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Abstract—This paper investigates topology management of
large wireless sensor networks. Due to their random deployment,
nodes have to organize themselves as energy efficient as possible
to avoid redundant sensing and transceiving tasks while
maintaining complete sensor coverage and connectivity as long as
possible.

In this work, we present a clustering algorithm for redundancy
detection. With few local rules, nodes are able to cluster
themselves autonomously without location information. As an
enhancement to its predecessors, we propose additional local
rules to provide regular cluster structure without routing holes.
Inside each regular cluster, nodes’ roles are completely
exchangeable and only one node per cluster is active.

Simulation results of stochastic deployment are used to
demonstrate the performance of our algorithm, in terms of
coverage abilities, lifetime and regularity.
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I. INTRODUCTION

Recent development of small wireless communication and
computing systems makes it feasible to create large
Wireless Sensor Network (WSN) systems for environment
surveillance. Modern WSNs consist of hundreds of randomly
deployed tiny sensor nodes. Each node is equipped with
sensor device, wireless communication system, battery and
microcontroller.

In scenarios like forest fire detection, precision farming or
measurement of volcanic activity, a network of such tiny
sensor nodes is much more powerful in terms of detecting
phenomena than some single complex sensor systems. Due to
their dependence on the battery capacitance, spending energy
for activities like sensing, computation and signal transmission
is restricted. In order to achieve a maximum network lifetime,
the whole network has to act as energy-efficient as possible.

Current researches try to increase network lifetime using
various approaches, like efficient routing [1] or load-balanced
communication [2]. It is noticeable that nearly all WSN
organization algorithms work without a central control unit,
since the cost of valuably energy on receiving, routing and
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waiting for control messages is infeasible.

The presented approach in this paper is a clustering strategy
which is initiated from a starting node and divides a large and
dense sensor network into spatial clusters. Such cluster
structure aids to the energy conservation of a WSN, since only
one active node per cluster is necessary to guarantee complete
coverage and connectivity of the network. The active node of
each cluster is called a clusterhead. The role of clusterhead can
be carried out by any node of its cluster and is completely
exchangeable.

A former localization of the nodes is not necessary to
perform our algorithm. Instead, the algorithm does cluster
border detection and selection of new clusterheads via adapted
transmission ranges. Hence, the overhead caused by
localization processes can be avoided and the performance of
the algorithm is independent from localization accuracy.
Furthermore, the algorithm can be applied in inaccessible or
dynamic environments, where a localization can’t be applied.

The main contribution of this paper is an enhancement of
the origin version of this idea of clustering [9]. With the help
of simple local rules applied during the cluster organization,
the whole network aspires for both of the following abilities:

Firstly, the algorithm avoids holes in the network by an
autonomous preference of favourable nodes as new
clusterheads. This behaviour leads to strongly increased
coverage ability. Secondly, this autonomous preference leads
to an optimal, regular arrangement of clusters. Hence,
advantageous routing algorithms or even cluster assistance
strategies can be applied [11-13]. A further contribution of this
paper is an enhanced evaluation and comparison of the
proposed algorithm and its predecessors.

The remainder of the paper is organized as follows:
Section I describes related work and ideas of former
algorithms, Section III shows drawbacks of the predecessor
and presents our enhanced localization-free clustering
approach, Section IV compares characteristic parameters of
the presented algorithm and former algorithms via
simulations. Section V gives the conclusion and an outlook.

II. RELATED WORK

Clustering is a common strategy to reduce overall energy
consumption of WSNs. Although several clustering algorithms
have been proposed [4,5], there exist only a few algorithms



which utilizes redundancy in a dense deployment with a
predetermined transmission and sensing range of nodes. In
that way, it is possible to create clusters with only one active
node necessary in each cluster for complete network
functionality. There already exist two different strategies to
determine the borders of such cluster arrangements, namely
localization-based and localization-free clustering methods.

A. Localization based clustering

Clustering algorithms for ad-hoc networks with self-healing
abilities exist since 2001 [3]. In [3], the authors developed the
GAF (Geographical Adaptive Fidelity) algorithm, which
divides the network into regular arranged square cells. After
its deployment, each node has to classify itself into its
corresponding cell. Therefore, each node has to get
information of its position via localization algorithm.

