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Abstract—This paper presents an energy-efficient algorithm
based on the connected dominating set (CDS) for a wireless
sensor networks (WSN). A CDS has been widely used for a
virtual backbone construction to support routing and minimize
the communication overheads in a network. Our algorithm, a
single-phase single initiator (SPSI), only requires a single phase
to construct a CDS in a distributed manner using localized
information. It generates a small CDS with low message overhead
and lower energy consumption. Furthermore, it does not rely
on a global positioning system (GPS) to operate and can cope
with the presence of unidirectional links. Therefore, it is simple
and practical to implement. The performance of our algorithm
is confirmed through simulations and validated against two
leading CDS algorithms. The simulation results revealed that our
algorithm is effective in reducing the CDS size, message overhead
and energy consumption.

I. INTRODUCTION

A wireless sensor network (WSN) is a dynamic network
consisting of tiny sensor nodes typically designed for event
monitoring. The sensor nodes work cooperatively to self-
organize and self-configure the network without relying on
a fixed infrastructure. This flexible feature makes WSNs
attractive for numerous applications ranging from military,
civil, industrial to health.

Due to the lack of physical infrastructure, sensor nodes have
to form a temporary infrastructure to support various tasks
including routing. One way to do this is to use a connected
dominating set (CDS), which is derived from the graph the-
ory concept [1]. The CDS forms a virtual backbone in the
network and organizes the nodes into a hierarchical structure.
It provides scalability, simplifies network management and
guarantees network connectivity.

In a network, a set of nodes is defined as a dominating set
(DS) if all nodes are either in the set or have a neighboring
node in the set. To create the network backbone, the dominat-
ing set must remain connected in the network. This connected
DS is referred to a CDS.

Constructing and maintaining the CDS are challenging
tasks because of the limited energy resources available in
the networks [2]. Particularly, sensor nodes usually operate
using lightweight batteries that are difficult to be replaced or
recharged once deployed in a field. Therefore, CDS algorithms
must be energy-efficient to preserve the network lifetime.
Efficient algorithms should generate a small CDS size, con-
sume low message overhead, operate in a distributed approach
and use localized information gathered through exchanged
messages.
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Various CDS algorithms [3]-[6] have been developed to
tackle the energy conservation issue in WSNs. However, these
algorithms have several shortcomings. First, they operate based
on unrealistic assumptions such as nodes must be equipped
with a global positioning system (GPS) to compute their exact
positions or nodes can always communicate with neighbors
without any interruption. Second, although these works are
proposed to prolong the network lifetime, nodes are required
to exchange a significant number of messages to form the
CDS. This operation consumes high energy which can drain
the energy resources of nodes, thus shorten the lifetime of the
entire network.

In this paper, we present a novel energy-efficient CDS algo-
rithm for WSNs called a single-phase single initiator (SPSI).
SPSI creates a small backbone and significantly reduces the
number of exchanged messages required for constructing the
CDS. This feature contributes to the low energy consumption
in the network. Other great features of our algorithm are: (1)
it does not require nodes to know their accurate positions,
by means of a GPS, (2) it does not operate on the unit
disk graph (UDG), hence nodes are not homogeneous and
(3) the physical layer effects are accurately modeled using a
realistic simulation tool. Therefore, our algorithm is practical
to implement in a realistic environment.

The rest of this paper is organized as follows. Section II
briefly discusses the state-of-the-art of the CDS techniques
proposed so far. Section III presents definitions used for the
SPSI algorithm. Section IV discusses the detailed implemen-
tation of our algorithm. Section V provides the theoretical
performance of the algorithm that includes the time complex-
ity, message complexity and approximation factor. Section VI
describes the simulation results. Finally, Section VII concludes
our work and discusses our future work.

II. RELATED CDS ALGORITHMS

Numerous algorithms for constructing a CDS have been
surveyed in [7]. In general, existing CDS algorithms can
be categorized into distributed or centralized approaches.
Distributed approaches are preferable than the centralized
approaches due to their ability to deal with the dynamic
nature of the networks, in which the links between nodes
are constantly updated when nodes move or die. Centralized
approaches on the other hand operate based on the assumption
that the global information is available. In these approaches, a
centralized node is responsible for gathering information from
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all nodes in the network. Thus, they usually incur a significant
amount of message overhead. For this reason, this section
focuses on the distributed CDS algorithms.

