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Abstract 

During the period of 6/1/2003 - 11/30/2003, we have made lots of progress on energy effi- 
ciency of wireless sensor networks. We investigated the optimal number of clusters for a given 
number of sensors. Based on this theoretical result, we proposed a Fuzzy Energy Aware Topol- 
ogy Updated with REconfiguration for Sensor-networks (FEATURES) scheme. This scheme 
provides a methodology on how to partition a sensor network to the desired number of clusters 
.using fuzzy c-means, how to select a clusterhead using fuzzy logic system via combining different 
descriptors of a sensor: distance of a node to the cluster centroid, its remaining battery capac- 
ity, and and its degree of mobility. We also proposed an Access-Based Low Energy Hierarchy 
(ABLEH) to make clustering protocols more adaptive to the dynamic nature of sensor networks. 
Besides, we studied energy efficient protocol design for large scale wireless sensor network. Four 
papers were produced during these six months, and are attached to this report. 

1    Determine the Optimgd Number of Clusters 

Suppose the total number of nodes is N, what's the optimal number of clusters K? One special case 

is K = N, which means every node can directly communicate to the gateway; another special case 

isK =1, which means all sensors are in one cluster. Both cases are not efficient for energy efiiciency 

purpose. We have systematically investigated this theoretical topic for wireless sensor networks [2], 

which is significant for the initiaUzation of energy efficient self-organizing sensor networks. We set 

up a cost function based on the energy consumption of the whole sensor network, and determined 

the optimal number of clusters via optimizing this cost function. This cost function have combined 

many parameters and descriptors, e.g., the geography information of every node, path loss model, 

distance to the gateway (or base-station), and data fusion etc. We have found a closed form formula 



for K [2], 

J{ =    I -""'•"P ""toBS 
■Kefs     R 

where N is the total number of sensors, dtoBS is the average distance between the sensor network 

and base station (or gateway), R is the radius of seiisor network, €mp and €fs are some constant 
coefficients related with the energy amplifier during transmission. 

2    FEATURES: Fuzzy Energy Aware Topology Updated with RE- 

configuration for Sensor-networks 

Based on the optimal number of clusters for energy efficient sensor network, we have investigated 

how to partition the N nodes to K clusters [1]. We have appUed fuzzy c-means (FCM), an un- 

supervised clustering method, to the clustering of self-organized wireless sensor networks. FCM 

clustering is a data clustering technique where each data point belongs to a cluster to a degree 

specified by a membership grade. We have tried to minimize the following function 

•^(U.v) = f:X;(ni,)2(d,,.)^ (2) 

where dij is the is the Euclidean distance between one node (xj) and its cluster center (vj), and Uy 

is the membership grade of sensor node j belonging to cluster i (z = 1,2, • • • ,K) and Xl^i Uij = 1. 

The minimal J(U,v) is obtained based on an iterative method by adaptively updating Uij. We 

can determine which cluster each sensor node belongs to based on the maximum membership from 
Uij {i = 1,2,-■■ ,K). 

A cluster head has to be selected following the formation of a cluster. Selecting an appropriate 

clusterhead can save energy for the whole wireless sensor network. Generally, clusterhead election 

for mobile ad hoc (sensor) network is based on the distance to the centroid of a cluster, and the 

closest one is elected as the clusterhead; or pick a node with the maximum battery capacity as the 

clusterhead. we proposed a clusterhead election scheme using fuzzy logic system (FLS) [4]. Three 

descriptors were used: distance of a node to the cluster centroid, its remaining battery capacity, 

and and its degree of mobility. The Unguistic knowledge of clusterhead election based on these 

three descriptors was obtained from a group of network experts. 27 FLS rules were set up based 

on the hnguistic knowledge. The output of the FLS provided a clusterhead possibiUty, and node 

with the highest possibility was elected as the clusterhead. 

For mobile ad hoc wireless networks, the position of each sensor changes over time, the protocol 

must be able to dynamically update its links in order to maintain strong connectivity. A network 

protocol that achieve this is said to be "self-reconfiguring". Our fuzzy energy aware topology 

can dynamically and recursively update the number of clusters, the partition of clusters, and 

clusterheads [1].   This scheme works because our approaches are iterative optimization method. 



and the existing topology is the initial values for the next iteration. We further modified this 

mobility management scheme with hysteresis to overcome the ping-pong effect [1]. 

3 An Access-Based Low Energy Hierarchy for Sensor Networks 

We proposed the Access-Based Low-Energy Hierarchy (ABLEH) [2]. It is especially designed for 

energy efficiency and higher tolerance to topology changes. And for higher tolerance to interference, 

low detectabihty and multiple access communication by a large population of relatively uncoordi- 

nated users, Direct Sequence Spread Spectrum is utihzed in ABLEH. Some Spread Spectrum codes 

may be set aside as pubUc channels, and each cluster has its own Spread Spectrum code so that the 

interference between clusters is minimized. For intracluster communications, TDMA is used with 

Adaptive Channel Assignment (ACA). Simulation results show that about 50% reduction can be 

achieved in energy dissipation and effective system lifetime are extended tremendously compared 
with LEACH. 

4 Energy Efficient Protocol Design for Large Scale Wireless Sen- 
sor Network 

In order to facilitate the management and routing of large scale wireless sensor networks, many 

algorithms have been proposed to partition mobile sensor nodes into clusters. In [3], we developed 

an Access-Based Energy Efficient (ABEE) clustering protocol, whose clustering algorithm is based 

on the outcome of the multiple access to the public channel. ABEE retains the advantage of access- 

based scheme such as self-organization, flexibihty and stability. Also by considering the energy 

dissipation during the compression and transmission of the collected data, ABEE can provide 

uniformly distributed and energy efficient infrastructure for the upper lever protocols. In [3], We 

also proposed to use coverage area to judge the robustness of the network as well as the number of 

active nodes. Simulations were used to compare ABEE with the exclusively access-based clustering 

protocol in terms of rationality of the cluster structure, system lifetime and the coverage area. Our 

result shows that the ABEE can partition the large scale of nodes more rationally, efficaciously 

improve the system lifetime and the coverage area of the whole network. 
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University of Texas at Arlington 
Arlington, TX 76019-0016 USA 

E-mail: liang@uta.edu 

Abstract— In this paper, we propose a Fuzzy En- 
ergy Aware Topology Updated with REconfiguration 
for Sensor-networks (FEATURES). The sensor network 
is self-organized to clusters using a fuzzy clustering 
method for energy saving purpose. The clusterhead of 
each cluster is elected using a fuzzy logic system to max- 
imize the network life. This topology is updated with 
reconfiguration to manage the mobility in mobile sensor 
networks since the the position of each sensor changes 
over time. We further modify this mobility management 
scheme with hysteresis to overcome the ping-pong effect. 
Simulation results show that our scheme performs much 
better than the Low-Energy Adaptive Clustering Hier- 
archy (LEACH) algorithm. 

I. INTRODUCTION 

The wireless sensor nodes in sensor networks are net- 
worked together in an ad hoc fashion, which involves 
peer-to-peer communication in a network with a dy- 
namically changing topology. They do not rely on 
a preexisting fixed infrastructure, such as a wireline 
backbone network or a base station. They are self- 
organizing entities that are deployed on demand in sup- 
port of various events including collaborative comput- 
ing, multimedia classroom, disaster reUef, search and 
rescue, and interactive mission planning. Scalability 
and energy-efficiency concerns suggest a hierarchical 
organization of ad hoc networks (AHN) or sensor net- 
works with the lowest level in the hierarchy being a 
cluster. As argued in [7] [5] [4] [12], in addition to help- 
ing with scalabihty and robustness, aggregating nodes 
into clusters has additional benefits: 
1. conserving battery power; 
2. promoting spatial code reuse and frequency reuse; 
3. simplifying the topology, e.g., when a mobile node 
changes its location, it is sufficient for only the nodes in 
attended clusters to update their topology information; 
4. reducing the generation and propagation of routing 
information; and, 
5. concealing the details of global network topology 
from individual nodes. 
Thus, it is important to design an optimal topology 
for self-organizing wireless sensor network to maximally 
extend the above benefits. Of these, conserving battery 
power is the most significant because battery Hfe is not 

expected to increase significantly in the coming years 
and sensor networks are typically established in mission 
critical environments. 

