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Abstract²This paper investigates the energy-saving
organization of sensor nodes in large wireless sensor networks.
Due to a random deployment used in many application scenarios,
much more nodes need to be deployed to achieve a complete
sensor coverage than theoretically needed in case of an ideal
deployment. Consequently, most of the deployed nodes are
redundant and can be switched-off for a long time to save energy.
A well-known principle to detect the redundancy of nodes is to
divide sensor network into equally sized cells. Assuming a well
chosen cell size, depending on transmission range and sensing
range, it is possible to switch-off all nodes but one per cell. The
idea was applied in the extended geographic adaptive fidelity
algorithm (XGAF), which divides the network into virtual square
cells .
In the current work, we improve the idea of XGAF by using
different tessellating cell shapes, namely triangles, pentagons and
hexagons. Furthermore, we examine the cell shapes in terms of
coverage, connectivity and average hop count.

I. INTRODUCTION

R

ecent 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] or to detect redundancies to avoid multiple
routing and sensing [3],[4]. 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 waiting for control messages is infeasible.
This paper presents a profound research of the well-known
clustering algorithm XGAF (eXtended Geographic Adaptive
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Fidelity), which presents an energy-saving clustering
methodology [6]. The idea of XGAF is to divide the observing
area into regular square cells. Each cell contains a cluster. The
chosen cell size allows to switch-off all nodes but one per cell
and still guarantee complete coverage and connectivity, if all
cells are populated with at least one node.
The goal of this paper is to replace the regular square cells
by different shapes which also tessellate, namely equilateral
triangles, irregular pentagons and regular hexagons, which are
thoroughly examined. A worst-case coverage behavior of each
cluster is defined and the achieved coverage, connectivity and
the average hop count are compared. Additionally, the
clustering with regular cells are compared with two clustering
approaches with irregular cells.
The remainder of the paper is organized as follows:
Section II describes related clustering algorithms, Section III
introduces the investigated alternative tessellating shapes and
a possibility to achieve them via simple localization. Section
IV compares characteristic parameters of the presented
clustering approaches and introduces the worst-case coverage
behavior. Section IV gives a conclusion and an outlook.
II. RELATED WORK
One of the main problems of WSNs is their power
consumption, related to the limited energy resources of the
nodes. Hence, a challenging research goal is to increase the
total lifetime of a network by temporarily deactivating a subset
of nodes. Geographic clustering is a common strategy to
reduce overall energy consumption of WSNs [5-7, 9-12].
Usually, the algorithms utilize redundancy in a dense
deployment with a predetermined transmission range and
sensing range of nodes. With the knowledge of these ranges it
is possible to divide the network into clusters where only one
active node per cluster is required for complete network
functionality. There already exist two different strategies to
determine the borders of such cluster arrangements, namely
location-based clustering and location-free clustering methods.
A.
Location based clustering
Geographic clustering algorithms for ad-hoc networks exist
since 2001[5]. Here, 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. To realize this, each node has to get
information about its position via localization algorithm.
2891

Fig. 1. Estimation of cell sizes A) GAF B) XGAF C) Maximum dimension
of a Free-GAF cell.

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.

The cell size of GAF is chosen in the way that the
communication between any two points in orthogonal adjacent
cells is guaranteed, since only one node per cell is active. The
energy saving ability of GAF emerges by rotating the role of
active nodes among nodes of each cell and switch-off all other
nodes. To adapt the principle of GAF from ad-hoc networks to
WSNs, XGAF (Extended GAF) was introduced as an
improved version of GAF in [6]. 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 is shown in Fig. 1A and Fig. 1B. Although GAF
cells are at least 60% bigger than XGAF cells, the
unconsidered sensing range can lead to coverage holes in
GAF.
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 RW, as calculated in (1).

