used for coverage evaluation during
active node selection, alternative sensing models can also be
easily considered. Thus, no modifications are needed to the
proposed self-organization protocol if detection models
specific to sensing modalities, e.g., acoustic, IR, seismic, etc.,
are considered.

Assume that Si is the set of nodes that can detect grid
point gi, i.e., 8sk 2 Si; d

k
i � rs; thus, the detection probability

for grid point gi is evaluated by (1) as

piðSiÞ ¼ 1�
Y
sk2Si

ð1� pki Þ: ð2Þ

The coverage-centric problem is to find a subset S0 � S of
sensor nodes to cover the whole sensor field of interest
without losing required detection probability on each grid
point, i.e.,

piðSiÞ � pth; 8gi 2 G and Si � S0: ð3Þ

Only nodes in the subset S0 need to be actively performing
the sensing task and all grid points are still covered with
detection probability no lower than pth. The optimization
version of this problem is to find such a subset with
minimum size, i.e., the minimum number of nodes. In the
following discussion, we formulate this problem in terms of
cost minimization (minimize the number of active nodes).
The cost can denote energy or any other measure that varies
linearly with the number of sensors. We consider the
threshold pth to be a parameter underlying the optimization
framework. The optimization problem is stated as follows:

. P1: Given the parameter pth; 0 � pth � 1, a set S of
n sensor nodes located at l1; � � � ; ln, a set G of m grid
points, find a subset Sa � S such that, when only the
nodes in Sa are active

1. 8gi 2 G and Si � Sa, piðSiÞ � pth;
2. jSaj is minimum.

We next express P1 as a cost minimization problem,
which is then solved using integer linear programming
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(ILP). Assume without loss of generality that the cost for
keeping a node awake is the same for all sensor nodes. We
define the binary variable xkðk 2 I ; 1 � k � nÞ as follows:

xk ¼
1; if node sk is active
0; otherwise:

�
ð4Þ

To satisfy the coverage threshold requirement, we intro-
duce another binary variable, aki ði; k 2 I ; 1 � i � m and 1 �
k � nÞ as follows:

aki ¼
1; if pki � pth
0; otherwise:

�
ð5Þ

The cost minimization problem can be expressed as

Objective: Minimize C ¼
Xn
k¼1

xk

subject to

1. 1�
Qn

k¼1ð1� xka
k
i p

k
i Þ � pth, 1 � i � m

2. xk ¼ 0 or xk ¼ 1, 1 � k � n

3. aki ¼ 0 or aki ¼ 1, 1 � i � m, 1 � k � n

Constraint 1 represents a set of nonlinear inequalities,
which contains products of up to n binary variables. We
therefore introduce the following transformation to
linearize it.

1�
Yn
k¼1

ð1� xka
k
i p

k
i Þ � pth; ð6Þ

)
Xn
k¼1

lnð1� xka
k
i p

k
i Þ � lnð1� pthÞ: ð7Þ

Le t yki ¼ lnð1� xka
k
i p

k
i Þ, then xk ¼ 0 ! yki ¼ 0 and

xk ¼ 1 ! yki ¼ lnð1� aki p
k
i Þ. Thus, Constraint 1 can be

restated as
Pn

k¼1 y
k
i � lnð1� pthÞ; 1 � i � n. To ensure line-

arity, we introduce a new binary variable �ki defined as:

�ki ¼
1; if yki ¼ lnð1� aki p

k
i Þ;

0; otherwise:

�
ð8Þ

Therefore,

yki ¼ �ki lnð1� aki p
k
i Þ: ð9Þ

Constraint 1 now gets transformed to:

Xn
k¼1

�ki lnð1� aki p
k
i Þ � lnð1� pthÞ: ð10Þ

By observation, we can see that xk ¼ 0 ! �ki ¼ 0 and
xk ¼ 1 ! �ki ¼ 1. The relationship between xk and �ki can
then be expressed by

ð1� xkÞð1� �ki Þ þ xk�
k
i ¼ 1; ð11Þ

) 2�ki xk � �ki � xk ¼ 0: ð12Þ

Note that the term �ki xk in (12) is a product of two binary
variables; thus, it needs to be linearized. The product of two
binary variables uv can be replaced by a new binary
variable w with the following additional constraints: 1) uþ
v � 2w and 2) uþ v� 1 � w. Hence, we introduce the
binary variable wk

i to replace �ki xk and add the constraints:

�ki þ xk � 2wk
i ; ð13Þ

�ki þ xk � 1 � wk
i : ð14Þ

The resulting ILP model for this problem is given below:

Objective: Minimize C ¼
Pn

k¼1 xk,

subject to

1.
Pn

k¼1 �
k
i lnð1� aki p

k
i Þ � lnð1� pthÞ; 1 � i � m

2. 2wk
i � �ki � xk ¼ 0, 1 � i � m, 1 � k � n

3. �ki þ xk � 2wk
i , 1 � i � m, 1 � k � n

4. �ki þ xk � 1 � wk
i , 1 � i � m, 1 � k � n

5. xk ¼ 0 or xk ¼ 1, 1 � k � n

6. aki ¼ 0 or aki ¼ 1, 1 � i � m, 1 � k � n

7. �ki ¼ 0 or �ki ¼ 1, 1 � i � m, 1 � k � n

8. wk
i ¼ 0 or wk

i ¼ 1, 1 � i � m, 1 � k � n

Clearly, the ILP model is not scalable for large problem
instances. However, it provides optimal solutions for a
centralized sensor management scheme. Note, however,
that the centralized problem only addresses coverage
constraints; connectivity is not considered here. The set of
active nodes thus selected provides a lower bound on the
number of active nodes needed for both coverage and
connectivity. Hence, it is useful as a baseline to evaluate the
distributed CCANS procedure described in Section 4. While
alternative, and more efficient, ILP models can be devel-
oped for this problem, they are unlikely to scale for practical
problem sizes. In Section 6, we compare the result obtained
for a small problem instance using the centralized
approach, with the result corresponding to the distributed
approach described in Section 4.