Singh et al [17] proposed power-aware routing and 
discussed different metrics in power-aware routing; Li 
et al [6] extended their work and proposed an online 
power aware routing in wireless ad-hoc networks. Re- 
cently, Block and Baum [2] proposed an energy-efficient 
routing protocol for wireless sensor networks with bat- 
tery level uncertainty. A new topology management 
scheme, called STEM (Sparse Topology and Energy 
Management) was proposed in [16] for sensor networks, 
which can wake up nodes firom a deep sleep state with- 
out the need for an ultra low-power radio. In [8], a 
data gathering algorithms in sensor networks using en- 
ergy metrics, called PEGASIS (Power-Efficient GAth- 
ering in Sensor Information Systems), was proposed. In 
PEGASIS, each node communicates only with a close 
neighbor and take turns transmitting to the base sta- 
tion, thus reducing the amount of energy spent per 
round. In PEGASIS, the remaining battery capacity 
is assumed to have known. In sensor networks, lots of 
parameters can be uncertain, e.g., the remaining bat- 
tery capacity, neighbor sensor locations, etc. In [3], a 
Low-Energy Adaptive Clustering Hierarchy (LEACH) 
scheme was proposed in [3]. In this paper, We ap- 
ply fuzzy logic to energy efficient wireless sensor net- 
works because fuzzy logic can handle the linguistic or 
numerical uncertainties in a natinral way. In additions, 
for mobile sensor networks, the position of each sensor 
changes over time, the protocol must be able to dy- 
namically update its links in order to maintain strong 
connectivity. A network protocol that achieves this is 
said to be "self-reconfiguring" [14]. In this paper, we 
propose a Fuzzy Energy Aware Topology Updated with 
REconfiguration for Sensor-networks (FEATURES). 

The rest of the paper is organized as follows. In Sec- 
tion II, we propose a fuzzy energy aware topology for 
sensor networks. In Section III, we make this topology 
periodically updated with reconfiguration for mobile 
sensor networks, and this scheme is modified with hys- 
teresis to overcome the ping-pong effect. In Section IV, 



we compare our algorithm against the LEACH algo- 
rithm. Conclusions are presented in Section V. 

II. FUZZY ENERGY AWARE TOPOLOGY FOR SENSOR 

NETWORKS 

A. Energy Consumption Model and Cost Function 

Three models are often used for energy consumption 
in the wireless transmission: path loss, large-scale vari- 
ations, and small-scale variations [13]. Similar to [14], 
we concentrate only on path loss that has distance de- 
pendence which is well modeled by l/cfP, where d de- 
notes the distance between the transmitter and receiver 
antennas, and the exponent p is determined by the field 
measurements for the particular system at hand [13], 
for example, p = 2 for free space, p = 1.6 - 1.8 for in 
building line-of-sight, and p = 4 - 6 for obstructed in 
building. Suppose there are c clusters in the wireless 
sensor network, and rui nodes in the zth cluster, we 
use the following cost function to minimize the power 
consumption 

c    mj 

j=J2J2(dikr (1) 
1=1 fc=i 

where p (path-loss exponent) is a constant for a fixed 
environment, and 

and 

dik = ijxfc - Vj (2) 

where || • || is the Euclidean distance between one node 
(xfc) and its cluster center (vj), where x^ and Vj can 
be 2-D or 3-D geography information. We partition 
the network to clusters via minimizing the total energy 
consumption using an unsupervised clustering - Fuzzy 
c-Means (FCM). 

B. Network Partition Using an Unsupervised Cluster- 
ing - Fuzzy c-Means 

FCM clustering is a data clustering technique where 
each data point belongs to a cluster to a degree speci- 
fied by a membership grade. This technique was orig- 
inally introduced by Bezdek [1] as an improvement on 
earlier clustering methods. Here we apply FCM clus- 
tering to sensor network partition. Our objective is 
to partition n nodes to c clusters which will Consume 
minimum power. 

Definition 1 (Fuzzy c-Partition for Sensor Networks) 
Let X = a;i,x2, • • • ,a;„ be n nodes, Vc„ be the set of 
real ex n matrices, where 2 < c < n. The Fuzzy c- 
partition space for X is the set 

where 

Mfc = U e Vcn\uik e [0,1] ^i,k; 

'^Uik = l yk 
t=i 

(3) 

0 < y~^ ttjfc < Ti. Vt 
fe=i 

The row i of matrix U e Mfc contains values of the ith 
membership function, Ui, in the fuzzy c-partition U of 
X. 

Definition 2 (Fuzzy c-Means Functionals) We mod- 
ify (1) to 

J(U,v)=^5j^(n,fe)2(d,0^ (4) 
i=l fc=l 

where U e Mfc is a fuzzy c-partition of X; v = 
(vi, V2, • • • , Vc) where Vj is the cluster center of pro- 
totype Ui, I < i < c; and, Uik is the membership of 
Xfc in fuzzy cluster Uj. J(U,v) represents the distance 
from any given data point to a cluster weighted by that 
point's membership grade. 
The solutions of 

min    J(U, v) (5) 

are least-squared error stationary points of J. The 
fuzzy clustering algorithm is obtained using the nec- 
essary conditions for solutions of (5), as summarized in 
the following: 

Theorem 1: [1] Assume || • || to be an inner product 
induced norm: let X have at least c<n distinct points, 
and define the sets (VA;) 

h    =    {i|l<i<c;difc = ||xA:-Vi|| = 0}     (6) 
Ik    =    {l,2,---,c}-7fc (7) 

Then (U, v) is globally minimal for J only if (^ denotes 
an empty set) 

h = <i>^uik = i/[E(f^r] 
i=i 

djk' 
(8) 

or 

Ik¥=<f>=>Uik=Oyi€lk a.nd Y^ mk = 1,       (9) 

and 
n n 

Vi = J2^Uik)^Xk/ J]("ife)^ Vi (10) 
k=l k=l 

The following iterative method is used to minimize 
J(U,v): 
1. Initialize U^") e Mfc (e.g., choose its elements ran- 
domly from the values between 0 and 1). Then at step 
i{i = i,2,-.-y. 

2. Calculate the c fuzzy cluster centers v^'^ using flO") 
andUW. ' ^    ^ 



3. Update U(') using (8) or (9). 
4. Compare TjC) to U('~^) using a convenient matrix 
norm, i.e., if ||UW - U('~^)|| < BL stop; otherwise, 
return to step 2. 
5. Each node has c membership degrees with respect 
to the c clusters. Determine which cluster this node 
belongs to based on the maximum membership. By 
this means, every node is classified to one cluster and 
the network is partitioned to c clusters. 

C.  Clusterhead Election Using Fuzzy Logic Systems 

Selecting an appropriate clusterhead can save power 
for the whole wireless sensor network. Generally, clus- 
terhead election for sensor network is based on the dis- 
tance to the centroid of a cluster, and the closest one 
is elected as the clusterhead; or pick a node with the 
maximum battery capacity as the clusterhead. A clus- 
terhead receives data from nodes in its cluster and per- 
forms data aggregation, and transmits data to the gate- 
way. So a clusterhead is much more energy-intensive 
than a regular node, and it's desirable that a cluster- 
head is located in the centroid (center) of a cluster so 
that all the other nodes can communicates with it with 
less energy consumption. 

The clusterhead for each cluster can be elected based 
on the centroid of each cluster Uj (i = 1,2, • ■ • , c), and 
the remaining power of each node. An ideal cluster- 
head should be very close to the cluster centroid and 
has very high remaining battery capacity. But gener- 
ally both conditions are not satisfied at the same time. 
To compromise this, we apply a fuzzy logic system to 
clusterhead election. 

