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Abstract

The large-scale deployment of wireless sensor networks (WSNs) and the need for
data aggregation necessitate efficient organization of the network topology for the
purpose of balancing the load and prolonging the network lifetime. Clustering has
proven to be an effective approach for organizing the network into a connected
hierarchy. In this article, we highlight the challenges in clustering a WSN, discuss
the design rationale of the different clustering approaches, and classify the pro-
posed approaches based on their objectives and design principles. We ?l/;rther dis-
cuss several key issues that affect the practical deployment of clustering techniques

in sensor network applications.

ecent years have witnessed an increasing interest in

using wireless sensor networks (WSNs) in many

applications, including environmental monitoring and

military field surveillance. In these applications, tiny

sensors are deployed and left unattended to continu-
ously report parameters such as temperature, pressure,
humidity, light, and chemical activity. Reports transmitted by
these sensors are collected by observers (e.g., base stations).
The dense deployment and unattended nature of WSNs make
it quite difficult to recharge node batteries. Therefore, energy
efficiency is a major design goal in these networks.

Several WSN applications require only an aggregate value
to be reported to the observer. In this case, sensors in differ-
ent regions of the field can collaborate to aggregate their data
and provide more accurate reports about their local regions.
For example, in a habitat monitoring application [1], the aver-
age reported humidity values may be sufficient for the observ-
er. In military fields where chemical activity or radiation is
measured, the maximum value may be required to alert the
troops. In addition to improving the fidelity of the reported
measurements, data aggregation reduces the communication
overhead in the network, leading to significant energy savings.

In order to support data aggregation through efficient net-
work organization, nodes can be partitioned into a number of
small groups called clusters. Each cluster has a coordinator,
referred to as a cluster head, and a number of member nodes.
Clustering results in a two-tier hierarchy in which cluster
heads (CHs) form the higher tier while member nodes form
the lower tier. Figure 1 illustrates data flow in a clustered net-
work. The member nodes report their data to the respective
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CHs. The CHs aggregate the data and send them to the cen-
tral base through other CHs. Because CHs often transmit
data over longer distances, they lose more energy compared
to member nodes. The network may be reclustered periodical-
ly in order to select energy-abundant nodes to serve as CHs,
thus distributing the load uniformly on all the nodes. Besides
achieving energy efficiency, clustering reduces channel con-
tention and packet collisions, resulting in better network
throughput under high load.

Clustering has been shown to improve network lifetime, a
primary metric for evaluating the performance of a sensor
network. Although there is no unified definition of “network
lifetime,” as this concept depends on the objective of an appli-
cation, common definitions include the time until the first/last
node in the network depletes its energy and the time until a
node is disconnected from the base station. In studies where
clustering techniques were primarily proposed for energy effi-
ciency purposes (e.g., [2, 3]), the network lifetime was signifi-
cantly prolonged. An example is shown in Fig. 2 (extracted
from [2]), where the number of nodes that remain alive using
LEACH is significantly larger (four to eight times larger) than
that using static clustering or minimum transmission energy
(MTE) routing. Note that even though the objective of several
protocols was not to maximize network lifetime, lifetime
improvements can still be achieved if data aggregation is
exploited and the network is reclustered periodically.

Clustering has been extensively studied in the data process-
ing and wired network literatures. The clustering approaches
developed in these areas cannot be applied directly to WSNs
due to the unique deployment and operational characteristics
of these networks. Specifically, WSNs are deployed in an ad
hoc manner and have a large number of nodes. The nodes are
typically unaware of their locations. Hence, distributed clus-
tering protocols that rely only on neighborhood information
are preferred for WSNs (however, most studies in this area
still assume that the network topology is known to a central-
ized controller). Furthermore, nodes in WSNs operate on bat-

20 0890-8044/06/$20.00 © 2006 IEEE

IEEE Network ¢ May/June 2006



Intracluster
communication

Intercluster
communication

Mobile
y S observer

M Figure 1. Illustration of data flow in a clustered network.

tery power with limited energy. Hence, the employed cluster-
ing approach must have low message overhead. Finally, harsh
environmental conditions result in unexpected failures of
nodes. Hence, periodic reclustering is necessary in order to
heal disconnected regions and distribute energy consumption
across all nodes. Periodic reclustering is also necessary, as the
parameters used for clustering (e.g., the remaining energy,
node degree, etc.) are dynamic. The clustering techniques pro-
posed for data processing typically consider static parameters,
such as the distance between the nodes, and assume that
nodes are more reliable.

