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Sink-centric traffic pattern is common in wireless sensor networks (WSN), which typically causes higher
energy consumption of the sensor nodes near the sink node (called ‘hot spot’ problem). Clustering com-
bined with careful traffic flow control can alleviate a hot spot by dispersing the energy burden concen-
tration. Existing clustering schemes treat each clusters as an entity for energy efficiency optimization. We
propose to group a set of clusters into ‘cluster-rings’, which is a chain of clusters that are equal distance

Keywords: away from the sink, and conduct energy efficiency optimization at the cluster-ring level. More specifi-

Wireless sensor networks cally, we first present a novel method to compose a cluster structure. Next, we present an algorithm that

Clustering gradually optimizes the traffic flow control at the cluster-ring level by using a multi-agent reinforcement

;10": control learning technique. Then, we present an algorithm that makes cluster-level traffic routing decision on
outing

the basis of cluster-ring level traffic flow control results. Via simulations, it is shown that the proposed

Energy efficiency scheme result near-optimal performance and can adapt to dynamic changes of network-wide traffic gen-

eration.

© 2016 Published by Elsevier B.V.

1. Introduction

Internet of Things (IoT) sheds new light on the research of
Wireless Sensor Networks (WSN) by expanding the notion of sen-
sor node to include home appliances, surveillance devices, etc.
Many IoT applications require continuous or periodic collection of
sensing data in order to obtain a holistic view of network. For ex-
ample, continuous data collection enables pre-cautioning for en-
vironment pollution tracking scheme in [18]. Traffic surveillance
CCTV [16], pollution detector [15], fire detector [17], and video
sensing [19], and agricultural sensing [20] are other examples.

Due to the high cost of cellular communication, multi-hop com-
munication by using short range radio is still a preferable solution,
particularly for the large scale WSN. The ‘cost’ means not only the
financial one but also the energy resources that is usually limited
in WSN. As the network size is increasing, the entire size of col-
lected data and number of node grows geometrically. This makes
it harder to handle the limited energy resource of sensor nodes
than the case of smaller network. Moreover, in multi-hop WSN,
generated sensing data is often relayed to the sink node by multi-
hop manner to get the holistic view of network. If the battery of
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a sensor node is depleted, not only its sensing operation but also
data relaying is interrupted. By progression of energy depletion of
sensor nodes, some node permanently loses all routes to the sink
node, which is well-known as a network partitioning [12,13]. In
particular, the sensor nodes near the sink node are inevitably suf-
fering for the high energy consumption in this sink-centric traffic
pattern, which is known as ‘hot spot’ problem. As the network size
is increasing, this hot spot problem is exacerbated by the rapid in-
crease of relayed data. To sustain the operation of network as long
as possible, it is crucial to mitigate the hot spot problem.

In this paper, we suggest a solution to prevent network parti-
tioning in a view of network organization and routing of data. We
start from the idea that the circularly symmetric network is easy
to be abstracted in a view of routing optimization. If the network
is already formed circular-symmetrically, the energy consumption
of network also can be easily controlled to be circular-symmetric,
which gives a good abstraction rather than each area has different
energy consumptions. By this idea, we first present an algorithm
to compose a circular-symmetric cluster structure. For the given
size of clusters, this algorithm gradually forms a cluster structure
without requiring any location information of sensor nodes. We
then present a pair of algorithms to decide traffic routing over
the composed cluster structure. Existing cluster routing schemes
commonly treat a cluster as the basic unit of the routing decision.
In contrast, we group the clusters that is located with the same

Please cite this article as: S.-H. Moon et al., Energy efficient data collection in sink-centric wireless sensor networks: A cluster-ring
approach, Computer Communications (2016), http://dx.doi.org/10.1016/j.comcom.2016.07.001



http://dx.doi.org/10.1016/j.comcom.2016.07.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/comcom
mailto:seungjaehan@yonsei.ac.kr
http://dx.doi.org/10.1016/j.comcom.2016.07.001
http://dx.doi.org/10.1016/j.comcom.2016.07.001

JID: COMCOM

[m5G;July 11, 2016;14:50]

2 S.-H. Moon et al./Computer Communications 000 (2016) 1-14

distance from the sink are equal. Since we already formed the net-
work circularly symmetric, the grouped clusters form a doughnut-
shaped ‘ring’ of clusters. We call this group as ‘cluster-ring’ or ‘ring’
in this paper. If we assume that all clusters in the same cluster-ring
does same actions for data relaying, the energy consumption pat-
tern also becomes circularly symmetric. In other words, all clusters
at the same distance from the sink node should have identical en-
ergy consumption.! We divide the entire network into the set of
cluster-rings.

With this abstraction, we convert the routing problem into two
sub problems: (i) the decision of the amount of data flow between
cluster-rings, and (ii) the decision of traffic relaying between clus-
ters. Once we solve first sub problem, we solve the second prob-
lem on the basis of the solution of the first sub problem. The main
benefit of the two-level approach is the scalability. If the number
of clusters is very large, existing schemes that make routing deci-
sions at the level of individual cluster will become quickly infea-
sible. By grouping the clusters into the ‘cluster-ring’, the computa-
tional complexity can be significantly reduced.

For the ring-level routing (1st sub problem), we present an al-
gorithm that yields energy-efficient strategy by using the reinforce-
ment learning technique [7]. For the cluster-level routing (2nd sub
problem), we present an algorithm for choosing the relay nodes
for inter-cluster communication. The energy cost metric proposed
in [8] is used to in this algorithm. Our two-level routing algo-
rithms adapt to the dynamic changes of network topology and traf-
fic pattern. The simulation results indicate that our scheme pro-
duces near optimal performance.