C.l Overview of Fuzzy Logic Systems 

Figure 1 shows the structure of a fuzzy logic system 
(FLS) [10]. When an input is applied to a FLS, the 
inference engine computes the output set correspond- 
ing to each rule. The defuzzifer then computes a crisp 
output from these rule output sets. Consider a p-input 
1-output FLS, using singleton fuzzification, center-of- 
sets defuzzification [11] and "IF-THEN" rules of the 
form 

R} : IF xi is F'l and X2 is F^ and • • • and Xp is Fj,, 
THEN y is C 

Assuming singleton fuzzification, when an input x' = 
{x[,.. .,x'p} is applied, the degree of firing correspond- 
ing to the Ith rule is computed as 

MFi(a;i)*MF^(a;2)*---*MFj,(4) =^=IMFI(3^D   (11) 

where * and T both indicate the chosen i-norm. There 
are many kinds of defuzzifiers. In this paper, we focus. 

for illustrative purposes, on the center-of-sets defuzzi- 
fier [11]. It computes a crisp output for the FLS by first 
computing the centroid, CQI , of every consequent set 
G', and, then computing a weighted average of these 
centroids. The weight corresponding to the Ith. rule 
consequent centroid is the degree of firing associated 
with the Ith rule, T^^-^iipiXx'^), so that 

Vcosix') = 
Ei=lCG'^lMFlK) 

EZiTlif^Flixd 
(12) 

where M is the number of rules in the FLS. In this pa- 
per, we design a FLS for clusterhead election initiation. 

CRISP 
iNpm- 

FUZZY LOGIC SYSTEM 

1 "  -   -] 
j       1       RULES       1       1 

p CRISP 
OUTPUT 

 [»| PUZZIFIER   1 DEFU -.^.r,.-..      1 

y=f(x)£Y 

FUZZY  INPUT 
SETS 

FUZZY OUTPUT 
SETS 1 .   1 

Fig. 1.   The structure of a fuzzy logic system. 

C.2 Clusterhead Election 

The clusterhead is elected based on two descrip- 
tors: distance of a node to the cluster centroid, and 
its remaining battery capacity. The linguistic variables 
used to represent the distance of a node to the clus- 
ter centroid were divided into three levels: near, mod- 
erate, and far; and those to represent its remaining 
battery capacity were divided into three levels: low, 
moderate, and high. The consequent - the possibihty 
that this node will be elected as a clusterhead - was 
divided into 5 levels. Very Strong, Strong, Medium, 
Weak, Very Weak. We used trapezoidal membership 
functions (MFs) to represent near, low, far, high, very 
strong, and very weak; and triangle MFs to represent 
moderate, strong, medium, and weak. We show these 
MFs in Fig. 2ab. 

Based on the fact that a clusterhead should be very 
close to the cluster centroid and should have very high 
remaining battery capacity, we design a fuzzy logic sys- 
tem using rules such as: 

R^ : IF distance of a node to the cluster centroid (xi) 
is Fj, and its remaining battery capacity {x2) is F^, 

THEN the possibility that this node will be elected as 
a clusterhead (y) is G'. 

where I = 1,..., 9. We summarize all the rules in Ta- 
ble L 



Fig. 2.   The MFs used to represent the linguistic labels, (a) MFs 
for antecedents, and (b) MFs for consequent. 

For every input (a;i,a;2), the output is computed us- 
ing 

y{Xl, X2) = 9      ' ' / (13) 

By repeating these calculations for Vx, e [0,10], we 
obtain a hypersurface y{xi,X2), as plotted in Fig. 3. 

Fig. 3.   The clusterhead election decision surface 

We assume that hybrid TDMA and FDMA are used, 
i.e., different clusters work in different frequency band 
(FDMA), and nodes are coordinated using TDMA in 
each cluster. The clusterhead can set up a TDMA 
schedule and transmits this schedule to the nodes in 
its cluster. We assume perfect synchronization in this 
paper, so no collision will happen and the nodes which 

TABLE I 

THE RULES FOR CLUSTERHEAD ELECTION. ANTECEDENT 1 is 

distance of a node to the cluster centroid, ANTECEDENT 2 is its 

remaining battery capacity, AND CONSEQUENT IS the possibility 

that this node will be elected as a clusterhead. 

Rule# Antecedent 1 Antecedent 2 Consequent 
1 near low medium 
2 near moderate strong 
3 near high very strong 
4 moderate low weak 
5 moderate moderate medium 
6 moderate high strong 
7 far low very weak 
8 far moderate weak 
9 far high medium 

are not in transmission can stay in sleeping mode (the 
energy consumption is trivial). 

III. TOPOLOGY UPDATED WITH RECONFIGURATION 

FOR MOBILE WIRELESS SENSOR NETWORK 

A. A Mobility Management Scheme 

A network protocol that can update its links to main- 
tain strong connectivity with the mobile nodes is said 
to be "self-reconfiguring". There exist different mobil- 
ity patterns in a mobile wireless sensor network: 
1. nodes are moving in different directions with differ- 
ent speeds; 
2. some nodes die out while others are mobile; 
3. new nodes join in while others are mobile; 
4. some nodes die out and some new nodes join in while 
other nodes are mobile. 
In case 1, the total number of nodes doesn't change; 
and in cases 2-4, the number of nodes may change. 
Without loss of generality, we assume that the num- 
ber of nodes and their locations may change from time 
to time. We dynamically and recursively update the 
partition of clusters based on the assumption that the 
number of clusters is constant. This approach is pos- 
sible because our approach is an iterative optimization 
method. We summarize the procedures for updating 
the connectivity among nodes: 
1. Collect the of status of each node including its geog- 
raphy information and its remaining battery capacity. 
2. For every new node, randomly choose its member- 
ship degree to each cluster u* and YTi=i u' = 1. If a 
node dies out or leaves the network, delete its member- 
ship. 
3. Update the total number of nodes n. Keep the ex- 
isting c cluster centers vf ^ as the initial values for the 



next iteration. 
4. Calculate the c fuzzy cluster centers vf^ using (10) 
and UC). 
5. Update U^') using (8) or (9). 
6. Compare U^^ to U('~^) using a convenient matrix 
norm, i.e., if ||U(') - U('~^)|| < EL stop; otherwise, 
return to step 4. 
7. Each node has c membership degrees with respect 
to the c clusters. Determine which cluster this node 
belongs to based on the maximum membership. By 
this means, every node is classified to one cluster and 
the network is partitioned to c clusters. 
8. Elect the clusterhead for each cluster based on the 
scheme presented in Section II-C.2. 
9. Setup the star topology based on the partitioned 
clusters and elected clusterhead for each cluster. 
The above procedure can be used by a network period- 
ically for every short period of time since every node 
is mobile and its remaining battery capacity is time- 
varying. 

B. Mobility Management with Hysteresis 

In the network partition update (because of the mo- 
bility), a node will be switched to another cluster if the 
membership degree to its current cluster is less than 
the membership degree to another cluster. Similarly, 
a clusterhead will be switched if the election possibil- 
ity for the current clusterhead is lower than one node 
in its cluster because of mobility and remaining bat- 
tery capacity. Both schemes will have ping-pong effect, 
the repeated switch between two clusters caused by the 
rapid mobility. 

Motivated by the handoff scheme in celluar net- 
works [20], we modify the mobihty management scheme 
with hysteresis, which allows a new clusterhead to be 
elected only if the election possibility of a new clus- 
terhead candidate is sufficiently higher by a hysteresis 
margin. Similarly, the network partition with hystere- 
sis will allow a node to switch to another cluster only 
if the membership degree to another cluster is higher 
enough by a hysteresis margin than the membership 
degree to the current cluster. This modification can 
prevent the ping-pong effect. 

IV. SIMULATIONS 

In our experiments, we used a 100-node wireless sen- 
sor network where nodes are randomly distributed be- 
tween (x = 0,y = 0) and (x = 500m, j/ = 500m); each 
node has random battery level between J to 3 J and an 
unlimited amount of data to communicate; and each 
node is mobile with different velocity from 0 to Im/s. 
Assume that a node will reverse its moving direction if 
it reaches the border. 

In Fig. 4, we summarize the burst format we used. 
There are 480 QPSK symbols per burst, 10 guard sym- 
bols at the beginning and end of the burst; 24 pub- 
lic user information (PUI) symbols; 3 symbols unique 
word (UW) for training, and 433 symbols for payload. 
The random bits generator generates a binary data 
stream with equally likely zeros and ones, which are 
for the payload bits (866 bits). The burst builder can 
insert some header and control bits, and makes a com- 
plete burst with 960 bits, and then 960 bits are modu- 
lated to 480 QPSK symbols. It takes 5ms to transmit 
such a burst, so the symbol rate is 96fcs/s, and the in- 
formation (payload) bit rate is 173.2kb/s. The channel 
bandwidth is set to 125KHz. 

G    PUI     UW Payload 

10 24 3 433 10 

Fig. 4.   Burst format used in this paper. 