The cell size of GAF is chosen in the way that the
communication between any two points in adjacent cells is
guaranteed, since only one node per cell is active. The self-
healing ability of GAF emerges by rotating the role of active
nodes among nodes of each cell. To adapt the principle of
GAF from ad-hoc networks to WSNs, XGAF (Extended GAF)
was introduced as an improved version of GAF in [4]. In
XGAF, the sensing range was considered in the calculation of
the maximum cell size. Furthermore, XGAF allows a
guaranteed communication with diagonal adjacent cells.

The estimation of the maximum cell size of GAF and
XGAF cells are shown in Fig. 1A and Fig. 1B, while the
calculations of the cell sizes are shown in Table 1. Although
GAF cells are at least 60% bigger than XGAF cells, the
unconsidered sensing range can lead to coverage holes.

In contrast, if each cell in XGAF is populated by at least
one node, complete coverage and connectivity are guaranteed.
The maximal dimension of an XGAF cell is introduced as the
working range Ry as calculated in (1).

Ry = min (Rg; Ry/2) Q)

Here, Ry is the transmission range and Rg is the sensing
range. If the cells have the maximum dimension Ry, any
active node in the cell is able to cover the whole cell with its
device. Additionally, communication between nodes in
adjacent cells is guaranteed. However, the main drawback of
the cell-based cluster algorithms is the prerequisite of a
previous accurate localization of all nodes. Otherwise, nodes
are not able to assign themselves to the right cells.
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Fig. 1. Estimation of cell sizes A) GAF B) XGAF C) Maximum dimension of
a FreeGAF cell.

TABLE 1
PROPERTIES OF CELL BASED CLUSTERING ALGORITHMS

Algorithm  Max. Cell Area (Rg = R;/2) Regularity Regard of
sensing range
GAF Ag = R}/5=0.2R} Yes No
XGAF Ay = R%,/2 =0.125R? Yes Yes
FreeGAF Apg = mR%, /4 = 0.196R% No Yes

B. Localization-free network organization

During a clustering process, each sensor node has to figure
out its role in the network, i.e. its task to fulfill and the cluster
to join. In contrast to localized nodes, a non-localized node is
not able to classify itself into a cluster, so usually “random
organization” or “range based organization” are utilized.

In random organized networks, as in LEACH [5], each node
chooses randomly whether it becomes clusterhead or
clustermember during a certain period. Further examples are
the k-Cover Algorithms [6]. Here, each node chooses
randomly whether it has to be active or not.

In contrast, range-based algorithms use the knowledge about
the transmission range to detect the number of deployed in a
certain area. In [7], nodes use such knowledge to figure out if
they are redundant. In [8], two nodes compare the number of
shared neighbors for rough distance estimation.

While the random organization algorithms are not able to
guarantee any optimal distribution of clusters or active nodes,
range-based algorithms are able to create optimal cluster
distributions from a local point of view. In [9], we introduced
the first combination of a localization-free clustering
algorithm with properties of localization based clusters, called
Free-GAF (Localization-Free GAF) as described next.

C. Localization-free clustering with Free-GAF

The goal of Free-GAF is similar to XGAF, i.e. only one active
node in each cluster is necessary to maintain complete sensor
coverage and connectivity. To create clusters, Free-GAF
utilizes an adapted transmission range scheme to determine
which nodes are the members of a pre-selected clusterhead, as
explained in the following:

In the first step, a first pre-selected clusterhead reduces its
transmission range to Ry/2 and sends a “Join cluster”
message. All receiving nodes which are not already part of a
cluster are forced to join the cluster of the transmitting
clusterhead. The reduced transmission range guarantees
sensing coverage of the cell with only one active node, equal
to an XGAF cell. The maximum resulting cluster size is
estimated in Fig. 1C and calculated in Table 1.

The next step is to find adjacent clusterheads by sending a
“Possible clusterhead” message with transmission range Ry.
Each node positioned within a distance between Ry/2 and Ry
has now the possibility to become new clusterhead and change
its mode to “possible clusterhead”. Each possible clusterhead
now initiates a waiting cycle Cy with value “/”, as shown in
Fig. 2A. Additionally, possible clusterheads set an internal
timer to a time 7.
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Fig. 2. Applied Free-GAF algorithm: A) Clusterhead forces nodes to join its
cluster and estimates possible adjacent clusterheads. B) Nodes confirm cluster
affiliation. C) Next clusterhead repeats the procedure.
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The selection of the next adjacent clusterhead is made by an
indirect distance approximation. After receiving a “join
cluster” message, all forced cluster nodes have to answer the
transmitter of the node with a “cluster affirmation” message
with transmission range Ry/2. All possible clusterheads listen
to these messages and increase their waiting cycle Cy by 1 for
each received “cluster affirmation” message, as shown in Fig.
2B. After time interval 7, all possible clusterheads decrease
their Cy by “I1” and reset their timer. For an error-free work,
the time interval 7 has to be long enough to allow the listening
of all “cluster affirmation” messages.