their transmission range to detect the number of deployed
nodes in a certain area. In [3] and [4], nodes utilize such
knowledge to figure out if they are redundant. 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], a localization-free clustering
algorithm, called Free-GAF (Localization Free GAF), was
introduced. The goal of Free-GAF is similar to XGAF, i.e. to
require only one active node in each cluster 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 pre-selected clusterhead reduces its
transmission range to RW/2 and broadcasts a ³-RLQ FOXVWHU´
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
broadcasting a ³SRVVLEOH FOXVWHUKHDG´ message with
transmission range RW. Each node positioned within a distance
between RW/2 and RW has now the possibility to become new
FOXVWHUKHDG DQG FKDQJH LWV PRGH WR ³SRVVLEOH FOXVWHUKHDG´
Each possible clusterhead now initiates a waiting cycle CW
with value ³´, as shown in Fig. 2A. Additionally, possible
clusterheads set an internal timer to a time T.
The selection of the next adjacent clusterhead is realized
using an indirect distance approximation. After receiving a
³MRLQ FOXVWHU´ message and ³SRVVLEOH FOXVWHUKHDG´ message,
all forced cluster nodes have to answer with a ³FOXVWHU
DIILUPDWLRQ´ message, using transmission range RW/2. Next to
the addressed clusterhead, all possible clusterheads in range
listen to these messages and increase their waiting cycle CW by
³´ for each received ³FOXVWHU DIILUPDWLRQ´ message, as
shown in Fig. 2B.
After time interval T, all possible clusterheads decrease
their CW by ³´ and reset their timer. For an error-free work,
the time interval T has to be long enough to allow the
UHFHSWLRQRIDOO³cluster affirmation´PHVVDJHV,IWKHCW of a
node is decreased to value ³´and the node is still a possible

(1)
Here, RT is the transmission range and RS is the sensing
range. If the cells have the maximum dimension RW, any
active node in the cell is able to cover the whole cell with its
sensor 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 their correct cells.
B.
Localization free clustering
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
QRW DEOH WR FODVVLI\ LWVHOI LQWR D FOXVWHU VR XVXDOO\ ³UDQGRm
RUJDQL]DWLRQ´RU³UDQJHEDVHGRUJDQL]DWLRQ´DUHDSSOLHG
In random organized networks, as in LEACH [7], each node
chooses randomly whether it becomes clusterhead or cluster
member during a certain period. Further examples are the kCover algorithms [8]. Here, each node chooses randomly
whether it has to be active or not.
In contrast, range-based algorithms use the knowledge about
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III. TESSELLATING CELL SHAPES
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Fig. 4. Detail of a network with applied alternative clustering algorithm. A)
Triangle XGAF B) Pentagon XGAF C) Hexagon XGAF

Fig. 3. Detail of a network with applied cell based clustering algorithm.
A) GAF B) XGAF C) Free-GAF

clusterhead, it is assigned as 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
CW, nodes that are far away from the starting clusterhead, but
not outside RW, are preferred as adjacent clusterheads, as
shown in Fig. 2C.
After the cluster building process, each cluster can
exchange its clusterhead autonomously and independently
from adjacent clusters, as done in XGAF. WSNs with
randomly deployed nodes and the applied clustering
algorithms GAF, XGAF and Free-GAF are shown in Fig. 3.
To improve the performance of Free-GAF, a couple of
local rules were applied during the clustering process in [6].
The result is the improved location free clustering algorithm
with
Free-CLASH
(Localization
Free-Clustering
Approximation to Symmetric Hexagons). By avoiding
coverage holes, Free-CLASH is nearly able to achieve the
performance of a clustering with regular arranged cells, as
later compared in Section IV.

RW

B.

Cell creation
After the creation of the virtual shapes, the nodes have to
assign themselves to their corresponding cell. A possibility is
to localize the nodes exactly and distribute knowledge about
the position and the orientation of a reference cell. The
disadvantage of such a localization are the facts that such a
localization is cost intensive, is hardly able to achieve a high
accuracy, and requires beacon nodes, which are aware to their
own position [13,14].
A more simple way to assign the nodes to their position
would be to deploy these beacon nodes as voronoi centers of
the cells, which should be created. While the centers of the
regular shapes are equal to the centroid of the shapes, the
voronoi center of the pentagon is given by the point of
intersection of the diagonals, as shown in Fig. 4B).
After the regular deployment of the beacon nodes and the
randomly deployment of the sensor nodes, each beacon node
broadcast a message. Similar as done in the WCL-localization
[13], each receiving sensor node measure the RSSI-value of
all received beacon nodes and assign itself to the beacon node
with the highest RSSI value, and hence to the correct cell.
Although the measurement of RSSI is error-prone, we

In this section, we present our alternative tessellating cell
shapes, their properties and a simple approach to create such
cell shapes.