We used the same model as in [3] for the radio hard- 
ware energy dissipation where the transmitter dissi- 
pates energy to run the radio electonics and the power 
amplifier, and the receiver dissipates energy to run the 
radio electronics. We chose the path-loss exponent 
p = 2. To transmit an Z-symbol message a distance 
d, the radio expends: 

ETx{l,d) = ETx-elec{l) + ETx-amp{l,d) = lEeUc + lecP 

(14) 
and to receive this message, the radio expends 

ER41) = Eu^^elecil) = lEelec (15) 

The electronics energy, Eeiec, as described in [3], de- 
pends on factors such as coding, modulation, pulse- 
shaping and matched filtering; and the amplifier en- 
ergy, e(f depends on the distance to the receiver and 
the acceptable bit error rate. In this paper, we chose: 
Eeiec = 50nJ/sym, e = IQpJ/sym/w?. Same as 
[3] [19], the energy for data aggregation is set as ED A = 
bnJ/sym/signal. 

We applied our designing methodology to this 
senario. Initially, we partition the 100 nodes to 4 clus- 
ters (as validated in [3]) iising FCM, and then elect the 
clusterhead for each cluster using the scheme described 
in Section II-C.2. Each node communicates directly 
with its clusterhead. In every 10 seconds, the topology 
is updated based on the iteration procedure proposed 
in Section III. The hysteresis margin was set to 0.5 (in 
0 to 10 scale) for switching in clusterhead election, and 
the hysteresis margin for a node to change to another 
cluster was set to 0.05. 



Energy is consumed whenever a node transmits or 
receives data or performs data aggregation. When a 
node uses up its energy, it dies out. Since the initial 
node locations and battery capacities were random, we 
ran Monte-Carlo simulations for 100 times. We com- 
pared our algorithm against the LEACH scheme pro- 
posed in [3], as plotted in Fig. 5. Prom this figure, 
we see that our scheme performs much better than the 
LEACH scheme. The possible reasons: 

1. Our cluster head election scheme considers the dis- 
tance to the gateway as well as the remaining battery 
capacity. 
2. PCM is a soft clustering algorithm, and it is realized 
via minimizing a cost function. 
3. Hysteresis threshold can help to avoid abrupt 
changes in clusterhead election and cluster membership 
of nodes. 

1- 
1- \\' 

20         LEACH 
      OurSchem* \ 

10 
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Fig. 5.    The number of nodes alive versus time for our scheme 
and LEACH. 

V. CONCLUSIONS 

In this paper, we proposed a Fuzzy Energy Aware 
Topology Updated with REconfiguration for Sensor- 
networks (FEATURES). The sensor network is self- 
organized to clusters using a fuzzy c-means clustering 
for energy saving purpose. The clusterhead of each 
cluster is elected using a fuzzy logic system to maximize 
the network life. This topology is updated with recon- 
figuration to manage the mobility in mobile sensor net- 
works since the the position of each sensor changes over 
time. We further modify this mobility management 
scheme with hysteresis to overcome the ping-pong ef- 
fect. Simulation results show that our scheme performs 
much better than the Low-Energy Adaptive Clustering 
Hierarchy (LEACH) algorithm. 
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Abstract—We consider the clustering criterion for a wireless 
sensor network to minimize the communication related energy 
dissipation. Based on Minimum Communication-related Energy 
Dissipation criterion, we show that the optimal cluster size n 
is linear proportional to the node distribution density p. This 
result leads us to introduce n rule as clustering rule, which 
divides the whole network into clusters with about n members 
and n adaptively determined by local density p. Using n rule, 
we propose an Access-Based Low-Energy Hierarchy(ABLEH) to 
make clustering protocols more adaptive to the dynamic nature 
of sensor networks. Simulation results show that about 50% re- 
duction can be achieved in energy dissipation and effective system 
lifetime are extended tremendously compared with LEACH. 

L INTRODUCTION 

A wireless sensor network can be thought of as an ad hoc 
network consisting of sensors Hnked by a wireless medium 
to perform distributed sensing tasks. Sensor networks are very 
similar to ad hoc networks as viewed from telecommunication 
technology, but there are some vital differences such as that the 
sensors are densely deployed and limited in power [1], thus the 
protocols developed for traditional wkeless ad hoc networks 
are not well suited to the unique features of sensor networks. 
When a sensor node may have to operate for a relatively long 
duration on a tiny battery, energy efficiency becomes a major 
concern. 

In the wireless sensors, the energy is dissipated in receiving, 
aggregating and transmitting signals. Such energy dissipation 
is called "Communication-related Energy Dissipation"(CED) 
in this paper and is what we aim to minimize. There could be 
other use of energy such as driving the sensing devices. Such 
Non-Communication Energy Dissipation is out of the scope 
of this paper. 

A variety of "power-aware" routing protocols have been 
proposed to address this problem. In one school of thought 
[2]-[4], the traditional Shortest Path First sti-ategy is replaced 
by Least Energy First routing, i.e., a multihop route is pre- 
ferred to a single-hop one if only multiple short-distance relays 
cost less energy than a single long-distance fa-ansmission. 
For example, "Minimum Transmission Energy'XMTE) routing 
[3], [4] was proposed in place of traditional "minimum hops 
routing". Another school of thoughts is that nodes are clustered 
so that a hierarchy is formed. LEACH [16], an example of the 

latter school, can improve system lifetime by an order of mag- 
nitude compared with general-purpose multihop approaches. 

Unfortunately, the network model LEACH base itself on is 
basically a static one, in which nodes is always on and they 
always have data to send to the base station. In fact, topology 
changes are frequent in sensor networks and can be attributed 
to node mobility and shutdown/failure. LEACH suffers drasti- 
cally in these time-varying topologies. To address the effect of 
changing topology on clustering protocols, a thorough study of 
clustering based on Minimum Communication-related Energy 
Dissipation criterion (MCED) has been successfully attempted 
and the resulting n rule is presented in this paper. 

The paper is organized as follows. Section n reviews 
background and related work. We infroduce the new clustering 
criterion termed n rule in Section III and present a clustering 
protocol using such criterion in Section IV. Simulations are 
given in Section V, and Section VI concludes this paper. 

II. PRELIMINARIES 

In this section, we provide some preliminaries that are 
needed for the rest of this paper. 

A. Clustering 

Based on the observations on cellular networks [5]-[13], 
[19], it would be advisable to partition nodes into clusters for 
the reasons listed below. 

a. Spatial reuse If two clusters are far enough, they may use 
the same channels. This increases the system capacity and 
may be especially useful when sensor nodes are densely 
deployed. 

b. Less update cost When any changes happen to the 
network topology, corresponding update must be taken to 
inform related nodes. Generally, the update cost increases 
with the network size. In die clustered hierarchy, the 
updates are only local and hence largely reduced. 

c. Less routing information It is well known that a proper 
hierarchy can lessen the generation and propagation rout- 
ing information, which implies less energy usage. 

d. Less Data Transmission Since tiie sensors are densely 
deployed, there is a lot of redundancy in the data collected 
by the neighboring sensors. It is not necessary to send 
all these data to the base station. If the sensor network 



is clustered, the cluster leader can perform data fusion to 
reduce the date send back to the base station and hence 
reduce the overall energy. Since the transmission energy 
is exponentially proportional to the distance as discussed 
in II-C, energy could be saved by collecting data from 
neighboring nodes and then transmitting aggregated data 
by one long distance transmission. 

In previous ad hoc networks research, there is a dispute 
whether a clusterhead should be elected within each cluster. 
Some researchers [5], [9], [10] argue that it is unreasonable 
to have a cluster leader as every node has similar energy 
constraint and the leader will consume energy much faster. 
Their methodology breaks the information exchange into two 
parts; cluster members proactively perform the intracluster 
exchange, and intercluster information exchange is achieved 
by demand-based operations. This approach does have some 
advantage where the traffic is basically within the cluster, 
however, since most traffic in sensor networks is directed 
from sensor nodes to the base station, i.e., of intercluster 
type, headless structure suffers drastically. On the other hand, 
the extra burden of clusterhead can be mitigated by rotating 
the headship among the members. The rotation can also 
take advantage of the relaxation effect [17], which indicates 
frequently reducing the current drawn from the battery enables 
the battery to recover a portion of its lost capacity and hence 
lengthens the battery lifetime. 