A simple distributed and localized algorithm is proposed
in [8]. The algorithm constructs a CDS in two phases using
a marking process. Initially all nodes are unmarked. During
the first phase, a node that has two unconnected neighbors
is marked as a dominator. The marked dominators become a
CDS and the size of the generated CDS is usually not small.
In the second phase, two rules are used to prune the redundant
CDS. The pruning rules state that if node « has a neighbor
with higher ID which can cover all of its neighbors or if « has
two connected neighbors with higher ID which can cover all of
its neighbors, u can be eliminated from the CDS. The authors
state that the advantages of this algorithm are its simplicity
and quick computation of the CDS. It outperforms some of the
existing algorithms such as [9]. Wu et al. later propose a power
aware CDS (PACDS) algorithm [10] to address the energy
limitation of WSNS. It aims to achieve two goals. The first
goal is to construct a smaller size CDS while the second goal is
to prolong the node’s lifetime. From the authors’ observation,
the CDS nodes are typically overloaded with various tasks and
they are the first to drain energy. To overcome this problem
the role of the CDS is alternated between nodes with higher
residual energy. The formation of the CDS also involves two
phases. During the first phase, a marking rule similar to the
one in [8] is used in which a node that has two unconnected
neighbors will become a CDS. During the second phase,
additional pruning rules that consider the node degree and
energy level are introduced to calculate the CDS. However, the
above algorithms require a significant amount of exchanged
messages to construct the CDS, which could drain the energy
reserves in the network.

Yuanyuan et al. [6] present an energy-efficient CDS (ECDS)
algorithm to solve the energy constraints in wireless sensor
networks and minimize the size of a CDS. Contrary to the
algorithm in [10], the ECDS does not use any pruning rule.
Instead, it first constructs a dominating set called a maximal
independent set (MIS) and then finds gateway nodes to connect
the MIS. The ECDS algorithm is based on a coloring technique
and uses a weight metric to select the CDS and connector
nodes. The weight is calculated based on the node’s residual
energy and the node degree. The drawback of the ECDS is its
significant message complexity in acquiring neighbor’s weight
and updating nodes’ status.

III. PRELIMINARIES

In our algorithm, each node periodically broadcasts beacons
to gather one-hop and two-hop neighbors. We assume that all
nodes in the network have a unique identifier (ID) and they
are static nodes. We present some definitions related to our
work below.

A. Network Model

An undirected graph G = (V, E) is used to represent the
WSN, where V' is a set of sensor nodes in the network, called
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vertices and E is a set of a communication link between a
pair of sensor nodes, called edges usually denoted as (u,v)
€ FE. Two vertices v and v are neighbors if (1) they are
within their maximum transmission range R,,,, and (2) the
communication links between them are symmetrical.

B. Dominating Set (DS) and Connected Dominating Set
(CDS)

In the graph G = (V, E), a dominating set (DS) is a subset
S C V if and only if every node is either in S or has at least
one neighbor in S. A connected dominating set (CDS) is a
dominating set of G which induces a connected subgraph of
G.

IV. SPSI ALGORITHM DESCRIPTION

The SPSI requires a single phase to generate a CDS. Nodes
in the CDS are called dominators while the nonCDS nodes are
referred to dominatees. The aim of the SPSI is to generate a
small set of dominators while keeping the message overhead
low. Each dominator finds its local set of connectors among its
one-hop neighbors to add into the CDS. The chosen connectors
then become dominators and continue the connectors selection.
This process is performed greedily until all nodes are either
in the CDS or covered by a dominator in the CDS.

A. Connector Set Selection

To minimize the CDS size, it is essential to keep the number
of connectors small. To achieve this, we enhance the greedy
MPR algorithm in [11] to reduce the CDS size and conserve
energy. The idea is to exploit the two-hop neighborhood
information. Each dominator u has a knowledge of its one-
hop neighbors and two-hop neighbors. It will choose the
connectors among its one-hop neighbors that can cover the
largest number of two-hop neighbors. This rule generates a
minimum number of connectors.

The connector set for a given node u is computed as
in Algorithm 1. Let u denote the dominator initiating the
connector selection, Ni(u) denote the one-hop neighbors of
u, Na(u) denote the two-hop neighbors of v and C(u) denote
the set of chosen connector of node u. The term uncovered
node refers to node in Ny (u) that is not covered by C'(u). Let
span(v) denote the quality of a potential connector v used in
case of a tie. The span(v) is computed by

span(v) = N Er (U)a (D

where N, is the total number of one-hop neighbors of node
v and E,.(v) is the residual energy of node v.