3.3 Coverage Redundancy

We define the point coverage redundancy �ki for node sk at grid
point gi as

�ki ¼
piðSi n fskgÞ
piðfskgÞ

: ð15Þ

In (15), �ki represents the ratio of sensing coverage from all

nodes that can detect gi except sk itself to the coverage

provided by sk alone. When �ki ¼ 0, no node in Si n fskg
contributes to the coverage over gi, i.e., only sk can detect gi.

When �ki > 0, gi is then redundantly covered for node sk.

When �ki � 1, sk has complete coverage redundancy at gi.
LetAk be the sensing area of node sk. In the case of the grid

representation of the sensor field, Ak is the set of grid points
within the sensingareaofnodesk.Whenall gridpointswithin
Ak are completely covered in a redundant fashion by shifting
the sensing task to Si n fskg, node sk need not be active for
sensing. Due to fault tolerance considerations, we may
require the wireless sensor network to operate with a given
coverage redundancy. We refer to the required coverage
redundancy as the threshold coverage redundancy, denoted by
�th. Thus, we can state the following condition on whether
node sk is required to be active for sensing:

sk turns unit
off; if �ki � �th; 8gi 2 Ak;
on; otherwise:

�
ð16Þ

We assume that the unit grid size is small enough that Ak

contains at least one grid point. In (16), it is obvious that a
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larger �th results in a higher number of active nodes to

contribute to the sensing task over Ak; thus, we can trade off
between energy consumption and coverage redundancy.

However, (16) alone is not sufficient to make the final

decision on whether the node should stay active or go to

sleep since the wireless sensor network must also remain
connected for communication throughout its operation.

Note that 8gi 2 Ak, Si is not necessarily the subset of

neighbors for sk. Let NðskÞ be the set of neighbors of sk, i.e.,

NðskÞ ¼ fsjdðs; skÞ � rcg. If rc � 2rs, it easily follows that

8gi 2 Ak, Si � NðskÞ. If rc < 2rs, it is necessary for sk to
know locations of nodes up to d2rsrc e hops from it to evaluate

its coverage redundancy.

3.4 Coverage-Centric Active Nodes Selection

Since the wireless sensor network has to remain connected
at all times during its operation, the subset of nodes selected
as the sensing coverage backbone must also keep the
network connected. This requirement is expressed in terms
of the following problem:

. P2: Given the parameter pth; 0 � pth � 1, a set S of
n sensor nodes located at l1; � � � ; ln, a set G of m grid
points, find a subset Sa � S such that, when only the
nodes in Sa are active,

1. 8gi 2 G and Si � Sa, piðSiÞ � pth;
2. 8s 2 Sa is connected.

The optimization problem corresponding to P2 is the
minimum coverage-centric active nodes selection
(MCCANS), i.e.,

. MCCANS: Given the parameter pth; 0 � pth � 1, a set
S of n sensor nodes located at l1; � � � ; ln, a set G of m
grid points, find a subset Sa � S such that, when
only nodes in Sa are active,

1. 8gi 2 G and Si � Sa, piðSiÞ � pth;
2. 8s 2 Sa is connected;
3. jSaj is minimum.

We refer to the decision version of MCCANS as the CCANS
problem, i.e.,

. CCANS: Given the parameter pth; 0 � pth � 1, a set S
of n sensor nodes located at l1; � � � ; ln, a set G of m
grid points, does there exist Sa � S; jSaj ¼ k such
that, when only the nodes in Sa are active,

1. 8gi 2 G and Si � Sa, piðSiÞ � pth;
2. 8s 2 Sa is connected.

Let the graph GðV ;EÞ represent the network connectivity

for all nodes in S. Let the subset of active nodes to be

determined be SaðSa � SÞ. Let the subgraph induced by the

nodes in Sa be GaðVa; EaÞ. Next, we rephrase the CCANS
problem in terms of graph theory and prove it to be

NP-complete.

Instance: A set of n nodes in S represented by GðV ;EÞ, and
a positive integer k.

Question: Is there a subset Sa of S represented by

GaðVa; EaÞ and an integer k0 � k such that

1. 8gi 2 G and Si � Sa, piðSiÞ � pth;

2. Ga is a connected dominating set (CDS) of G;
3. jSaj ¼ k0.

Theorem 1. CCANS is NP-complete.

Proof. We prove the theorem in two steps. We first prove
that CCANS 2 NP. A nondeterministic algorithm only
needs to guess a subset S0 � S and evaluate the coverage
for all grid points due to nodes in S0 to check if pth is
satisfied for all grid points. This only takes polynomial
time. It also takes polynomial time to check the graph
corresponding to S0, G0ðV 0; E0Þ such that G0 is connected
and 8v 2 V n V 0, there exists u 2 V 0 such that uv 2 E, i.e.,
G0 is a CDS of G.

Next, we prove that CCANS is NP-hard using the
method of restriction. Restrict CCANS to the decision
problem of MCDS by allowing only instances of CCANS
with pth ¼ 0. This corresponds to the case that sensor
response to targets located anywhere in the field is
acceptable. Then, CCANS becomes equivalent to the
problem of deciding a minimum connected dominating
set (MCDS) of G with cardinality k. Since the decision
problemofMCDS is known tobeNP-complete,CCANS is
NP-hard and, since CCANS 2 NP, it isNP-complete. tu

4 DISTRIBUTED APPROACH FOR COVERAGE-
CENTRIC ACTIVE NODES SELECTION

Wenext describe a distributed approach for coverage-centric
activenode selection.This approach isbasedon the formation
of a connected dominating set with the surveillance area
being fully covered by the active nodes. In CCANS, sensor
nodes have three possible states, ACTIVE, SLEEP, orUNSET,
corresponding to subsets Sa, Ss, and Su, respectively. All
nodes are in the UNSET state at the start of the algorithm by
default. (Note that nodes can also be preset to ACTIVE or
SLEEP.) For the ACTIVE state, we differentiate sensing-unit-
active, communication-unit-active, and both sensing and commu-
nication-unit-active from each other; Sa contains active nodes
for all three cases. For example, anodemay turnoff its sensing
unit as its sensing area is fully covered by its neighbors, but it
needs to keep the communication unit on to maintain
network connectivity for routing (note that “off” may be a
power-saving mode in practice).