B. Lifetime Model 

In [16], the always-ON model is utilized, in which the nodes 
are supposed to be always active and have data to transmit. 
To save energy, the nodes in real applications are often set 
to alternate between active and inactive states. And the nodes 
may have no data for transmission, which can be regarded as 
inactive. Thus, ON-OFF model may be a better approximation 
of the lifetime model [14], in which the active and sleeping 
time of nodes obey the exponential probability law with mean 
Ta and Ta respectively. Thus, the average number of active 
nodes is 

E[Na]=Tal{T, + Ts). (1) 

C. Radio Energy Dissipation 

According to the path loss model [19], the energy required 
to transmit over a distance cf is E ~ d^ , where /3 is 
the pass loss exponent, whose value depends on the specific 
propagation environment. For example, /3 will have a larger 
value for long distance transmission than for short distance 
transmission. To save energy and reduce interference, the 
power control is widely utilized in wireless communications 
[19]. That is to say, the radio can be adjusted for a range of 
output power level. For example, the maximum transmission 
radius Rmax is achieved at the maximum output power level, 
which may be used in broadcasting vital information, but in 
most cases, for energy economy, the node would hke to choose 
a lower output power level resulting in a less range R^. We 
will prove in Section III-B there exists an optimal Re for given 
node distribution in least energy dissipation sense. 

The model of the radio hardware energy dissipation used in 
our simulations is adopted from [16], which indicates that to 
transmit I bits over distance d, the radio expends 

ETx{ld) = \^^'''''^^'f^^'':    '^<'^^ (2) 
[ lEelec + lempd ,    d > do 

and to receive I bits over the same distance, the radio 
expends 

ERx{l,d) = lEelec (3) 

And the communication energy parameters are set as 

Eeiec = 50nJ/bit 

tfs — WpJ/bit/m^ 

Cmp = O.OOUpJ/bit/m^ (4) 

D. Channel Assignment 

The term channel, in one of its narrow sense, means a 
band of frequency which is assigned to a user for exclusive 
usage. In wide sense, it could be referred to a time slot or 
a spread spectrum code. To increase capacity and minimize 
interference, a variety of channel assignment strategies have 
been developed and can be classified as fixed, dynamic or 
adaptive. [19] 

In a Fixed Channel Assignment sti-ategy (FCA), each user 
or group is allocated a predetermined set of channels. Any 
tiransmission attempt can only succeed by the channel granted. 
If all the channels are occupied, no new user can receive 
service. On the other hand, in Dynamic Channel Assignment 
sti:ategy(DCA), channels not allocated permanently, but as- 
signed and released on request. DCA can make better use of 
channels while introducing more protocol overhead and chan- 
nel management. A tirade-off is Adaptive Channel Assignment 
(ACA), in which a division of channels are assigned to current 
users in a fixed manner while the rest of channels are reserved 
for prospective users and will be assigned on demand. ACA 
not only moderates the waste of channels in FCA but also 
reduces protocol overhead and channel management. 

III. n RULE: DECENTRALIZED CLUSTERING 

Clustering has been widely used in pattern recognition, and 
in most cases, the Minimum Mean Square Error (MMSE) is 
used as the clustering criterion. However, in sensor networks, 
clustering is utilized to form a energy-efficient hierarchy. 
Thus, Lease Communication-related Energy will be aimed in 
place of MMSE. Starting with this goal, we will derive the 
corresponding optimal clustering rule, termed as n rule, in 
this section. 

A. Clustering Criterion 

The typical scenario is that N nodes are uniformly dis- 
ti-ibuted in a region with dimension of M x M, then, the node 



distribution density p is a constant and given by 

P   t 
number of nodes 

area of the occupied region 
N 

M xM 

(5) 

(6) 

The traditional cluster algorithms such as K-means partition 
nodes into k clusters, where A; is a predefined number. For 
convenience, such strategy will be called k rule in the fol- 
lowing. We propose a different strategy named n rule, which 
is to divide nodes into clusters with average size of n (hence 
the name). The two rules are theoretically equivalent, because 
under uniform distribution, n is related to A; are related by 

-    n = N/k 

[16] indicates the optimal value of k is given by 

k*=   Jlif^JL 
^T^^mp d^g^g 

(7) 

(8) 

Based on (6) and (8), the optimal value of n in 7 can be 
obtained as 

(9) 

The optimal clustering criterion developed above points out 
that from a global point of view, k is mainly determined by 
N, M and dtoBS, i.e., 

k = FkiN,M,BS), 

where BS is the coordinates of the Base Station, or from 
a local point of view, n is mainly determined by the node 
distribution density and the distance to the base station, i.e., 

n = F„(p,B5). 

The localization in n rule has some fundamental effects in 
practice. 

The first effect is that k is relevant with both N and the area 
MxM, which as global information can only be obtain at the 
price of other routing protocols. On the other hand, as shown 
in (9), the parameter p that n depends on can be estimated 
locally. Using n rule eliminates the dependency on other 
routing protocols, which not only simplifies the architecture 
but also reduces the latency and speeds up the convergence. 
Especially when the network size increases, the advantage of 
n rule become more intense. 

In real applications, the relationship are not computed 
mathematically from (8) or (9), but represented by a table 
compiled from empirical data. Since the n table is smaller 
in size, it needs less memory to implement and quicker to 
look up. Furthermore, in practice, iV and M may be both 
situation and application dependent, while p is only application 
dependent and thus less variable, which amplify the gain on 
the table size. 

k rule requires the knowledge of overall N, M available 
to each node, which can only be obtained at a distinct 

disadvantage. On the contrary, what the n rule needs is p, 
which can be estimated by local node distribution density 

Pt = (10) 

where Nt is the number of nodes in the transmission region, 
and the Rt is the transmission radius. When transmission range 
is large enough, pt approaches p closely. 

It would be a natural question why n-rule clustering algo- 
rithms do not appear until recent research on sensor networks. 
The reason for this lies in the different criteria. The tradi- 
tional clustering algorithms such as K-means are all based 
on MMSE criterion, while n rule is aimed to minimize the 
Communication-related Energy Dissipation. Consider an ex- 
treme case, if large amount of nodes are gathered in one comer, 
it is logic to cluster these nodes into the same cluster under 
MMSE criterion as they exhibit visible similarity. But now, 
the major motive of applying clustering to sensor networks 
is energy efficiency. As shown in V-A, large cluster size 
compromises energy efficiency as the head may be exhausted 
quickly when it has to receive and aggregate large amount 
of data from its excessive number of members. Therefore, it 
would be advisable to divide the gathered nodes into more 
clusters instead of single one. 

B. Optimal Cluster Size 

Although rectangle coordinates are widely used in current 
sensor networks research, we choose polar coordinate for 
reasons listed below. Although the region of interest can 
be of any shape, many phenomena show a approximately 
central symmetry and the interest generally decreases with the 
distance from the phenomenon of interest. Also considering 
the required transmission power increase with the distance, it 
is only logical to utilize polar coordinates. Furthermore, many 
problems of interest in related research can be simplified by 
choosing polar coordinates. For example, consider the optimal 
positions of five cluster heads. Due to the central symmetry, 
these positions must be on the same ring or one of them is at 
the origin. Then, the only unknown to be found is the radius of 
such ring. On the contrary, although the (x, y) coordinates also 
come in symmetry in rectangle coordinates, there are much 
more unknowns left and it needs more effort to solve. 

The energy dissipation model we develop here is adopted 
from [16], where rectangle coordinates are utilized. Assume 
that there are N nodes distributed uniformly in a circular 
region with radius of R. Thus, according (5), the node dis- 
tribution density is 

N 
P = 

TTR'^ (11) 

Suppose a cluster algorithm divide nodes into cluster with size 
n, then there are \N/n] clusters with one clusterhead and n-1 
non-head members in each cluster. The power dissipated in the 
cluster head node is 

EcH = lEelecin - I) + IUEDA + l{Eelec + ^mp^oBs)   (12) 



where I is the bits each sensor collects in a round, dtoBS is 
the distance from the cluster head node to the base station. 