TABLE 1
PROPERTIES OF CELL BASED CLUSTERING ALGORITHMS
Algorithm

Alternative cluster shapes
Based on XGAF, we examined several different cell shapes
in the proposed work and compared them. Next to both
versions of a square (GAF and XGAF) we decided to create
only cell shapes which consists of cells with equal size and
shape and did not mixed polygons within one clustering
algorithm.
For our simulations, we mapped the shapes of a regular
triangle, a regular hexagon and an irregular pentagon to the
sensor network area. Hence, we investigated the most
interesting cell shapes which provide useful results due to their
size compared to their longest dimension.
As done in square XGAF, the maximum cell dimension is
given by the working range RW in (1). Depending on RW, the
maximum resulting cell sizes are as given in TABLE I, while
the resulting cell structures are given in Figure 4.

Max. Cell Area

Regularity

A.
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To compare the performance of the algorithms, we created a
simulation environment in Matlab. The simulation parameters
are given in TABLE II. To avoid edge effects, the evaluated
area lies in the middle of the simulated area and has a distance
of 2*RW to each edge of the simulated area. For connectivity
purposes, we deployed a sink in the middle of a random cell.
To validate our results, we deployed 2500 arrangements of
randomly deployed nodes to the simulated area for each
simulation point. The different clustering approaches were
applied and the following most important network
characteristics were compared.
A.
Populated cells
The idea of the cell-based clustering strategies is that complete
network functionality is guaranteed as long as each cell is
populated with at least one node. The fraction of populated
cells compared to the number of deployed nodes is presented
in Fig. 5 and it can be seen, that the fraction of populated cell
depends on the cell area of the chosen approach.
A more significant result for complete network functionality is
the fraction of networks with 100% populated cells. In Fig. 6
one can see again, that networks with fewer and larger cells
are able to outperform the other algorithms. The localizationIUHHDSSURDFKHVZHUHQ¶Wcompared, because they have no fixed
number of cells.
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He agon XGAF
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0

Fig. 6. Percentage of networks with completely populated cells

IV. SIMULATION AND RESULTS
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Fig. 8. Fraction of connected cells versus number of deployed nodes

more nodes are active, the more energy is consumed during
runtime and the network depletes faster. It can be seen in Fig.
7 that the number of active nodes increases with the number of
deployed nodes until each cell is populated and one node is
active in each cell. Of course the algorithms with less cells are
able to outperform their counterparts with smaller cells.
C.

Connectivity
7KHQH[WSHUIRUPDQFHSDUDPHWHUZH¶YHLQYHVWLJDWHGZDVWKH
connectivity, compared to the number of deployed nodes. If a
network is only sparsely populated or if a lot of nodes are
already depleted, a high connectivity ability is able to allow a
graceful degradation. Due to our simulation environment, only
one hop messages are allowed, i.e. a cell is able to
communicate only with its direct neighbor cells. Hence, a high
connectivity depends on the number of populated cells and the
number of neighbors of each cell. In our simulation
environment, we applied the Dijkstra algorithm to find out
whether a cell is connected with the sink or not. The result of
our investigation can be found in Fig. 8 and shows that the
square and hexagonal version of XGAF are able to outperform
GAF due to their larger number of neighbors and hence
possibilities to forward a message. Here it can be also seen
that the pentagon version achieves the worst result. The reason
TABLE 2
SIMULATION ENVIRONMENT

B.

Active nodes
Directly depending on the number of cells and therefore the
size of a cell is the number of active nodes. Next to the hop
count, it is the most important indicator for the energy
consumption of a network, and therefore the lifetime. The
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Fig. 10. Average hop count to the sink in a network with a certain dimension

is that this polygon has only the same cell size like square
XGAF, but only 7 neighbors, which allow less routes.
Additionally, the resulting are not regular arranged around the
middle cell, which further degrades the route directions.
Again, the localization free algorithms allow no fair
comparison, because each emerged cell is automatically
connected to the sink due to the cluster building process.
D.