As mentioned in Section 3.3, to completely evaluate the
coverage redundancy, a node requires knowledge of its
d2rsrc e-hop neighbors. However, since the nodes are initially
deployed in a highly redundant manner and to reduce the
overhead for initial data exchange to determine node
locations, we only consider one-hop neighboring nodes in
coverage redundancy evaluation. This is acceptable because:
1) In practice, neighbor nodes that are within rc provide
sensing data with higher signal-to-noise ratio; 2) the set of
nodes selected by the proposed approach based on single-
hop neighbors is a subset of the case based on d2rsrc e-hop
neighbors; and 3) the proposed approach is not limited by
this requirement since we only need to extend the initial
information exchange to d2rsrc e-hop neighbors.

4.1 Token-Based Procedure

Assume that each node has obtained its local knowledge,
i.e., a list of neighbor nodes with their id, state, and location.
We divide the execution of the algorithm into two stages,
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namely, Stage 1 for node sensing coverage evaluation,
followed by Stage 2 for node state and connectivity checking.
In both stages, the algorithm is executed as a token-based
protocol that assigns the token to exactly one node at any
time instant. The node with the assigned token is referred to
as the token node and all other nodes either collect messages
sent from the token node or perform no action. Since nodes
are deployed randomly, initially we assign the token to
node 0 to start the distributed CCANS algorithm.

In the first stage, the current token node calculates its
coverage redundancy from (15) and (16, based on its local
knowledge only. It chooses state ACTIVE if its sensing area
is not fully covered by its neighbors; otherwise, it chooses
state SLEEP. However, this state decision is temporary since
the node may have some neighbor nodes still in the UNSET
state. When these neighbors receive the token, their state
decisions may contradict the state decision of the current
token node, e.g., a neighbor node assumed to be ACTIVE by
the current node may actually choose to SLEEP when it
becomes the token node, resulting in loss of the sensing
coverage of the current node. Then, the current token node
selects one of its neighbors as the next token node and
passes the token to it; therefore, the execution of the
algorithm in Stage 1 continues until the last UNSET node.
This last node initiates the second stage of the algorithm
after it completes Stage 1.

In Stage 2, only nodes with state decision as SLEEP check
their state decision and connectivity. This state checking for
a node is merely a recalculation of its coverage redundancy
except for the fact that now none of its neighbors are in state
UNSET. If the state decision does not match the result from
coverage redundancy recalculation, it is corrected. Next, the
node checks for connectivity. We prove later that, when
rc � 2rs, connectivity is already guaranteed; otherwise, a
node with state decision SLEEP has to be ACTIVE if it has
neighbor nodes whose state decisions are ACTIVE but are
not connected. Now, the current token node state decision
becomes final, with the node entering the decided state. The
current token node passes the token back to the node that
previously passed the token to it in Stage 1. The algorithm
then continues until the starting node completes Stage 2. All
sensor nodes finally enter their decided state either as
ACTIVE or SLEEP. Note that, when a node has completed
Stage 2, its state decision is final. However, this node should
not immediately go to the decided state since it must first
make sure that all its neighbors have received the state
update message about its final state decision.

We next present formal proofs to show that the subset of
active nodes derived from the proposed distributed CCANS
algorithm forms a CDS. Implementation details, including a
state transition diagram, are presented in the following
sections.

4.2 Connected Dominating Set Formed by Active
Nodes

As before, let Sa be represented by GaðVa; EaÞ. Therefore,
8v 2 V , v is either in Va or v 2 V n Va. Before we prove that

Ga is a connected dominating set of G, we first prove the
following theorem. For convenience, we refer to a vertex

and its corresponding sensor node interchangeably in the
following discussion. Let stateðÞ be the state function of

vertices corresponding to nodes state decisions, i.e.,

stateðvÞ ¼ ACTIVE if the state decision of node sk is
ACTIVE and sk corresponds to vertex v. Let dðu; vÞ be the

distance between vertices u and v. Let NðvÞ be the neighbor

set of v, NaðvÞ be the active neighbor set, and NsðvÞ be the
sleeping neighbor set, i.e., stateðuÞ ¼ ACTIVE if u 2 NaðvÞ
and stateðuÞ ¼ SLEEP if u 2 NsðvÞ.
Theorem 2. Assume that v 2 V n Va, i.e., stateðvÞ ¼ SLEEP,

i.e., v is determined to be a sleep node by the token-based

CCANS procedure in Stage 1. If rc � 2rs, the subgraph

induced by NaðvÞ is connected.
Proof. We prove the theorem by considering the active

neighbor set of v, i.e.,NaðvÞ. We analyze all possible cases

with respect to the distance between nodes inNaðvÞ and v.
Case 1: If 9u 2 NaðvÞ such that dðu; vÞ ¼ 0, i.e., u is

located at exactly the same location as v. Obviously, the
subgraph induced by NaðvÞ is connected because
stateðuÞ ¼ ACTIVE and NaðvÞ n fug ¼ NaðuÞ. An exam-
ple of this case is shown in Fig. 1a.

Case 2: If 8u 2 NaðvÞ such that 0 � dðu; vÞ < 2rs, i.e.,
sensing regions of all active neighbors of v overlap with
the sensing region of v. We use induction to prove that
the subgraph induced by NaðvÞ is connected for this case.
The induction basis consists of jNaðvÞj ¼ 1; jNaðvÞj ¼ 2,
and jNaðvÞj ¼ 3:

1. For the base case of jNaðvÞj ¼ 1, connectivity is
trivially ensured.

2. Let jNaðvÞj ¼ 2. Since stateðvÞ ¼ SLEEP, 9u 2
NaðvÞ such that dðu; vÞ ¼ 0. Otherwise, as shown
in Fig. 1b, the sensing region of v is not fully
covered by its active neighbors. Then, we know
from Case 1 that the subgraph induced by NaðvÞ
is connected.