If the Cy of a “possible clusterhead” is decreased to value
“0”, it is assigned as a clusterhead and repeats the overall
procedure. The process of clusterhead election propagates
throughout the network until all nodes are assigned with a role
of either cluster head or cluster member. By using Cy, nodes
that are far away from the starting clusterhead, but not outside
Ry, are preferred as adjacent clusterheads, as shown in
Fig. 2C.

After the cluster building process, each cluster can
exchange their clusterhead autonomously and independently
from adjacent clusters, as done in XGAF. A WSN with
randomly deployed nodes and the applied -clustering
algorithms XGAF and Free-GAF is shown in Fig. 3. As shown
in [9], Free-GAF performs similar to XGAF in terms of
achieved average coverage and even better in terms of
maximum clustersize. Furthermore, Free-GAF works
independently from a former localization and is hence more
applicable and feasible for large-scale scenarios.

But next to its advantages, Free-GAF has two major
drawbacks. The first drawback is the possibility of resulting
coverage holes, even if enough nodes are deployed for a
complete coverage in XGAF
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Fig. 3. Detail of a network with applied cell based clustering algorithm.
A) XGAF B) Free-GAF
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Fig. 4. Choice of optimal clusterheads A) Application of Free-GAF, B)
Possibility of coverage holes C) Free-CLASH with adapted message range
“possible clusterhead”
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. The second one is the missing ambition for a regular
structure, which is an important property for routing, hole-
detection or localization algorithms [11]. Furthermore, a
regular structure can achieve a higher average cluster size,
which also leads to a reduced number of clusterheads and
therefore a prolonged network lifetime.

III. LOCALIZATION-FREE CLUSTERING WITH APPROXIMATION
TO SYMMETRIC HEXAGONS

In this chapter we introduce our improved localization-free
clustering algorithm called Free-CLASH (Localization-Free
Clustering with Approximation to Symmetric Hexagons). Due
to the fact that fact that the clustering in Free-GAF has several
suboptimal characteristics, we present our modification on the
basis of Free-GAF.

A. Adapting range of “possible clusterhead” message

One problem of the clusterhead choice in Free-GAF is the
emergence of coverage hole, when the clusterheads are
distributed near the borders of the clustering range Ry.
Free-GAF uses nodes with distance near to Rj as new
clusterheads. As shown in Fig. 4A, three adjacent clusterheads
can communicate with each other.

The drawback is that a coverage hole may appear as shown
in Fig. 4B. A solution to avoid such coverage holes is the intra
cluster rotation, which leads to a high cost of communication
and organization. A solution without changing the general
behavior of the algorithm is to introduce a smaller
transmission range for the “possible clusterhead” message, as
calculated in (2).

Rjy = Ry *0.5%+/3 )

In the worst case, three adjacent clusterheads now emerge at
the edges of an equilateral triangle with side length Ry’. The
length of Ry’ guarantees that the midpoint of this equilateral
triangle is covered in any case. Hence, a coverage hole can’t
emerge any longer at the midpoint of three adjacent clusters,
as shown in Fig. 4C.

B. Selective choice of new clusterheads

A further drawback of the clusterhead choice of Free-GAF is
that no regularity is pursued. A free clusterhead choice
selection may lead to a group of more than three adjacent
clusterheads, which are formed around an uncovered area, as
shown in Fig.5A.
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Fig. 5 Selective choice of clusterheads A) Free-GAF: Free choice may lead to
network holes B) Only nodes with at least two received “possible clusterhead”

messages (Npc>1) may become clusterhead C) Resulting cluster structure

Here, in the midpoint of the four clusters a coverage hole
may appear. Our solution to avoid this is to introduce an
additional local rule. A node is only allowed to be a
clusterhead if the number of received “possible clusterhead”
messages, called Np¢ for the remaining paper, is at least 2, as
shown in Fig.5B and Fig.5C. To apply this local rule, two
initial adjacent clusterheads are needed.