The goal of this article is to introduce the reader to different
classes of clustering approaches that have been proposed for
WSNs. We compare some representative protocols in terms of
their design approach, clustering criteria, basic assumptions,
and overhead. We consider clustering proposals that target the
general class of ad hoc networks and are also suitable for sen-
sor networks. This article focuses more on clustering “approach-
es” than on “protocols.” A clustering “approach” in this context
identifies the parameter(s) used for partitioning the network
and whether clustering is performed in a centralized or a dis-
tributed fashion. In addition, we highlight the basic challenges
in deploying clustering techniques in WSNG.

Classification of Clustering Techniques in
Wireless Sensor Networks

Clustering in WSNs involves grouping nodes into clusters and
electing a CH such that:
* The members of a cluster can communicate with their CH
directly.
* A CH can forward the aggregated data to the central base
station through other CHs.
Thus, the collection of CHs in the network form a connected
dominating set. Research on clustering in WSNs has focused
on developing centralized and distributed algorithms to com-
pute connected dominating sets. We focus on distributed
approaches in this article since they are more practical for
large-scale deployment scenarios. Since obtaining an optimal
dominating set is an NP-complete problem, the proposed
algorithms are heuristic in nature.
We classify the clustering techniques based on two criteria:
* The parameter(s) used for electing CHs
* The execution nature of a clustering algorithm (probabilistic
or iterative)

Election of Cluster Heads

One class of clustering techniques uses the node identifier to
elect CHs. The success of this approach depends on two
assumptions:

* Every node has a unique identifier.
* These identifiers are uniformly assigned throughout the
field.

For example, the scheme in [4] favors nodes with lower identi-
fiers to become CHs. This approach may not be suitable for
energy-constrained sensor networks because it penalizes spe-
cific nodes in the network irrespective of their battery life-
times.

Another class favors nodes with larger degrees (e.g., Kuhn
et al. [5] and Amis et al. [6]) in order to create dense clusters
and elect the minimal dominating set of CHs (the degree of a
node is the number of its neighbors within a prespecified
transmision called the cluster range). This, however, may result
in quickly draining the battery of larger-degree nodes. From
an application perspective, balancing cluster sizes reduces the
load on CHs. However, this comes at the expense of having
more clusters in the network and thus a larger routing overlay.
A third class of techniques favors nodes with higher weights to
become CHs. The weight of the node is used to define its sig-
nificance. For example, it can be the residual battery energy
(as in the HEED protocol [3]), its degree (as in the ACE pro-
tocol [7]), or a combination of parameters (e.g., remaining
energy, degree, mobility, and average distance to neighbors).

Some protocols, such as GAF [8] and SPAN [9], were pro-
posed for controlling the network topology by exploiting node
redundancy. These protocols select certain nodes to be active
(i.e., participate in sensing and data forwarding), while others
are put to sleep to save their energy. In GAF [8], for example,
a node belongs to a region that is determined by its location.
A region in this context is defined as an area A in which any
node u can communicate via a single hop with any node v €
B, where B is a neighboring region to A. Thus, only one repre-
sentative node in any region needs to participate in the rout-
ing infrastructure at any given time to ensure network
connectivity. In SPAN [9], a node decides whether to remain
active or go to sleep according to its two-hop neighborhood
connectivity. Although these protocols are not clustering tech-
niques, their effect on the network topology is similar to that
of clustering.

Execution of a Clustering Algorithm

The execution of a clustering algorithm can be carried out at
a centralized authority (e.g., a base station) or in a distributed
way at local nodes. Centralized approaches require global
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information about the network topology. The classic K-Means
clustering approach (proposed in the data processing litera-
ture) may be applied if the number of desired clusters can be
determined a priori and node locations are available. In this
case, an initial random set of clusters is selected and a node is
moved from one cluster to another if this move reduces the
objective cost function of the entire system. Banerjee et al.
[10] proposed a centralized technique that does not require
knowledge of node locations. Their technique is based on con-
structing a spanning tree of clusters that is rooted at an
observer and forcing a bound on the maximum and minimum
cluster size. A distributed protocol was also proposed in [10]
for constructing the spanning tree.