3. Le t jNaðvÞj ¼ 3. I f 9u 2 NaðvÞ such tha t
dðu; vÞ ¼ 0, we know from Case 1 that the
subgraph induced by NaðvÞ is connected. As-
sume that 8u 2 NaðvÞ; dðu; vÞ > 0. Assume that
NaðvÞ ¼ fu;w; xg and consider an arbitrarily-
chosen node u. As shown in Fig. 1c, the shaded
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Fig. 1. Proof of Theorem 2: (a) Case 1, 9u 2 NaðvÞ such that dðu; vÞ ¼ 0. (b), (c), and (d) Case 2, 8u 2 NaðvÞ, 0 � dðu; vÞ < 2rs. (e) Case 3,

9u 2 NaðvÞ such that 2rs � dðu; vÞ � rc.



area is the part of the sensing region of v that is
not covered by u but is within the communication
range of u. Therefore, to cover the shaded area, u
is directly connected to at least one of the other
two active neighbors of v; let this active neighbor
be w. In addition, because no active neighbor of v
is located at exactly the same location as v, u is
also directly connected to another active neighbor
of v since u and w cannot fully cover the sensing
region of v. This is shown in Fig. 1d, where the
shaded area can only be covered with x being
located within the communication range of u.
Therefore, ðu;wÞ; ðu; xÞ 2 E and the subgraph
induced by NaðvÞ is connected.

4. Assume that the subgraph induced by NaðvÞ is
connected when jNaðvÞj ¼ m ðm > 3Þ. We next
prove that the subgraph induced by NaðvÞ is
also connected when jNaðvÞj ¼ mþ 1. If 9u 2
NaðvÞ such that dðu; vÞ ¼ 0, we know from
Case 1 that the subgraph induced by NaðvÞ is
connected. Assume that 8u 2 NaðvÞ; dðu; vÞ > 0.
Consider an arbitrarily chosen node u 2 NaðvÞ
and let NaðvÞ ¼ N

0
aðvÞ [ fug. Since jN 0

aðvÞj ¼ m,
the subgraph induced by N

0
aðvÞ is connected.

Now, assume that the subgraph NaðvÞ is not
connected, i.e., 8w 2 N

0
aðvÞ; ðu;wÞ 62 E. From the

proof for the case corresponding to Fig. 1c, 9w 2
NaðvÞ n fug ¼ N

0

aðvÞ such that ðu;wÞ 2 E. This
contradicts our assumption. Therefore, the sub-
graph induced by NaðvÞ is connected.

Case 3: If 9u 2 NaðvÞ such that 2rs � dðu; vÞ � rc, i.e.,
there exists some active neighbor of v whose sensing
region does not overlap with the sensing region of v. We
partition the set NaðvÞ into two subsets, namely, N1 and
N2, where NaðvÞ ¼ N1 [N2, N1 \N2 ¼ �,

N1 ¼ fuju 2 NaðvÞ; 0 � dðu; vÞ < 2rsg;

and N2 ¼ fuju 2 NaðvÞ; 2rs � dðu; vÞ � rcg. From Case 2,

we know that the subgraph induced by N1 is connected.

Therefore, we only need to show that 8u 2 N2; 9w 2 N1,

such that ðu;wÞ 2 E. Next, we consider an arbitrarily

chosen node u 2 N2 and assume that 8w 2 N1; ðu;wÞ 62 E.

As shown in Fig. 1e, the shaded area represents the

sensing region of u that is within the communication

range of u. It is easy to see that, to fully cover this shaded

area, at least one active neighbor of v must be within the

communication range of u, i.e., 9w 2 N1 such that

ðu;wÞ 2 E. This contradicts our earlier assumption. Thus,

8u 2 N2, 9w 2 N1 such that ðu;wÞ 2 E. Therefore, the

subgraph induced by NaðvÞ is connected.
Based on the analysis of the above cases, we conclude

that the subgraph induced by NaðvÞ is connected. tu

Theorem 2 tells us that, when a sleeping node checks for
connectivity among its neighboring active nodes, the
connectivity is automatically guaranteed if rc � 2rs. This is
used in Stage 2 of the distributed CCANS procedure for
connectivity checking. Note that, in the use of a grid for
coverage evaluation, it is possible that part or all of the
sensing region of a sleeping node may not be covered due

to the fixed grid size. However, this problem can be solved
by using the extended coverage evaluation technique for
nongrid points, as proposed in [36] (Theorem 1).

The following theorem shows that the CCANS proce-
dure provides a feasible solution to the self-organization
problem.

Theorem 3. Given an undirected connected graph G ¼ ðV ;EÞ
corresponding to the set S of sensor nodes, the subgraph
GaðVa; EaÞ derived from the token-based CCANS procedure
corresponding to the active sensor nodes set Sa is a connected
dominating set of G.

Proof. We first prove that GaðVa; EaÞ is a dominating set.
Suppose v is randomly selected from V . We prove that
either v is in Va or adjacent to a vertex in Va. When v 2 Va,
the proof is obvious; let us consider the case v 2 V n Va.
This implies that stateðvÞ ¼ SLEEP. Assume that
8u 2 Va, ðu; vÞ 62 E. Since stateðvÞ ¼ SLEEP, 9u 2 NðvÞ
such that stateðuÞ ¼ ACTIVE. Otherwise, the sensing
area of the node corresponding to v is not fully covered
and the state decision must be ACTIVE, i.e., stateðvÞ ¼
ACTIVE. This is contrary to our assumption that
stateðvÞ ¼ SLEEP. Therefore, u 2 Va and ðu; vÞ 2 E,
which contradicts our assumption that ðu; vÞ 62 E.