Figure 1 illustrates the process of finding a connector set
for dominator 4. Dominator 4 has to find connector nodes that
can cover its two-hop neighbor nodes 6, 7 and 8. Therefore,
it chooses node 1 as the connector for the two-hop neighbor
node 6 and node O as the connector for the two-hop neighbor
nodes 7 and 8. Node 2 is not chosen because node 8 is already
covered by node 0. Hence, the connector set of dominator 4
is Connector(4)= {0,1}.
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Algorithm 1 The enhanced MPR Algorithm

1. Add v € Ny(u) to C(u), if v is the only node that covers
node w € Ny(u). Remove connector v from Ny (u) and also
the nodes covered by v from Na(u).

2. Add v € Ny (u) to C(u), if v covers the largest number
of uncovered nodes in Ny(u). If there is a tie, choose the
node with the largest span(v) to break the tie. Use node ID
to break another tie.

@® Dominator
© One-hop Neighbor
O Two-hop Neighbor
O Connector

8
@,
©
©

3 4 5

Fig. . An example of finding a connector set for a given dominator 4.

B. CDS Construction

The CDS construction begins with a neighbor discovery
process. Each node u sends a beacon to gather symmetrical
neighbors. All nodes are initially set to an uncovered state.
At the end of the CDS construction, they will remain either
in a dominatee or a dominator state. Figure 2 shows the state
transition diagram of a node during the construction of the
CDS.

Uncovered

Connector Nomination
Received

Send Dominator Message

Connector Nomination
Not Received

Send Dominatee Message

Dominatee Dominator

Dominator
Nomination Received

Send Dominator Message

Fig. 2. The state transition diagram of a node in the SPSI algorithm.

After collecting the neighborhood information, the initiator
changes its state to a dominator and sends a Dominator
Message. For simplicity, we choose the node with the smallest
node identifier (id) as the initiator. The dominator then com-
putes its connector set using the rules described in Algorithm
1. It then broadcasts the connector selection to all neighbors.
The uncovered or dominatee node which is chosen as a
connector changes its state to a dominator, then computes
the connectors and finally broadcasts the connector selection
along with its updated state to neighbors. The uncovered node
which is not chosen as a connector changes its state to a
dominatee and broadcasts a Dominatee Message to neighbors.

The dominator nodes will repeat the search of the connectors
until there is no uncovered node left in the network.

V. PERFORMANCE EVALUATION

Theorem 1. SPSI has O(3AC + 3A) time complexity and
O(n) message complexity, where n is the total number of
nodes in the network, C is the number of chosen connectors
and A is the maximum node degree in the network.

Proof. The time complexity of the SPSI algorithm is the
time taken for computing the connector set in the network.
Since the computation of connectors is based on the MPR
algorithm [11], thus the time complexity of the SPSI algorithm
is O(3AC + 3A), which can be proven similarly as in [12].

The overall message complexity of SPSI is O(n) since each
node u exchanges exactly one message, either a Dominatee
Message or a Dominator Message to build the CDS.

Theorem 2. SPSI algorithm has an approximation factor
of at most O(log(A)), where /\ is the maximum number
of neighbors in the network. Under sparse networks, the
approximation factor is within a small constant factor.

Proof. The SPSI algorithm uses the enhanced MPR rule to
find a connector set for building the backbone in a network.
This process involves finding the two-hop neighbors covered
by each node in the neighbor set. As proven in [13], the
algorithm that computes a connector set using this approach
has an approximation factor bounded by log(A), where A
is the maximum number of neighbors in the network. Since,
the SPSI algorithm uses the same approach as in [11], it
approximates the CDS size of at most O(log(A\)) times the
CDS size of MCDS. Although it does not guarantee a small
CDS size, the finding in [11] shows otherwise. Under sparse
networks, the approximation factor is within a small constant
factor. For example, for a network consisting of 100 nodes,
the approximation factor of the proposed algorithm is below
a constant value of 4.7 [11]. This approximation factor is
comparable to the approximation factor of the TPSI algorithm.

VI. SIMULATIONS AND DISCUSSIONS

In this section, we present our simulation results. We
evaluated the performance of our algorithm in terms of the
following metrics: (1) the size of the CDS, (2) the number of
messages required for constructing the CDS and (3) the energy
consumption involved for building the CDS. We compared the
SPSI algorithm with the ECDS [6] and PACDS [5] algorithms.

For each metric, we investigated the performance of our
algorithm against the ECDS and PACDS algorithms in two
aspects: the network size and the network density (node
degree). The network density metric measures the scalability
of the algorithm.