C. Acceleration of uniform cluster growth

Although the selection of clusterheads is not random now,
the clustering process does not avoid coverage holes, which
emerges during the growth of the clustered part of the
network. As shown in Fig. 6A, clusterhead CH:8 is chosen
with both present constraints: On the one hand, the clusterhead
is as far as possible away from its adjacent clusters. On the
other hand, the node received two “possible clusterhead”
messages. We propose a further preference on nodes which
received more “possible clusterhead” messages as new
clusterheads. This behavior can be achieved by reducing the
waiting cycle faster due to Npc. Instead of always decrease Cy
by 1 as in Free-GAF, we decrement Cy by an introduced
interval Tj. Within our simulations, we experimentally
figured out an efficient formula of the dependence of T on
Npc for all simulated node densities, as calculated in (3).

Ty = (Ngc -1)/3 (3)

As result, nodes with more received “possible clusterhead”
messages Npc decrease their Cy dramatically faster than nodes
with less Npc.
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Fig. 6. Achievement of controlled network growth A) Free growth may lead to
network holes. B) Nodes with more adjacent clusters are preferred as
clusterheads
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Fig. 7. Avoidance of cross couplings between clusters. A) Controlled network
growth approach creates too proximate clusters B) Nodes which generates
cross couplings between clusters are delayed for improved clusterhead choice

Hence, nodes with more adjacent clusters are preferred as
new clusterheads, and a regular growth is obtained.
Additionally, we included the demand given in Section III b)
in this formula, i.e. nodes with Npc < 2 don’t reduce their Ty
and hence are not allowed to become clusterhead.

The drawback of the adapted waiting cycle is an increased
possibility of coupled cluster structures, as shown in Fig. 7A.
Four adjacent clusterheads are fully connected with each
other. We call this structure “cross coupling”. Cross coupling
indicates that the cluster structure is too dense and more
clusters are available than required for covering the area.

Cross coupling emerges, if a node receives at least three
“possible clusterhead” messages from three already connected
clusterheads. Hence, a solution for a node to check if he is in
the risk of cross coupling is to check whether the senders of
the “possible clusterhead” messages are connected by
checking their neighbours. To achieve this, all clusterheads
have to send their ID and the ID of their neighbours within
each “possible clusterhead” message. Hence, a receiving node
has information about its one-hop and two-hop distant
neighbor clusterheads, and can easily estimate whether at least
three of these clusterheads are already connected with each
other. As given in Fig 7.A, CH:4 would receive “possible
clusterhead” messages from CH:1, CH:2 and CH.3 and is able
to figure out their adjacency via comparing the given
informations about its one-hop and two-hop distant
clusterheads. To avoid a too dense network structure with
cross coupled clusters, we introduce a further adaptation of the
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In the case of cross coupling, 7 should not depend on the
number of adjacent clusterheads, but should set to a value <I.
To avoid needless cross coupling and delays in the clustering
process, we experimentally figured out 7% =0.25 as practical
value for each simulated node density, The final dependence
of Ty is given in equation (4).

,cross coupling = FALSE (4)

_ {(Nsc -1)/3
w ,cross coupling = TRUE

0.25

If a node would cause a cross coupling by becoming
clusterhead, its decrement interval Ty is rather small. Hence,
the waiting cycle Cy is decreased slowly and surrounding
nodes without cross coupling risk are preferred as new
clusterheads although they received fewer “possible
clusterhead” messages. In the example in Fig. 7B, the new
CH:4 only receives “possible clusterhead” messages from
CH:2 and CH:3, but has no Ty restriction due to cross
coupling.

The general flow chart of both algorithms, i.e. Free-GAF
and the improved algorithm Free-CLASH, is shown in Fig.8.
The difference of both algorithms is given by the improved
clusterhead choice, as shown in Fig. 9.

IV. SIMULATION RESULTS

To simulate the behavior of the algorithms, we used the
Matlab-based network simulator PROWLER [10]. The
simulation parameters are given in Table 2. The evaluated area
is smaller than the simulated area, in order to avoid the impact
of edge and corner effects in the comparison.

TABLE 2
SIMULATION ENVIRONMENT

Property Value
Simulated area 216m * 216m
Evaluated area 162m * 162m
Working range 27m
Simulated networks 500

Node arrangement Random distribution of nodes

Sink position Midpoint of simulation area

Channel model Collision free, Unit disk graph
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Fig. 10. Number of active nodes versus randomly deployed nodes

In our simulations, we compared Free-CLASH with
Free-GAF and the origined XGAF approach in terms of
number of active nodes, regularity, and guaranteed network
functionality.