We next prove that GaðVa; EaÞ is a connected graph.
Assume that GaðVa; EaÞ is not connected. Then, 9u; v 2 Va

that are not connected to each other. Since G is a
connected graph, there exists a shortest path between u
and v in G. Let this path be P ¼< u; u1; u2; � � � ; uk; v >
; k � 1 and 8ui; uj 2 P; ui 6¼ uj. Obviously, there is at least
one ui 2 P such that stateðuiÞ ¼ SLEEP, i.e., ui 2 V n Va,
since u and v are not connected. Let us consider ui�1 and
uiþ1, which are adjacent to ui. If ui�1 and uiþ1 are not
connected, then, based on the proposed distributed
CCANS procedure, after Stage 2, stateðuiÞ ¼ ACTIVE,
which contradicts our assumption. Therefore, ui�1 and
uiþ1 must be connected, which means there exists
another path P n fuig that is shorter than P . This again
contradicts our assumption. tu

Theorem 4. Sensor nodes corresponding to the CDS formed by
GaðVa; EaÞ in Theorem 3 fully cover the surveillance area.

Proof. Let A be the total area under surveillance by the set
of n deployed sensor nodes S. Denote the areas
detectable to nodes in set S as AðSÞ ¼ [n

k¼1Ak. Assume
that AðSÞ is not completely covered by the active nodes
set represented by Va. Let AðSaÞ be the area that is
covered by the (active) nodes in Sa. There exists at least
one node s, s 2 S n Sa, that can detect the area corre-
sponding to AðSÞ n AðSaÞ. Therefore, for the vertex
corresponding to s, denoted as v, v 2 V n Va, i.e.,
stateðvÞ ¼ SLEEP. However, according to the distributed
CCANS procedure, v must be in Va if its corresponding
sensor area is not covered completely, i.e., stateðvÞ ¼
ACTIVE. This contradicts our assumption. tu

Theorem 5. For any u; v 2 V , let P be the shortest path between
u and v. Then, P n fu; vg � Va, where GaðVa; EaÞ is defined in
the statement for Theorem 3.

Proof. Consider avertexw 2 P;w 6¼ u; v.Assume thatw 62 Va.
Let x; y be the predecessor and descendant of w in P ,
respectively. Note that x; y cannot be directly connected
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because, otherwise, P is not a shortest path. From the
distributed CCANS algorithm, stateðwÞ ¼ ACTIVE, i.e.,
w 2 Va, which contradicts our assumption. tu

The CDS derived from the proposed distributed CCANS
algorithm forms a backbone of the ad hoc sensor network
for both sensing and communication. From Theorem 4, any
target detection event within the surveillance area will be
reported by the active nodes. Also, from Theorem 5, when
there is a target detection event, the earliest sensor data can
be directly obtained from the active nodes. Multiple sensor
data can be integrated along the routing path on the CDS.
This reduces the communication cost since there is no need
to request any sensor data from nodes outside CDS.
Routing for new sensor data of the detected target is also
simplified since the destination nodes for such requests are
inside CDS. In the next section, we prove that the
distributed CCANS procedure always terminates with all
the nodes set to either the active or the sleep state.

5 IMPLEMENTATION DETAILS

As explained in the previous section, the proposed
distributed CCANS algorithm is implemented as a token-
based protocol. This procedure is designed as an initializa-
tion protocol for the ad hoc sensor network and it is
executed immediately after the deployment of the nodes. To
avoid wasteful computation and exchange of excessive
control messages between nodes as a result of state changes,
each node makes its state decision only once in the first
stage on the assumption that its neighbors would be in the
state that can actually support its state decision. For
example, if a node is in the SLEEP state, it implies that
some of its neighbors stay ACTIVE. The state decision is
checked and corrected later in the state checking stage. The
procedure for this protocol is shown as a finite-state
machine for a node in Fig. 2. The state diagram shows all
the steps starting from the sending of the HELLO message
until the node finally determines its state.

5.1 Message Types

Three types of messages are used in the distributed CCANS
algorithm, namely, HELLO, STATE, and UPDATE. Each

message has a common header that contains the source id,
destination id (-1 for single-hop broadcasting), and the time
stamp, indicating when the message was sent. The data
structure for the message is shown in Fig. 3, where both
STATE and UPDATE use the same data structure as
m:d:state.

The HELLO message is used by a node to build up its list
of single-hop neighbors when a node is powered up. The
HELLO message contains the node id and node location
information such that a node can estimate its neighbor’s
coverage. Based on the HELLO messages received, each
node calculates the maximum message time, denoted as
tmaxðkÞ for node sk. Let MhðiÞ be the HELLO message sent
from node si received by sk at time tkðiÞ, then tmaxðkÞ is
calculated as:

tmaxðkÞ ¼ max
8si2NðskÞ

ftkðig �MhðiÞ:hello:send timeg: ð17Þ

The initial token node that starts the first stage of the
algorithm has no knowledge about how many neighbors it
has. Therefore, it has to wait for a period corresponding to a
predetermined constant timeout value, denoted by trun. If it
receives any new HELLO message during this waiting
period, it resets the timer to wait again. The parameter trun
should be large enough to ensure that the local knowledge
is complete, e.g., in our simulation using ns2, trun ¼ 10 sec
for 100 nodes in a 300m � 300m field with rc ¼ 50m.
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Fig. 2. Finite state machine diagram for a node in the implementation of the distributed CCANS algorithm.

Fig. 3. Data structure for CCANS protocol messages.



Each token node keeps a copy of the id of the node that

passed the token to it. When a state decision is made, the

token node sends a STATE message to pass its state

decision and token to the next token node. The STATE

message also contains the tupdate given by (18), referred to as

the state update time. For the STATE message from node sk,

tupdate ¼ tmaxðkÞ � jNðskÞj � �; ð18Þ

where � � 1 is a tuning parameter. The node that receives

the token waits for tupdate unit of time before it starts the

execution of the algorithm. Note that the STATE message is

for stage 1 and the state decision made is not final. After the

node completes Stage 1, if it has no more UNSET neighbors,

it goes on to Stage 2 for coverage and connectivity checking.