The energy used in each non-head node is 

Enon-CH = lEglec + l^fsdtgCH (13) 

where dtocnis the distance from the non-head node to the 
corresponding head. Assume the area occupied by a cluster is 
circular and is approximately ^, then the cluster radius is 

Re = R^. (14) 

Assuming the node head is at the center of mass of the cluster, 

E[dlcH]    =   J Jr^p{r,e)rdrde 

=     /      /     r^p{r,9)rdrde 
Jo    Jo 

2iV2 

Substituting p = N/{TmB?) into (15), 

Eld- toGHi N 
Therefore, the total power dissipated in each cluster is 

Ecluster     =     EcH + (n - l)Enon-CH 

~     PCH + nPnon-CH 

and the total power dissipated in the whole network is 

(15) 

(16) 

(17) 

Et total 
N 

■^cluster n 

Nl{Eelec + EDA+-empdisS 

+-E'eiec + e/s—r7~} 

The optimal n is found by letting ^^"f' to zero. 

N 

dn 

n   — 
ncfs     R 

(18) 

(19) 

For   our   experiments,   the   base   station   is   located   at 
(^BS, vr/2) = (125,7r/2), then d'^^^g can be estimated by 

E[dtoBs]    =    /7 1^ - ^Bs\^p{r, eydrdd 

-| /•27r     t>R 

-2rrBscos{t - Tr/2))rdrdt (20) 

=    20625 (21) 

By substituting (21) into (19), we obtain 

n* « 13.2675. (22) 

According to (14), the corresponding energy-economic trans- 
mission radius, i.e. optimal cluster size is 

Rl    = 36.4246(m) (23) 

Although n rule has application importance as discussed in 
Section III-A, n and k are theoretically interchangeable as long 
as uniform node distribution assumption hold. In the following 
discussion, nor k is chosen for the convenience, for example, 
(22) is equivalent to k* w 7. 

IV. ACCESS-BASED LOW-ENERGY HIERARCHY 

Based on the discussion in Section HI, we propose the 
Access-Based Low-Energy Hierarchy (ABLEH). It is espe- 
cially designed for energy efficiency and higher tolerance 
to topology changes. And for higher tolerance to interfer- 
ence, low detectability and multiple access communication 
by a large population of relatively uncoordinated users [20], 
Direct Sequence Spread Spectrum is utilized in ABLEH. 
Some Spread Spectrum codes may be set aside as public 
channels, and each cluster has its own Spread Spectrum code 
so that the interference between clusters is minimized. For 
intracluster communications, TDMA is used with Adaptive 
Channel Assignment (ACA). Specifically, when a cluster is 
formed, the clusterhead create a time schedule and broadcast 
it to its member. As shown in Fig.2, each member is assigned 
a time slot per frame to send its data to the clusterhead, and 
the extra time slots are reserved for prospective members. Due 
to the low data rate of sensor networks, there is always enough 
free slots for reservation. The state transition diagram is shown 
in Fig.l. All nodes start at the stand-alone state, broadcasting 
its vital information at the maximum output power level. 
Then based on these information, the strongest are elected 
as clusterheads and others join the closest cluster according 
to received signal strength. A non-head member may doze off 
according to its schedule. When a new sensor node comes to, 
it tries to join a cluster. It broadcasts its own vital information 
and eavesdrops the public channel for STANDY-BY duration. 
If it finds some nearby clusterheads, it will choose the one with 
strongest received signal strength as its clusterhead. Otherwise, 
it elects itself as clusterhead and starts recruiting other nodes. 
When the round ends, the nodes return to stand-alone state 
and a new round will begin. 

A. Information Exchange 

The vital information needed to be exchanged may include 
battery level, estimated battery life, etc. What's more, the 
nodes can estimate the distance to other nodes by the received 
signal strength according to the path loss model given that 
the output power level is known a priori. In ABLEH, the 
information exchange is totally based on access, that is to 
say, there is no routing or relaying of these information. Each 
node maintain a neighbor list to record the aforementioned 
information. In case some nodes lost these information, they 
would retrieve the neighbor list from their clusterhead. 

B. Head Election 

Similarly to LEACH, each node elects itself as clusterhead 
by the probability of k*E{i)/EtotaU where E{i) is the node's 
own energy, Etotai is the total energy and A;* is the optimal 
number of clusters. As shown in Section ffl-B, k* depends 



on p and otljer parameters. But there is no way for nodes 
to know the number of active nodes in the whole network. 
Thus, LEACH has to base on the predetermined parameter N. 
Although the average number of active nodes, E[Na\, can be 
calculated by (1) in experiments, such estimation is impossible 
in real apphcation as the average active and sleeping time 
are unknown before the nodes are deployed to observe the 
phenomenon of interest. In fact, the k* is set to five in the 
experiments presented in [16]. When the number of active 
nodes keeps varying, the fixed k* can not achieve the energy 
economy. Therefore, in ABLEH, k* is adaptively estimated 
according to (19). As a result, no mater how the number of 
active number changes, the ABLEH maintains the optimal 
clustering criteria. 

C. Cluster Formation 

Based on the received signal strength, the non-head nodes 
chooses the nearest clusterhead and send a "Request-to-join" 
message to the clusterhead. The clusterhead waits for a 3T 
duration before it creates the time schedule. In the schedule, 
time slots are set aside for intracluster communication, data ag- 
gregation, intercluster communication and maintenance. Since 
an effective cluster radius is always smaller than the maximum 
transmission radius as assumed in [16] (otherwise the sensor 
nodes may be unable to conmiunicate peer-to-peer), the neigh- 
bor lists at nodes of the same cluster are identical, thus, there 
is no need to exchange the neighbor list during the cluster 
formation. 

D. Steady State 

After the clusters are formed, the sensor network enter 
the steady-state phase. The clusterhead receive data from 
members, perform data aggregation and then send the resulting 
data back to the base station. There is some special time slots 
for maintenance, for example, the clusterhead can turn off 
radio and perform data aggregation for some slots and sends 
out advertisements at another slot. 

V. SIMULATIONS 

In this section, we compare the performance of ABLEH and 
LEACH using computer simulations. 100 nodes are uniformly 
distributed in a circular region with radius of 100 m, and the 
base station is located at (rBs,7r/2), where TBS = 125 m. 

A. Case 1 

In this case, we used LEACH to study the average energy 
dissipation per round with varying k. Every node was given 
300 J energy so that steady-state statistics can be collected. 
Unfortunately, LEACH can not ensure the elected head is 
exactly as desired. Consider the typical case presented in III-A, 
every node elect itself as head with probability p — k*/N = 
5%. The probability of that outcome match expected is 

p(fc^5) == (D/a-p)^-' 
=    (^°'')0.05^(l-0.05)^°°-5 = 18% (24) 

To evaluate the effect of k on energy efficiency, we let 
node repeat election until the desired number of clusters was 

achieved. The resulting average energy dissipation per round 
is shown in Fig.3, which indicates there exists an optimal 
range. And when k leaves optimal range slightly, the energy 
dissipation increases, but the increase is tolerable unless the 
k is far away from the optimal value. Note that the optimal k 
approximately matches the estimated k*. The analytical results 
in Section III-B are also verified. 

B. Case 2 

In this case, the system lifetime was evaluated. Initially, 
each node had 2 J energy. We ran 1000 simulations and 
plotted received data and the number of surviving nodes 
in Fig.4 and 5. Fig.4 shows the data received by the base 
station versus amount of energy dissipiation. Observe that 
ABLEH can deliver about half more data than LEACH with 
the same amount of energy dissipation. In Fig.5, the number 
of alive nodes versus data received in the base station is 
plotted. Note that during the last stage, the curve plumbs down 
quickly. During this critical stage, dying nodes tried in vain 
to organize themselves while virtually no data are received by 
the base station. By comparing the critical stage, Fig.5 clearly 
demonstrates that ABLEH extends network lifetime by around 
50%. 

VI. CONCLUSION 

In this work, we studied the clustering issues in sensor 
networks based on Minimum Communication-related Energy 
Dissipation criterion and introduced n rule, which is distinct 
from traditional clustering algorithms derived on MMSE cri- 
terion. As an application of n rule, Access-Based Low-Energy 
Hierarchy is proposed and compared against LEACH. Ac- 
cording to our observation, the localization favors the energy 
efficiency. Although many clustering algorithms is to aim the 
localization, this goal is often lost in the design. For example, 
the dependency on the global information composes a fatal 
drawback to LEACH and other clustering protocols. Topology 
changes also introduce more problems to clustering protocols. 
LocaUzation is still the key to these problem. Thanks to the 
inherent localization of n rule, simulations show about 50% 
improvement in terms of data received per energy and effective 
lifetime. 
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Fig. 3.   Average energy dissipated per round in LEACH versus k. This graph 
shows the optimal range of k is between 3 and 7. 