A. Number of active nodes

The first criterion for the evaluation of our clustering
algorithm is the number of active nodes, i.e. the number of
clusters since only one node per cluster has to be active.
Smaller number of active nodes implies better performance in
terms of redundancy detection. Because sleeping nodes
consumes much less energy than active ones, the number of
active nodes can be considered proportional to the static
energy consumption of the network. The numbers of active
nodes of the different algorithms versus the number of
deployed nodes are shown in Fig. 10. Comparing to Free-
GAF, Free-CLASH results in more active nodes in a sparse
deployment. This is due to the smaller transmission range for
the selection of new clusterheads in Free-CLASH.

If a sufficient amount of nodes is deployed, the figure
shows that Free-CLASH outperforms Free-GAF. The reason
is the extra effort of Free-CLASH for regular cluster
structures. Therefore, Free-CLASH clusters can cover more
area, even though their dimensions (Rj,) are smaller. The
more nodes are deployed, the better is the choice of further
clusterheads, which leads to even better regularity of the
emerging structure in Free-CLASH.

B. Guaranteed network functionality

The main criterion for our evaluation of clustering
algorithms is the achieved network functionality, i.e. the
sensing coverage under the precondition that all nodes are
connected. Due to the fact that only one node per cluster is
active, guaranteed coverage of a cluster can only be assumed
as the intersection area which can be covered by any node of
this cluster.
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Fig. 11. Achieved network functionality versus randomly deployed nodes
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Hence, the coverage of a cluster decreases lightly with
increasing cluster nodes but the number of clusters increases
strongly. Hence, the average achieved coverage increases fast
compared to the number of deployed nodes, as shown in Fig.
11. The simulation results show that the algorithms
Free-CLASH, Free-GAF and XGAF perform similar. They
achieve a coverage value higher than 95% nearly as fast as an
algorithm without clustering, which indicates the maximum
achievable network functionality.

For WSNs, full network connectivity is desired for many
applications. We evaluate the possibility of guaranteeing
complete network coverage using the three -clustering
algorithms. The simulation result for this metric is shown in
Fig. 12. Free-CLASH outperforms Free-GAF due to the fact
that the algorithm avoids potential network holes by its
selective clusterhead choice. Although the algorithm achieves
similar performance as XGAF, it outperforms XGAF by the
fact that no former localization is necessary, and hence no
localization errors impact the clustering performance.

C. Regularity

The regularity of the cluster structure is the main reason for
the better performance of Free-CLASH compared to
Free-GAF. A sketchy comparison of the regularity of
Free-CLASH and Free-GAF is illustrated in Fig. 13. The set
of points in the tessellation are the clusterheads, which let the
clusters emerge, and therefore are the approximate centre of
the clusters. It can be seen, that most of the clusters of
Free-CLASH has six edges, as aspired by the selective
clusterhead choice. In contrast, Free-GAF has no recognizable
regularity. In the situation of a strongly increased node
density, the Free-CLASH clusters would shape themselves to
a regular hexagon structure, while the resulting structure of
Free-GAF remains unpredictable. The network benefits from
such a regular structure by a reduced number of clusters and a
reduced probability for network holes.

B Sy —

Fig. 13. Tessellation of emerged clusters A) Free-GAF, B) Free-CLASH

assistance
algorithms

Furthermore, various cluster-based
algorithms [11] or pattern based routing
[12,13] can benefit from such regular structure.

V. CONCLUSION AND OUTLOOK

In this work we introduced new enhancements of our former
localization-free clustering approach. The enhancements of the
proposed Free-CLASH improve its predecessor Free-GAF
with several local rules.

As a result, our new algorithm is able to achieve nearly
regular cluster structures with non-uniform distributed WSNs.

We show that our new algorithm is able to outperform
Free-GAF in terms of the number of active nodes, given
enough nodes are deployed. Furthermore, we show that our
algorithm outperforms Free-GAF and XGAF in the term of
achieving complete coverage. This makes Free-CLASH
significantly more reliable as a clustering algorithm.

In future work, the achieved regularity can by coupled by
cluster-based self-healing or routing algorithms. An essential
question left open is the performance of the algorithms with
realistic radio channel model, which will be investigated in
future work.
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