Only after the UPDATE message has been sent is the state

decision then final. After a node has completed Stage 2, it

waits for time tupdate and then enters to the designated state,

as shown in Fig. 2.

5.2 Token Passing

To reduce the execution time of the algorithm by expanding

the global sensing coverage as much as possible, the current

token node selects one of its UNSET state neighbors that is

expected to make the maximum contribution to the global

sensing coverage. Let us consider an arbitrarily chosen node

sk 2 S. During the execution of the distributed CCANS

procedure, when sk receives the token, sk will record the id

of the node from which it receives the token in sk’s local

memory. We refer to this node as the token source for sk
and denote it by tokensrcðskÞ. After the initial deployment,

all other nodes set their token sources as �1 (or any other

value that is not recognized as a valid node id), except for

the start node, which sets its token source as its own node

id. The current token node chooses one of its neighbor as

the next token node based on three possibilities. Assuming

that the current token node is sk, these possibilities are

listed as follows:
Case 1: If sk has no neighbor nodes that are still in the

UNSET state, then Stage 1 is completed for sk, and it starts
Stage 2, i.e.,

tokenid ¼ tokensrcðskÞ: ð19Þ

Case 2: If sk has no ACTIVE state neighbor nodes, then it
selects one of the UNSET neighbor nodes that is furthest
from it, i.e.,

tokenid ¼ fsij max
8 UNSET si2NðskÞ

fdðsi; skÞgg: ð20Þ

Case 3: If sk has ACTIVE state neighbors, then it selects

one of the UNSET neighbor nodes that is furthest from the

centroid of all ACTIVE neighbors, i.e.,

tokenid ¼ fsij max
8 UNSET si2NðskÞ

fdðsi; �ssÞgg; ð21Þ

where �ss is a dummy node that is located at ð�xx; �yyÞ, which is

the centroid of all ACTIVE neighbors of node sk, i.e.,

�xx ¼
P

8 ACTIV E si2NðskÞ xi

jf8 ACTIV E si 2 NðskÞgj
; ð22Þ

�yy ¼
P

8 ACTIV E si2NðskÞ yi

jf8 ACTIV E si 2 NðskÞgj
: ð23Þ

Recall the fields tokenid and srcid in the message

structure shown in Fig. 3. The node sk gets the token for

execution of the CCANS algorithm when idðskÞ ¼ tokenid.

If tokensrcðskÞ ¼ �1, then sk sets tokensrcðskÞ ¼ srcid; this is

set only once. Therefore, every node knows its token source

and is able to pass the token back to its token source when it

completes CCANS Stage 2 (which corresponds to Case 1 in

the above token passing possibilities). If sk is the start node,

then, initially, tokensrcðskÞ ¼ idðskÞ 6¼ �1. At the time when

the token is passed back to sk, if sk has no UNSET

neighbors, it executes Stage 2 of the distributed CCANS

procedure to find its own final state decision; then, the

distributed CCANS procedure terminates. As an example,

Fig. 4 illustrates token passing for an example sensor

network with four sensor nodes, s1, s2, s3, and s4, where s1
is the start node. The steps in this example are as follows:

a. Initially, all nodes are in the UNSET state and s1 is
the start node.

b. s1 has completed CCANS Stage 1 and passes the
token to s2.

c. s2 has completed CCANS Stage 1 and passes the
token to s3.

d. s3 has no more UNSET neighbors and it has
completed CCANS Stage 2, therefore s3 passes the
token back to s2.

e. s2 still has UNSET neighbors so s2 passes the token
to s4.

f. s4 has no more UNSET neighbors and it has
completed CCANS Stage 2, therefore, s4 passes the
token back to s2.

g. s2 has no more UNSET neighbors and it has
completed CCANS Stage 2, therefore, s2 passes the
token back to s1.

h. s1 has no more UNSET neighbors and it has
completed CCANS Stage 2. Since s1 is the start
node, all nodes have made the state decision, and
CCANS terminates.

Fig. 5 shows the sequence of token source in terms of node
id during the execution of the distributed CCANS proce-
dure for the example shown in Fig. 4.

Next, we prove that the distributed CCANS procedure

always terminates and the token passing procedure

guarantees that all nodes with the UNSET state will be in

either the ACTIVE or the SLEEP state when CCANS

terminates. Let G ¼ ðV ;EÞ still be the graph representing

the set S of sensor nodes, stateðÞ be the state function of

vertices corresponding to state decisions of the nodes, and

tokensrcðÞ be the token source id function of vertices.

Initially after deployment, 8v 2 V ; stateðvÞ ¼ UNSET and

tokensrcðvÞ ¼ �1. Let hðv; uÞ be the function that indicates

the maximum number of hops needed for v to reach u. We

define hðv; uÞ ¼ 1 if there is no path from v to u. Since G is

connected, 8u; v 2 V ; hðv; uÞ 6¼ 1. Let hðvÞ be the maximum

number of hops needed for v to reach all vertices, i.e.,

hðvÞ ¼ max8u2V ;u 6¼v hðv; uÞ. Let NiðvÞ be the i-hop neighbor

set of v, i.e., 8u 2 NiðvÞ; hðv; uÞ � hðvÞ, where i ¼ 1; � � � ; hðvÞ.
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Theorem 6. If the graph G ¼ ðV ;EÞ corresponding to the set S

of deployed sensor nodes is connected, the distributed CCANS

algorithm always terminates.

Proof. We only need to show that the token is always going

to return to the start node, which serves as the

termination criterion for CCANS. Next, we consider an

arbitrarily chosen v 2 V that has not received any token

yet, i.e., tokensrcðvÞ ¼ �1. As shown below, two possi-

bilities can arise in the passing of the token to v.
Case 1: If v is the start node, then 8u 2 V ; u 6¼ v,

hðu; vÞ � hðvÞ 6¼ 1, i.e., v needs at most hðvÞ hops to
reach any vertex in V . From the token passing procedure
described earlier, 8u 2 V , the token initiated from v
needs at most hðvÞ hops to reach u and u needs at most
hðvÞ hops to send the token back to v. This implies the
total number of hops needed for the token initiated from
v to travel back to v is at most 2hðvÞðjV j � 1Þ 6¼ 1.