Hop count
Next to the number of active nodes, a high hop count to
propagate a message to the sink is the second important reason
for a high energy consumption of a WSN. Similar to the
connectivity, the hop count from a certain distance depends on
the cell sizes and the possibilities to route, i.e. the number and
distribution of the neighbors. In our simulations, we populated
each cell with at least one node and afterwards measured the
average hop count to the sink from a certain distance in Fig. 9.
Furthermore, the average hop count to the sink in a network
with a certain dimension and the sink in the midpoint was
measured in Fig. 10. Both results show similar results and it
become obvious that the average hop count in a network with
a certain dimension as well as the average hop count from a
certain distance can be approximated via linear functions.
Again, the number of neighbors and their arrangement
impacts significantly the performance, and square XGAF and
hexagon XGAF are able to outperform GAF and the pentagon
XGAF version in the term of hop count since less hops are
required to reach the sink from any point in the network.
E.

Switched-off node

Coverage
To guarantee functionality, it is not sufficient if the network
is able to transmit its messages to the sink. Additionally, it
must be guaranteed that any point of the area to observe is
covered by the sensor of the node, whose range is given by the
sensing range RS. Within our clustering algorithms, one node
per cell is activated and covers an area with its sensor. Due to
the fact that a node is able to cover more than its own cell with
its sensor, it is not required that each cell is populated. Instead,

a auspicious arrangement or activation of nodes can allow
complete coverage with less nodes then required for a network
with 100% populated cells.
To cover both, an auspicious node arrangement and their
auspicious activation, we defined two kinds of coverage
measurements.
1) Realistic Coverage
In the realistic coverage case, one random node is activated
per cell and able to cover the area within the sensing range. An
example is given in Fig. 11A). The realistic case awards an
auspicious node activation and provides a good predication
about the probable coverage of the network with an according
node arrangement. The results for the different clustering
algorithms are shown in Fig. 12. It can be seen, that the square
and the pentagon version of XGAF achieves the best result.
Due to their good ratio between neighbours and cell size, an
empty cell can easily be covered by the neighbours. The worse
performance of hexagon cells can be explained by the fact that
the probability that an empty cell is covered by it 6 neighbours
is relative low. The problem of GAF is even bigger. Due to the
large cell size, it is not guaranteed that a cell is covered by
each of its own nodes, and in an inauspicious activation of
QRGHV LW PD\ KDSSHQ WKDW D QHWZRUN GRQ¶W DFKLHYH FRPSOHWH
coverage, even if all cells are populated. Furthermore, the
figure shows that the localization free approaches are able to
compete with the localization based approaches in this metric.
2) Worst Case Coverage
While the realistic coverage case provides a good
predication about the probable coverage of a network, it may
happen that this coverage is not achieved. The reason is that
clusters are allowed to decide autonomously which nodes are
switched-off and which one remain active. To avoid the
influence of the cluster decision, the worst case coverage
firstly estimates the guaranteed coverage of each cell by
building the intersection area of the sensed areas of all
contained nodes, as shown in Fig. 11B). To estimate the
coverage of the network, only the intersection areas of each
cell are considered, as shown in Fig. 11C). The results of the
worst case coverage for the different clustering strategies are
shown in Fig. 13. It can be seen that GAF is not able to
achieve a significant part of complete covered networks due to
its property that the cells doHVQ¶WFRQVLGHUWKHVHQVLQJUDQJHRI
the nodes. Also Free-GAF shows a bad performance, small
possible network holes (which are avoided by Free-CLASH)
are detected by the worst case coverage and decrease the
guaranteed coverage.
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V. CONCLUSION AND OUTLOOK
In the proposed work we investigated in geographic
clustering strategies with the help of different cellforms. After
a short review of former clustering approaches, we presented
alternative cell shapes and their properties. Our detailed
simulation showed that the different strategies assign different
abilities to the networks. Hence, the decision which clustering
approach is the best one depends strongly from the
application. If just connectivity and energy consumption are
important for the application, GAF or the hexagonal version of
XGAF are the preferred choice. If, instead, a complete
guaranteed sensor coverage is an essential precondition for the
application, square XGAF is the more reliable algorithm.
In future works, more different clustering algorithms
[11,12] could be investigated within the proposed metrics and
a network designer is able to choose the best one for its
network. Furthermore, the investigation of the impact of
inaccurate localization and shadowing effects to the
performance are an interesting research area.
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