The rest of paper is organized as follows. Section 2 describes
the related works. The network model and assumptions are pre-
sented in Section 3. In Section 4, we suggest a method to com-
pose a cluster-ringed network. In Section 5, we formulate the
problem in linear programming and propose a method that adap-
tively decides data flow between cluster-rings. Section 6 presents
a cluster-level routing algorithm. The simulation results are shown
in Section 7. Section 8 concludes the paper.

2. Related work

Energy-efficient routing for WSN has been extensively studied,
mostly focusing on balancing the energy consumption of sensor
nodes [23,24]. Existing schemes oftentimes assume static traffic
generation pattern and rely on the optimization solutions. In [4],
a routing algorithm that maximizes energy efficiency based on
Pareto optimality is proposed. This scheme is suitable for the case
that the link configuration and traffic generation pattern can be
probabilistically characterized. In [3], energy-efficiency is pursued
in conjunction with geographic routing. However, geographic in-
formation of sensor nodes is not readily available in practice yet.
In [21], energy-efficiency is considered for real-time WSN appli-
cations with QoS requirements. The scheme maximizes energy ef-
ficiency and also meets QoS requirements by differentiating ser-
vice delays and data redundancy. Node mobility is also exploited in
conjunction with energy efficient routing for extending WSN life-
time [22,25,26]. This approach is to overcome the hot spot problem
near the sink nodes by migrating the sink nodes. In [2], two multi-
hop routing algorithms are combined. One algorithm is to reduce
the total power consumption of the network and the other is to
decrease the volume of data flow by data aggregation.

In this paper, we consider the clustering technique and the
group of clusters as a network design. Some representing survey
works [31-33] provide a comprehensive aspect of traditional and

1 Our scheme may be applied to a WSN with non-circular shape topology. The
concept of cluster-ring can be extended to a group of cluster chain that does not
necessarily form a ring shape.

current clustering methods. In the clustering structure [6,11], mul-
tiple sensor nodes are grouped to form a cluster. There exist many
studies for composing the clustering structure. In [9] clustering is
done on the basis of the artificial bee colony algorithm which sim-
ulates the intelligent foraging behavior of honey bee swarms. In
|6], a distributed algorithm that determines cluster size by the hop
distance to the sink node is proposed. This algorithm achieves en-
ergy balancing by controlling probability that a node becomes a
cluster head. In [1], the clusters are formed in a pie shape and
Voronoi clusters that utilizes Voronoi tessellation based on the
cluster head. In [29,34,36], a ring-based topology is used for load
balancing. In [35], the cluster size and the density of cluster head
in the cluster is chosen to maximize the network lifetime. In [27],
the distance among the cluster head is adaptively adjusted accord-
ing to the distance to the base station. In [28], an unequal clus-
tering and gradient-based routing is proposed. Each sensor node’s
gradient value keeps its minimum hop count to the sink and that
of its cluster head decides the size of a cluster. The direction of
descending gradient leads the route of data. One goal of cluster-
ing is scalability of network management, by dividing intra-cluster
data collection and inter-cluster data forwarding. This division is
beneficial from the perspective of energy efficiency as well. Un-
fortunately, most of above works have not considered the scalabil-
ity well. The shortest path routing with multi-hop forwarding is
not enough to overcome the hot spot problem. In this paper, we
combine the design of clustering with the energy efficient rout-
ing while securing the scalability as well as relieving the hot spot
problem.

3. Network model

While the proposed scheme can be applied to generic configu-
rations, we make some assumptions on the network topology for
the ease of presentation. That is, we assume that the network has a
circular shape and the sink node locates at the center. Each sensor
periodically generates sensing data at a certain rate while different
sensor nodes may produce data at different rates. We consider a
sink-centric traffic pattern, meaning that all the sensing data are
forwarded to the (single) sink node.

The cluster structure that our scheme uses has the following
properties. In each cluster, there exists a ‘cluster head’ (CH), which
is responsible of forming a cluster and choosing a relay node and
a data collection node. The ‘relay node’ receives other clusters’ for-
warding data and forwards to the other relay node. It piggybacks
the collected data of its own cluster. A ‘data collection node’ col-
lects the data generated by all the sensor nodes in the cluster. The
same node may function as a relay node and data collection node.
The relay nodes and data collection nodes are periodically rotated,
so that the energy consumption of each node in a cluster is bal-
anced. We define a ‘cluster-ring’ (or ‘ring’ in short) as a group of
clusters that are included in the area of a concentric circle with the
sink node at the center. The clusters within the inner-most circle
form the ‘Ist cluster-ring’. The clusters that are adjacent to the 1st
cluster-ring form the 2nd cluster-ring, i.e., the 2nd ring encircles
the 1st ring. Therefore, all cluster-rings except the 1st ring have a
doughnut shape. This encircling relationship between cluster-rings
is continued until the entire network is covered by cluster-rings.
An illustrative example of the cluster ring is given in Fig. 1. The
dot at the center of the network represents the sink node and the
dots in the middle of each cluster represent the cluster heads.

In the proposed scheme, the energy consumption of the clusters
in the same cluster-ring is equally balanced. The energy consump-
tion of sensor nodes within a cluster is also balanced by rotating
the role of relay node and data collection node. Since the energy
consumption of all clusters in the same cluster-ring is equalized
and that of each node in a cluster is identical, the lifetime of all
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