The efficacy of centralized approaches is limited in large-
scale networks where collecting all the necessary information
at the central authority is both time and energy consuming.
Distributed (localized) approaches are more suitable for
large-scale networks. In such approaches, a node decides to
join a cluster or become a CH based on the information
obtained solely from its one-hop neighbors. Several distribut-
ed clustering techniques have been proposed in the literature.
These techniques are either iterative or probabilistic in nature.

lterative Clustering Techniques — In iterative clustering tech-
niques, a node waits for a specific event to occur or certain
nodes to decide their role (e.g., become CHs) before making
a decision. For example, in the Distributed Clustering Algo-
rithm (DCA) [11], before making a decision, a node waits for
all its neighbors with higher weights to decide to be CHs or
join existing clusters. Nodes possessing the highest weights in
their one-hop neighborhoods are elected as CHs. If a node
receives multiple CH announcements, it arbitrates among
these CHs using a preference condition (e.g., higher weight
wins). If none of the higher-weight neighbors of a node
decides to become a CH, then this node decides to become a
CH. The problem with most iterative approaches is that their
convergence speed is dependent on the network diameter
(path with the largest number of hops). In a two-dimensional
field with n deployed nodes, the DCA algorithm requires

0(n)

iterations to terminate. The worst-case convergence speed can
be as slow as n — 1 iterations in a 1D setting. The perfor-
mance of iterative techniques is also highly sensitive to packet
losses. For example, if a node u discovers that one of its
neighbors v has a higher weight, then u has to wait for v to
decide before it makes a decision. If node v fails shortly after
the neighborhood discovery phase, node u will wait indefinite-
ly for v to make a decision.

To ameliorate the above problems, some protocols enforce
a bound on the number of iterations for each node. For exam-
ple, in ACE [7] when a node finishes executing a number of
iterations (e.g., 5), it makes a decision based on the available
information. These iterations are enough to achieve a stable
average cluster size. The protocol in [6] allows a cluster to
include nodes that are D hops away from the CH. A node
executes 2D iterations before making a decision. This results
in a constant number of iterations for convergence.

Probabilistic Clustering Techniques — The probabilistic (or ran-
domized) approach for node clustering ensures rapid conver-
gence while achieving some favorable properties, such as
balanced cluster sizes. It enables every node to independently
decide on its role in the clustered network while keeping the
message overhead low. We now discuss a few examples of this
approach.

The LEACH protocol [2] is an application-specific clus-
tering protocol, which has been shown to significantly
improve the network lifetime. It assumes that every node is
reachable in a single hop and that load distribution is uni-
form among all nodes. LEACH assigns a fixed probability to
every node so as to elect itself as a CH. The clustering pro-
cess involves only one iteration, after which a node decides
whether to become a CH or not. Nodes take turns in carry-
ing the role of a CH.

The HEED protocol [3] considers a multihop network
and assumes that all nodes are equally important. A node
uses its residual energy as the primary parameter to proba-
bilistically elect itself to become a CH. In case of a tie
between two CHs, say u and v, u concedes to v (i.e., gives
up its CH candidacy) according to a secondary parameter,
such as node degree or average distance to neighbors. This
results in the uniformly distribution of the elected set of
CHs across the network. In HEED, each node executes a
constant number of iterations. An implementation of HEED
in TinyOS (the operating system for Berkeley motes)
showed that clustering and data aggregation at least double
the network lifetime.

Kuhn et al. [5] proposed a probabilistic technique to elect
CHs, in which the probability is dependent on the node
degree. The convergence of their proposed technique, which
depends on the number of nodes in the network and the node
degree, is much faster than iterative techniques. In addition,
this approach elects a dominating set of CHs that is asymptot-
ically optimal (minimal).

Table 1 compares representative examples of distributed
clustering techniques. (Note that several other techniques
were proposed in the literature but are not discussed here due
to space limitations.) The table shows that all distributed clus-
tering protocols have a constant message overhead per node.
This is an important advantage of the distributed techniques
over the centralized ones, which involve significant message
overhead. The processing overhead at each sensor, however,
is negligible in a centralized approach compared to a dis-
tributed one (in which nodes participate in the computations).
For example, in iterative approaches, a node has to check the
received messages to decide how it should react. These mes-
sages can be O(3), where § is the node degree. As energy con-
sumption for data processing is typically lower than that for
communication, the message processing overhead may be
ignored.