Fig. 4. Data for 2J initial energy simulations. Total amount of data received 
at the BS per amount of dissipation. ABLEH delivers 150% amount of data 
to the BS as LEACH for the same amount of dissipation. 
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Fig. 5. Data for 2J initial energy simulations. Number of nodes alive per 
amount of data sent to the BS. ABLEH delivers 150% amount of data to the 
BS as LEACH for the same number of node deaths. 
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Abstract—The ad hoc wireless sensor network is usually 
deployed in severe environment with limit power supply, whose 
topology is dynamic and flexible without any fixed infrastruc- 
ture. In order to facilitate the management and routing, many 
algorithms have been proposed to partition mobile sensor nodes 
into clusters. In this paper we developed an Access-Based 
Energy Efficient clustering protocol (ABEE), whose clustering 
algorithm is based on the outcome of the multiple access to 
the public channel. ABEE retains the advantage of access-based 
scheme such as self-organization, flexibility and stability. Also by 
considering the energy dissipation during the compression and 
transmission of the coUected data, ABEE can provide uniformly 
distributed and energy efficient infrastructure for the upper lever 
protocols. We also propose to use coverage area to judge the 
robustness of the network as weU as the number of active nodes. 
Simulation is used to compare ABEE with the exclusively access- 
based clustering protocol in terms of rationality of the cluster 
structure, system lifetime and the coverage area. Our result 
shows that the ABEE can partition the large scale of nodes 
more rationally, efficaciously improve the system lifetime and 
the coverage area of the whole network. 

I. INTRODUCTION 

As the speedy development of the low-power electronics, 
RF (radio frequency) circuits and MEMS design, the wireless 
sensor network probably will be widely deployed in the 
commercial and military applications. A lot of functions can 
be integrated into a small board of sensor, which can collect 
sorts of data such as temperature, light, voice even video. 
These low-cost sensors can construct a reliable monitoring 
system for a certain territory, which shows bright future in the 
applications such as surveillance, battle field reconnaissance 
and chemical/biological detection. 

Because the whole system should be able to operate without 
a fixed infrastructure and be deployed rapidly to support 
emergency requirement or undeveloped area, the network man- 
agement, resource allocation and routing strategies become 
challenges to the protocol designers. In order to achieve better 
performance of network management, many schemes have 
been proposed, among which the cluster architecture for an ad 
hoc network obviously has three main advantages. First, in the 
multi-hop environment, a cluster structure facilitates the spatial 
reuse of resources to increase the system capacity [1]- [8]. The 

second advantage comes from the dynamic topology update 
[6], when a mobile node changes its position, it is sufficient 
for only the nodes in its cluster to update the topology 
information, not all in the system. The third advantage is 
on routing where the generation and propagation of routing 
information can be reduced [8]- [9]. Cluster head is the upper 
level backbone to support sorts of routing. 

In order to get optimal clustering protocol, three important 
parameters are relative to the performance of the whole sensor 
network. 

A. System lifetime 

Because of the dangerous environment where the sensor 
nodes may be deployed, the battery of the nodes can not be 
recharged or replenished easily. These networks should operate 
as long as possible. So the whole system infrastructure should 
be more energy efficient. 

B. Deployment 

The number of sensor nodes in an ad hoc wireless network 
may be hundreds. These nodes are deployed in remote and 
severe environment to replace human being to collect infor- 
mation. It may be impractical to set up a central control base 
station in the target area to supervise or maintain the topology 
of the network [5], It means all the nodes should be self- 
organized to form a more rational infrastructure to facilitate 
network management. 

C. Correlation among nodes 

The notion of "quality" in a sensor network is very different 
than in traditional wireless data networks [10]. For sensor 
networks, the end user does not require all the data in the 
network because 1) the data from neighboring nodes are highly 
correlated, making the data redundant and 2) the end user 
cares about a higher-level description of events occurring in the 
environment being monitored. It means that we can compress 
the coarse data in the cluster head to reduce the throughput of 
the higher hierarchy. 

In our work, considering large-scale ad hoc wireless sensor 
network, we design an Access-Based Energy Efficient Cluster 



Algorithm (ABEE) from protocol point of view, to satisfy the 
aforementioned key factors of the network. This protocol treats 
all the nodes identical and they can be either the cluster head or 
cluster member based on the order of the channel access. We 
use the Collision Sense Multiple Access with Collision Avoid- 
ance(CSMA/CA) as the MAC layer communication scheme. 
ABEE provides rules of communication during the cluster 
formation in which all cluster member nodes are within one 
hop away to their cluster head. 

The paper is organized as follows. Section II provides back- 
ground and related work. Section HI gives the core algorithm 
and the architecture of ABEE protocol. Simulations are given 
in Section IV and Section V concludes the paper. 

II. PRELIMINARIES 

We first review the prototype of the access-based clustering 
protocol. Next, the energy dissipation model during the data 
transmission will be given. 

A. Prototype of the access-based clustering protocol 

Access-based clustering protocol (ABCP) [11] is a sim- 
ple broadcast request-response protocol with first-come-first- 
serve selection that is coupled with a probabilistic contention 
resolution scheme. ABCP proposed that there is no central 
base station to control the initial topology of the network. All 
nodes are identical and can be either cluster head or cluster 
member. Every node begins as an ordinary node and sends 
the REQJPO.JOIN message to all the neighbors to request 
to join a cluster. If there is no HELLO message from the 
existing cluster head after a certain time up, the ordinary 
node will try to send HELLO message and become a cluster 
head. If it receives a HELLO message, it will send JOIN 
message to cluster head that sends the HELLO message. 
After receives ACK message from the cluster head to confirm, 
it becomes a cluster member of the cluster head. In order to 
reduce the number of isolated cluster head, the cluster head 
without any member will try to switch back to the ordinary 
node and join another cluster. ABCP does provide rapidly 
deployed and stable clustering algorithm in terms of protocol. 
However, because ABCP is self-organized and based on the 
stochastic access of the channel, it is possible that initially 
two cluster heads are very close and both have just a few 
cluster members, which will increase the number of clusters 
and is malicious to the uniformity of the distribution of the 
clusters. The topology uniformity of the cluster is very crucial 
in the energy depletion during the data transmission. Energy 
depletion will substantially affect the lifetime of the whole 
network. In order to prolong the lifetime of the whole network, 
a more rational distribution of clusters should be taken of great 
consideration. 

B. Energy dissipation model during the data transmission 

According to [10], all the member nodes are within one hop 
away from their corresponding cluster head, the free space {dl?) 
power loss model will be used. In this paper, we assume the 
distance between the base station and the deployed network 

is far enough to apply the multi-path fading (d'*)power loss 
model [12]. The energy depletion for one cluster member node 
during the transmission of an K bits packet will be, 

d^ (1) Etx = K ■ Eelec + -K" • e/s 

and to receive the packet,the receiver consumes, 

Erx = K • Eelec (2) 

where E^iec represents the energy per bit that is necessary for 
digital processing, modulation, and e/^represents the energy 
per bit dissipated in the amplifier for the free space distance d 
transmission [10]. While for the cluster head nodes, they need 
to compress the data from the corresponding cluster member 
nodes and relay such data to the base station or satellite. The 
corresponding dissipating energy is, 

K-M- Eelec + K-M-EDs + K-emp-d^     (3) E, ch 

where Ech represents the energy consumption of cluster head, 
EDS represents the energy per bit that is necessary for digital 
processing and compression of the data collected by a node, 
and Emp represents the energy dissipated in the amplifier for 
the multi-path distance transmission [10]. M is the number of 
nodes in a cluster. 

III. ACCESS-BASED ENERGY EFFICIENT PROTOCOL 

ARCHITECTURE 

We propose Access-Based Energy Efficient Clustering 
Protocol (ABEE). With the stochastic contention resolution 
scheme, ABEE is a request-response message broadcast pro- 
tocol with first-come-first-serve selection. ABEE has corre- 
sponding message formats, and regulates a systematic logic 
for the nodes to act when a message arrives. The protocol also 
specifies a hand over scheme for the cluster head to pass its 
authority to one of its member nodes, in order to minimize the 
energy dissipation during the data transmission. To optimize 
this protocol design, we proposed the Mass Center Merge 
Algorithm and the Distance Merge Algorithm for Rational 
Distribution. 