Case 2: Suppose v is not the start node. If v receives
the token from one of its neighbors, we can present the
same argument as in Case 1. Suppose v does not receive
the token from any of its neighbors, i.e., tokensrcðvÞ ¼ �1
and stateðvÞ ¼ UNSET. Assume u is the start node.
Then, hðv; uÞ � hðvÞ and hðv; uÞ � hðuÞ. Since v does not
receive the token, this implies hðu; vÞ ¼ 1, which means
G is not connected. This contradicts the assumption that
G is connected.

Therefore, the token initiated by the start node is
always able to travel back to the start node, which means
the distributed CCANS procedure always terminates. tu

Theorem 7. Consider an undirected connected graph G ¼ ðV ;EÞ
corresponding to the set S of sensor nodes. When the

distributed CCANS algorithm terminates, 8v 2 V , either

stateðvÞ ¼ ACTIVE or stateðvÞ ¼ SLEEP.

Proof. Assume 9v 2 V such that stateðvÞ ¼ UNSET when
the distributed CCANS procedure terminates. We con-
sider two possibilities corresponding to whether v is a
start node or not.

Case 1: Suppose v is the start node. Based on the proof
for Theorem 6, the token will travel back to v after at
most hðvÞðjV j � 1Þ hops. Since, at that time, all of
v’s neighbors must have already completed CCANS
Stage 2, v is then able to execute CCANS Stage 2. This
implies that stateðvÞ 6¼ UNSET.

Case 2: Suppose v is not the start node. Assume u is the
start node. Since stateðvÞ ¼ UNSET when the distributed
CCANS procedure terminates, tokensrcðvÞ ¼ �1, i.e., v
never receives the token from any node by the time
CCANS terminates. This implies that hðv; uÞ ¼ 1, which
contradicts the assumption that G is connected, where
8v; u 2 V ; hðv; uÞ 6¼ 1.

Therefore, when the distributed CCANS algorithm
terminates, 8v 2 V , either stateðvÞ ¼ ACTIVE or
stateðvÞ ¼ SLEEP. tu

Theorem 6 and Theorem 7 show that the self-organiza-
tion is achieved by the proposed distributed CCANS
algorithm. We next describe how the base station can
conclude that the self-organization procedure has been
completed. Consider the following two cases:

1. One-time run of the distributed CCANS procedure.
Consider an arbitrarily chosen start node v 2 V .
Since G is connected, from Theorem 6, the distrib-
uted CCANS procedure always terminates when the
token travels back to v and v completes CCANS
Stage 2. Furthermore, from Theorem 7, when the
distributed CCANS procedure terminates, 8v 2 V ,
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Fig. 4. Example of token passing in the distributed CCANS procedure.

Fig. 5. Token passing sequence for the example in Fig. 4.



either stateðvÞ ¼ ACTIVE or stateðvÞ ¼ SLEEP.
Therefore, the start node v knows whether the
distributed CCANS has terminated. Then, the start
node v only needs to send a message to the base
station to notify it about the termination of CCANS.

2. Multiple-time runs of the distributed CCANS
procedure. Assume that v1 2 V is the start node
when the distributed CCANS procedure is executed
at time instant t1 and v2 2 V is the start node when
the distributed CCANS procedure is executed at
time instant t2. Note that v1 is not necessarily the
same as v2. Based on the analysis in item 1, both v1
and v1 only need to send a message to the base
station to notify it about the termination of CCANS.
The same argument holds if v1 and v2 are identical.

Recall that, since the CCANS problem is NP-complete,

the distributed CCANS procedure does not guarantee a

minimum number of active nodes. Nevertheless, the

distributed approach is suitable for wireless sensor net-

works due to scalability reasons.

5.3 Performance Analysis

The performance is measured by the message complexity,

time complexity, and space complexity. Let � be the

maximum node degree. For ad hoc networks, the routing

messages are assumed to be of Oð�Þ size and a single

broadcast takes Oð�Þ time [2]. In our case, both the

coverage evaluation and coverage checking take Oðm�Þ
time, where m is the total number of grid points. The token

node selection has a time complexity of Oð�Þ and the

connectivity checking takes Oð�2Þ time. Therefore, the time

complexity for the proposed distributed CCANS algorithm

is Oðm�þ�2Þ. Assuming no packet loss, each node sends

exactly one HELLO message, one STATE message, and one

UPDATE message, and it receives 3� messages from each

of its neighbors. This implies a total message complexity of

Oðn�Þ. The proposed CCANS procedure only needs

constant rounds to complete (two rounds corresponding

to Stage 1 and 2). Each node needs to store its neighbor

nodes location, id, and state information; therefore, the

space complexity is Oð�Þ.
The performance of the proposed algorithm is at par with

the CDS construction algorithm proposed in [32] (which

outperforms the original CDS algorithm in [2]); it is, however,

not as efficient as the approach based on the minimum

independent set in [1]. Note, however, that our aim is to

achieve sensing coverage for surveillance and communica-

tion connectivity for routing at the same time, i.e., unlike in

[1], the size of the CDS depends on the number of sensor

nodes thatmust be in an active sensingmode for surveillance.

For example, if we only consider connectivity for routing,

boundary nodes on the sensor field need not be active;

however, this leads to loss of sensing coverage. Another

example is the extreme case of rc >> rs, where connectivity is

easy to achieve with a small number of nodes, but a larger

number of nodes is required for coverage.