As shown in Table 1, most of the distributed protocols have
low overhead. This overhead is dependent on the frequency of
reclustering, which is small in typical applications. Throughput
is typically not negatively affected by clustering, as shown in
an implementation study of HEED [3]. In fact, throughput is
improved under high load because of the reduction in channel
contention. The performance of each clustering protocol
depends on the network configuration, the system model, and
the application scenario.

Open Issues

Clustering in WSNs faces several deployment challenges, such
as ensuring connectivity, selecting the optimal frequency of
CH rotation, computing the optimal cluster sizes, and cluster-
ing the network in the presence of a node duty cycle.!
Addressing these problems will require cross-layer design,
especially with regard to the MAC and network layers.

1 In a typical WSN, a sensor alternates between active and sleep states. The
ratio of the active time to the total time is referred to as the node duly cycle.
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Baker et al. [4] Identifier Minimum dominating set | and uniform node O(Diam) o(1)
distribution
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Max-Min D-hop cluster formation, MAC layer provides
D-Cluster [6] ! Degree D is a constant collision avoidance o) ol
Rapid convergence, Nonuniform load distru-
HEE 7] ! BRuies denser cluster sizes bution o) )
Rapid convergence and Single-hop network and
LEACH [2] P CH frequency maximized network life- uniform load distribu- o(1) o(1)
time tion
Rapid convergence and . AL,
HEED [3] P Residual energy mazimized network life- lgl:tr;;l:lform |oad distri o(1) o(1)
time
Kuhnetal [5] | P Degree Minimum dominating set UG T S T polylog(n) polylog(n))
’ munication channels

B Table 1. Comparison of representative distributed clustering techniques. I/P denotes whether a protocol is iterative or probabilistic,
Diam denotes the network diameter, and n denotes the number of nodes in the network.

Connectivity

An important objective of any clustering technique is network

connectivity. For intracluster communication, a cluster mem-

ber communicates with its CH either directly (e.g., [2, 3, 7]) or

via multiple hops (e.g., [6, 11]). Connectivity in this case is a

result of the success of cluster formation. For intercluster com-

munication, two approaches were adopted in order to maintain
connectivity. In one approach (e.g., [6, 10, 11]), nodes on clus-
ter boundaries are used as gateways to relay data among CHs.

This approach (depicted in Fig. 3a) is suitable in networks that

use a fixed transmission power. Network density has to be suf-

ficiently high in order to ensure that enough gateways are pre-
sent at the intersection areas between clusters. In another
approach (e.g., [2, 3]), the CH overlay constitutes the routing
infrastructure, and intercluster routing proceeds only through

CHs. This approach (depicted in Fig. 3b) is appropriate if:

* A node can tune its transmission power? (e.g., Berkeley
motes).

* The CH density and intercluster transmission range satisfy
the connectivity conditions specified by Gupta and Kumar
[12].

An advantage of this approach is that it enables all non-CHs

to sleep while not sensing or transmitting. Selecting the opti-

mal intracluster and intercluster transmission ranges to ensure
connectivity and prolong the network lifetime is still an open
issue.

2 Note that power control in WSNs is used for switching between CH and
non-CH operation modes, and not on a per-packet basis, as proposed for
more capable ad hoc networks.

MAC layer Design

Scheduling intracluster and intercluster transmissions is
another important design challenge. Since clustering is typical-
ly employed in applications where data aggregation is per-
formed, time division multiple access (TDMA) is best for
intracluster transmissions. This is because a CH can set the
TDMA schedule and inform its cluster members about it. The
problem is how to prevent the TDMA intracluster transmis-
sions from colliding with transmissions in neighboring clusters
or with intercluster frames, especially when CHs use longer
ranges for communicating with each other. One possible solu-
tion is to use orthogonal frequency channels or different
CDMA codes to parallelize intracluster and intercluster trans-
missions. It may not be cost effective, however, to equip cheap
sensors with expensive radios in order to support orthogonal
channels or codes. Enabling concurrent intracluster and inter-
cluster communications using a single radio channel is an
open research issue.