The simulations were conducted using the discrete event
simulator OMNeT++ (version 4.1) [14]. We used the MiXiM
framework [15] to incorporate the detailed modeling of phys-
ical layer effects such as path loss (value of 3) and signal
interference to ensure our algorithm works in practice. For
the simulations, we generated realistic topologies that are
extended from a small network calibrated using the testbed
in our department. Three scenarios of topologies were created
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to represent sparse network (node degree 4), medium network
(node degree 8) and dense network (node degree 12). The
number of nodes N in each scenario varies from 100 to 500
with an interval of 100, and 10 runs were conducted for each
N to gain a 95% confidence interval. The nodes were deployed
in a 2D dimensional space and their transmission range varies.

A. The Size of the CDS

Figure 3(a) shows the efficiency of the algorithms in terms
of the number of nodes generated for the CDS as the network
size increases from 100 to 500 for a sparse network. It is
clear that SPSI generated the smallest CDS size for sparse
and medium networks compared to the ECDS and PACDS.
However, in dense network, the ECDS created the lowest CDS
size.

The performance of SPSI with respect to node degree is
shown in Figure 3(b). SPSI has the best performance over the
ECDS and PACDS algorithms when the network is sparse. In
dense network, SPSI generates a smaller CDS than the one
formed by the PACDS but at slightly higher number of CDS
compared to ECDS. The PACDS algorithm always creates a
larger CDS size because it uses a simple but less efficient
rule for finding a CDS. Therefore, it requires a self-pruning
method to minimize the CDS size. SPSI and ECDS both adopt
a node degree rule for choosing the CDS. Since nodes with
more neighbors (larger node degree) are chosen as a CDS,
more nodes can be covered by these nodes, thus less nodes
are required for building the CDS.

B. Message Overhead

Figure 4(a) shows the message overhead of the SPSI with
respect to network size for a sparse network. The message
overhead was evaluated based on the number of messages
sent by nodes during the CDS construction. SPSI requires a
significantly lower message overhead compared to ECDS and
PACDS. The efficiency of SPSI is clearly shown in Figure
4(b). Its message overhead remains constant although the node
degree increases. The message overhead of the ECDS and
PACDS on the other hand, increases linearly as the node
degree increases. In dense network, SPSI significantly reduces
the number of messages in ECDS and PACDS up to 99.6%
and 99.5% respectively.

The efficiency of the SPSI algorithm is due to a small num-
ber of messages exchanged for constructing the CDS. Unlike
in ECDS, nodes do not compete and exchange messages to join
the CDS. Instead they only need to perform local check for
the nomination of a connector and send exactly one message.
In the case of PACDS, the high message overhead is caused
by the pruning process and it is more significant when the
network becomes denser since more nodes need to be checked
for pruning. In addition, SPSI constructs the CDS in one phase
as opposed to ECDS and PACDS, both require two phases to
form the CDS. Therefore, the number of exchanged messages
drops tremendously.
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Fig. 3. CDS size comparison with respect to network size and node degree.

C. Energy Consumption

This section measured the amount of energy involved for
constructing the CDS by considering the energy dissipation of
sending and receiving packets activities as in [16]. Every time
a node sends a packet, its transmit energy Frx(k,d) drops by

Erx(k,d) = 0k + vykd?, ()

where § is the receiver circuitry constant assumed as 50 nJ/bit,
7 is the transmit amplifier constant assumed as 100 pJ/bit/m?,
d is the transmit distance and k is the packet length assumed
as 2000 bits long.
The energy consumption for receiving packets Erx(k) is
computed by
Erx (k) = ok. (3)

The results of Figures 5(a) and 5(b) show that the SPSI
constructs the CDS using a low and bounded energy consump-
tion. This can be explained by the low number of messages
exchanged between nodes. This shows that the SPSI algorithm
is scalable and can be used for a large network deployment.
The ECDS and PACDS algorithms however, consume a sig-
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Fig. 4. Message overhead comparison with respect to network size and node
degree.

nificant amount of energy and their energy increases linearly
with the number of neighbors.

VII. CONCLUSION

In this paper, we have proposed an energy-efficient CDS
algorithm called SPSI that can construct a CDS in a single
phase as opposed to two phases. The SPSI limits the number
of exchanged messages among nodes and keeps the CDS size
small. We compared our algorithm with ECDS and PACDS
in terms of CDS size, energy consumption and message
overhead. The simulation results indicate that our algorithm
outperforms the ECDS and PACDS. Our future work will
focus on the effects of mobility and CDS reconstruction on
the network lifetime.
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