6 SIMULATION RESULTS

6.1 Results for CCANS

The proposed algorithm has been implemented using the
ns2 using GNU C++ and TCL in Red Hat Linux 9.0 running
on a laptop computer. Fig. 6, Fig. 7, and Fig. 8 present
simulation results for a surveillance field of 300m by 300m
with n varying from = 100 to 200, rc varying from 50m up to
200m, and rs ¼ 100m. The sensor field is represented by a
30� 30 2D grid with a spacing of 10m between grid points.
For each set of parameters, the simulation is run for
20 rounds, where, in each round, nodes are deployed
randomly in the sensor field represented by the 2D grid.

Fig. 6 shows the example CDS formed by the proposed
CCANS algorithm with the total number of nodes set to 100
and rc ¼ 50m, 100m, 150m, 200m, respectively, in Fig. 6a,
Fig. 6b, Fig. 6c, and Fig. 6d. We can see that, when rc
increases, the number of communication-unit-active (shown
as CUA in Fig. 6) nodes decreases until, when rc ¼ 2rs, no
communication-unit-active nodes are needed for both
sensing coverage and communication connectivity. Also
note that nodes located at the field boundaries are always
kept active as their sensing areas are not fully covered by
their neighbor nodes.

Fig. 7 shows the percentage of sleeping nodes
determined by the distributed CCANS algorithm, while
Fig. 8 shows the percentage of communication-unit-active
nodes, i.e., nodes that stay active only to maintain the
network connectivity but they have turned off their
sensing unit. Clearly, with the increase in communication
range, the number of sleeping nodes also increases since
the connectivity restraint is relaxed; therefore, more
communication-unit-active nodes can now go to sleep.
This corresponds to Fig. 8 as the percentage drops when
communication radius increase. However, when the com-
munication increases beyond a threshold, the percentage of
sleeping nodes does not increase any further. This is
because the currently active nodes must remain active to
keep the surveillance area completely covered; an increase
in the number of sleeping nodes would lead to loss of
coverage. Therefore, these results show that the proposed
distributed CCANS algorithm satisfies both sensing and
communication requirements while conserving energy by
keeping only a subset of nodes active. The percentage of
sleeping nodes indicates how much energy has potentially
been saved over the entire sensor network versus the case
where all nodes are active.

Next, we compare the proposed approach with the
SPAN protocol [7] and the coverage scheduling algorithm
[28]. We use the same parameter values used in [28], i.e., a
50m by 50m field with rc ¼ 20m and rs ¼ 10m. Sensor nodes
are randomly placed in the sensor field. Fig. 9 shows the
percentage of sleeping nodes for CCANS as compared to
the coverage-scheduling algorithm and SPAN. For any
given number of nodes, the algorithm is run 20 times and
the mean values of the percentage of sleeping nodes are
presented here. It can be seen that, for the same simulation
setup, the proposed algorithm designates a higher percen-
tage of sleeping nodes than the other two methods,
resulting in a larger amount of energy savings. Also note
that, unlike the work in [28] and [31], which requires the
integration with the SPAN protocol, the proposed approach
is a stand-alone protocol.

988 IEEE TRANSACTIONS ON COMPUTERS, VOL. 54, NO. 8, AUGUST 2005



To investigate the scalability of CCANS, we evaluated it
for a larger number of nodes, as shown in Fig. 10. For a
400m by 400m field, a total of 1,000 to 1,600 nodes are
placed randomly, where each node has rc ¼ 50m to 100m
and rs ¼ 50m. Fig. 10a shows that the percentage of sleeping
nodes decreases when node density increases. Fig. 10b
shows that the percentage of communication-unit-active
nodes also decreases as node density increases.

6.2 Comparison with the Centralized Scheme

Next, we evaluate the heuristic approach for a small
problem instance by comparing it to an optimal solution
obtained using integer linear programming. We consider a
4 by 4 grid with a grid unit of 1 meter. (The optimal
centralized algorithm does not terminate within 24 hours

for larger problem instances.) For both centralized and
distributed approaches, we set � ¼ 0:1, pth ¼ 0:7, and vary
rs from 2m to 6m, with steps of 1m. For each value of rs, we
execute both algorithms for 20 rounds, where, in each
round, a total of five nodes are randomly placed on the grid.
The ILP results were obtained using the AMPL/CPLEX tool
[37]. The results in Fig. 11 show that the distributed
approach performs almost as well as the centralized
approach for large values of the sensing range.

7 CONCLUSION

Wireless sensor networks consisting of unattended nodes
can be deployed in large numbers for surveillance and
monitoring applications. It is important to conserve energy
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Fig. 7. Percentage of sleeping nodes.

Fig. 6. Example of CDS formed by the proposed CCANS algorithm with 100 nodes and rs ¼ 100m (CUA: communication-unit-active): (a) rc ¼ 50m,

(b) rc ¼ 100m, (c) rc ¼ 150m, and (d) rc ¼ 200m.

Fig. 8. Percentage of communication-unit-active nodes.



for the battery-operated sensor nodes to prolong the
network lifetime. However, energy management techniques
must also consider coverage and connectivity issues. The
sensor network can provide adequate surveillance only if
the sensor field is effectively covered by the sensor nodes.
Otherwise, loss of coverage may cause undesirable con-
sequences, e.g., missed targets and intrusion events.

In this paper, we have studied the problem of coverage-
centric active nodes selection problem for wireless sensor
networks.Wehave proven that this problem isNP-complete.
We have presented a distributed coverage-centric active
nodes selection (CCANS) algorithm based on the formation
of connected dominating set. The active nodes form a
connected dominating set and act as a backbone for both
sensing and communication. Considerable energy saving is
achieved because of the reduced number of active nodes.

Sensing coverage and communication connectivity are
maintained by the proposed approach. Since sensing nodes
are in the connected dominating set, sensor data can be
integrated along their routes to the destination.

This work can be extended in a number of ways. We
are investigating further reduction on the size of active
nodes, CCANS-based message routing, sensor node
management for collaborative sensing, and a fault
tolerance approach in which sleeping nodes replace
failing nodes without compromising the quality of service
provided by the sensor network.
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