Rotating the Role of Cluster Heads

It is essential to rotate the role of CHs among nodes so as not
to burden a few nodes with more duties than others. There
are several possibilities for CH rotation. One way is to use a
timer expiration to trigger the clustering algorithm, as
described in “Node Synchronization” below. Another way is
to use a dynamic parameter (e.g., remaining battery) for trig-
gering the clustering algorithm at local regions. For example,
a CH might trigger a new CH election process in its local
region if its remaining battery lifetime goes below a prespeci-
fied threshold. The CH rotation mechanism is typically inde-
pendent of the clustering protocol.
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It is obvious that more frequent CH rotation results in
more clustering overhead and network interruption, while less
frequent rotation may cause some nodes to die faster than
others. The study of this trade-off is essential for achieving
optimal network lifetime. Currently, applications set this rota-
tion frequency heuristically, based on some intuitive factors
such as the expected battery lifetime and the node degree.

Node Duty Cycle

A primary factor that prolongs the battery lifetime is allowing
sensors to sleep when not active. This is due to the following
three reasons. First, idle listening consumes significant energy
that is comparable to transmission or reception. For example,
in a Berkeley Mica2 mote, idle listening consumes energy
close to that of reception. In contrast, the energy drainage
during sleep time is about three orders of magnitude less than
the reception energy consumption. Second, battery discharge
is nonlinear, and some of the unusable charges can be restored
in the battery after the sleeping period. Third, sensors are typ-
ically deployed redundantly, which implies that not all the
nodes need to be awake simultaneously.

Therefore, clustering techniques should incorporate the
node’s duty cycle in their design. This can be done in one
of two ways, depending on the type of the application.
First, non-CH nodes can be allowed to sleep when they are
not sensing or communicating with their CHs. This
approach is suitable for applications where sensors are
periodically sending reports. Second, if the application
requires the sensors to continuously monitor the field for
unexpected events, then a CH can determine which of its
cluster members are redundant and advise them to turn
themselves off. Thus, a CH maintains a minimal active set
of nodes in the cluster. It is also possible to elect an active
set of nodes to cover the field prior to cluster formation. In
this case, the CH and all its members are active during the
network operation cycle.

Optimal Cluster Size

Currently, most clustering protocols assume a fixed cluster-
transmission range, which results in uniform cluster sizes.
However, this results in a skewed load distribution on CHs
(e.g., CHs that are closer to the observer will carry more

intercluster traffic and hence will deplete their batteries faster
than faraway CHs). In order to balance energy consumption
among CHs, both intracluster aggregation and the data for-
warding responsibilities of a CH have to be considered. Shu et
al. [13] studied how to achieve this balance by assigning larger
cluster sizes to CHs that are responsible for less data forward-
ing. An example is illustrated in Fig. 4, in which sensors are
deployed in a circular region around a base station. This
approach is constrained by the maximum possible sensor-
transmission range, and the supporting MAC layer. The read-
er is referred to [13] and the references therein for more
information on load- and power-balanced clustering tech-
niques in WSNs. Several issues are still open for research,
including how to optimally select cluster sizes without knowl-

M Figure 4. Selecting cluster sizes to evenly distribute energy con-
sumption among CHS.
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edge of the node locations and how to exploit knowledge of
the locations of data sinks for efficient cluster formation.

Node Synchronization

Distributed clustering protocols achieve their best perfor-
mance when sensor nodes are synchronized. Node synchro-
nization ensures that the clustering process starts
simultaneously throughout the network. Lack of synchroniza-
tion may result in a suboptimal choice of CHs, especially for
probabilistic approaches. However, the clustering process can
be triggered by nodes with faster clocks. This happens when
such nodes start querying their neighbors for updated infor-
mation in order to start the clustering process. Received
queries trigger the clustering process at these neighbors, and
these neighbors in turn trigger their neighbors, and so on.
Note that it is not essential that “all” the nodes in the network
start the clustering process simultaneously. In fact, it is suffi-
cient that the process starts in different regions (nodes within
one or two hops) simultaneously. Probabilistic techniques that
use a number of iterations (e.g., [3, 5]) are therefore less
impacted by the lack of synchronization than single-iteration
techniques (e.g., [2]).

Conclusions

Node clustering is a useful topology-management approach to
reduce the communication overhead and exploit data aggrega-
tion in sensor networks. We have classified the different clus-
tering approaches according to the clustering criteria and the
entity responsible for carrying out the clustering process. We
have focused on distributed clustering approaches, which are
more suitable for large-scale sensor networks. We highlighted
some of the basic challenges that have hindered the use of
clustering in current applications. We surmise that the most
compelling challenges are how to schedule concurrent intra-
cluster and intercluster transmissions, how to compute the
optimal cluster size, and how to determine the optimal fre-
quency for CH rotation in order to maximize the network life-
time.
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