A. Mass Center Merge Algorithm 

Because of the high density of the sensor nodes distribution 
in a large scale network, there is a relatively high correlation 
between the adjacent nodes, even within a same cluster. The 
highly correlated information data that collected by each node 
is the premise for the cluster head to preprocess and compress 
the raw data then relay them to the high-level hierarchy, 
such as base station or satellite. Because all the member 
nodes are within one hop away from their corresponding 
cluster head, with several tens of nodes in certain mobihty, 
an accidentally"dead" (running out of power) node is not fatal 
to the whole cluster, if it is not the cluster head. Also because 
of the mobility of the nodes, some adjacent nodes may move 
into the zone used to belong to the"dead" node to replenish. 
Therefore, it is more rational to focus in the whole cluster as 
an entity. Our goal is to let the nodes in the certain cluster 
to be cluster head in turns, based on certain criterion that the 



total energy depletion is niinimized. We assume the energy 
dissipation for a member node in a specific cluster during a 
certain data transmission round is, 

AEi = K- Eeiec + K-e}s-dtt (4) 

and the total energy dissipation of a cluster during one data 
transmission round is, 

M-l 

AEtotal ^Ech+J2 ^^i (5) 
i=l 

During the transmission, the payload data packet length and 
the corresponding data compression energy dissipation for a 
certain number of nodes are fixed, then the energy dissipation 
should be 

M-l 

AEtotal =Ech + iM-l)-K- Eelec + -ftT • £/, •  ^ df   (6) 

i=l 

The most direct factor that the clustering protocol can affect 
energy is the distance between the nodes to the cluster head. 
The less the distance is, the more energy can be saved during 
the data transmission. In order to minimize the total energy 
depletion, we try to minimize the second term of (5). Here we 
suppose the coordinate of the node i is {xi,yi). The Euclidean 
distance from each node to the ideal cluster head position is, 

di = \/{Xi - XidealY + {Vi " VidealY (7) 

where Xideai and yideai represent the coordinate of the 
optimal position where the ideal cluster head locates. Min- 
imizing the summation of the distance Y^'^^d^, we can 
get the smallest value of AEtotai to minimize the energy 
dissipation each round. Here, we treat the whole cluster as 
an entity and each node stands for a particle with equal mass 
to form the entity. Based on the geometry knowledge, the ideal 
cluster head position is the mass center of the cluster. After 
the cluster head collects all the coordinate information of the 
member nodes, based on this selection criterion, it can select 
the cluster head candidate for the next turn, which is the closest 
to the mass center. Then pass its cluster head authority to the 
candidate. If itself is the closest to the mass center, it remains 
to be the cluster head. 

B. Distance Merge Algorithm for Rational Distribution 

The distribution of the network that is controlled by the 
self-organized protocol is not likely to be very uniform and 
rational. Some nodes might be locally huddled, while some 
might be isolated. We design a merge algorithm to uniform 
the clusters distribution. Each cluster head tries to listen the 
timely HELLO message from other cluster heads. Based on 
the coordinate information provided by the nodes that send the 
HELLO message , the cluster head can calculate the distance 
from itself and the other cluster head. If such distance is below 
a certain threshold, these two clusters will merge into one 
cluster. Likewise, if the member node receives a HELLO 
message from a more closer cluster head, it will try to leave the 
present cluster and join the closer cluster head. The simulation 
result shows that such algorithm can improve the rationality 

of the clusters distribution while retaining the convenience of 
self-organization. 

C. Protocol Description 

Fig.l shows the message packet format of the ABBE. We 
assume that when a node becomes active, it begins as an idle 
node, and can get its present position information (it can be 
realized by the GPS system). Fig.2 shows the state diagram 
for the ABEE. Each node is assumed to have a unique ID in 
the sensor network. 

Destination 
ID 

(8 bits) 

Source 
ID 

(Bl>its) 

Message 
(8 bits) 

Status 
(8 bits) 

My_X_posllion 
{8 bits) 

MY Y_position 
(8 bits) 

Fig. 1.    The control packet structure of ABEE 

Because the ordinary nodes can either be member nodes 
or cluster head nodes, ABEE is divided into three cases. All 
nodes start as idle node case. In the idle state, the node 
is to broadcast a REQ.TO-JOIN message and send the 
TIMEDUTA and wait for the response from the neighbor 
cluster heads. If this node receives HELLO messages from 
some cluster head, it will pick up the first received (that is 
why we call it access-based), and reply to the corresponding 
cluster head a JOIN message to make a notice. However, if 
when the TIMEUPA expires, the node has not received the 
HELLO message, the node will broadcast HELLO message 
to become a cluster head. 

After the idle nodes send JOIN and receive the corre- 
sponding ACK message from the cluster head that it wants 
to join, the node will become a member node. In the member 
node state, the node will keep sending HEARTBEAT 
message to inform the cluster head its present position. Also, 
the member node listen the HELLO message from its cluster 
head as "heart beat" signal and update the corresponding status 
Hst in its memory. Because all the nodes in the whole network 
are using the same control channel, the member nodes can 
also receive the HELLO message from the other adjacent 
cluster heads. Based on the position information contained in 
the packet, it can calculate the distances from such cluster 
heads. After comparison with the distance from its present 
cluster head, the member node will choose a closer cluster 
head to join and send DISCONNECT message to the 
present cluster head. There is a certain threshold distance dth 
to prevent the frequently cluster switching, which means that 
the distance to the future cluster head should be at least dth 
shorter than the distance to present cluster head. If after the 
WAIT.HELLO.TIME.OUT, the node has not received 
the HELLO message from the cluster head, it will assume 
the cluster head abnormally turns off and it will switch back 
to the idle state to find a new cluster to join. 

In the cluster head case, the cluster head is responsi- 
ble to maintain the structure of the cluster. It will send 
the HELLO message after every certain time interval of 
SENDJIELLO-TIME to inform the surrounding nodes 
its current position, which also can be treated as a "heart 
beat" signal of the cluster head. If JOIN message is received. 
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Fig. 2.    The state transition of a node in ABEE 

the cluster head will send out the ACK message to confirm 
the node to join the cluster. If the cluster head received a 
HELLO message from a distance that is shorter than dch, 
which means distance of two cluster head is below a certain 
threshold dch, the cluster head will broadcast a MERGE 
notice to it members and the cluster will merge into the other 
cluster. Whenever a node enters the cluster head state, it will 
set up the following timers and reset them again after they 
expire. 

1) TIMEJDUTJl. After this time out, if the cluster head 
has not received the HEART.BEAT signal from a 
member node, it assumes the member node has been 
abnormally shut down or out of cluster range, and will 
delete it from the status list in the memory. Also the node 
will check the number of member nodes it still has. If 
there is no member node in the Ust, which means it is 
a cluster head without any member node, it will switch 
back to the idle state and try to join another cluster head. 

2) HAND.OVERJTIME. After this time out, the clus- 
ter head will calculate the position of the mass center of 
the cluster, based on the coordinates information of all 
the nodes in the cluster, which is stored in its memory 
and updated by every HEARTBEAT message from 
its members. Then it will select the node that is closest 
to the mass center position and pass its cluster head 
authority to it. If the candidate node is itself, it remains 
to be the cluster head. 

D. Abnormal Conditions 

In order to minimize the impact of the abnormal condi- 
tions, such as sudden node failure, channel error or erasure 
(Because we use the CSMA/CA scheme in the MAC layer), 
we have designed the aforementioned time-out schemes to 
prevent"duH" nodes in the status list. Sometimes the abnormal 
conditions might cause the message loss. However, since the 
REQJTO-JOIN, HELLO, and DISCONNECT mes- 
sages are not targeted for any specific nodes, such message 
lost will not ruin the structure of the cluster, but only slow 
down the speed of convergence. We also have designed the 
confirmation acknowledgement message ACK to ensure the 
idle nodes to join a new cluster. 

IV. SIMULATIONS 

We performed computer simulations using OPNET Mod- 
eler. We build up a generic sensor node model that can 
randomly move in a specific scenario and use a public channel 
to communicate the protocol control message. All nodes use 
CSMA/CA scheme to access the public channel and can be 
either cluster head or cluster member. In the simulations, 100 
nodes are randomly deployed within a region of 400TO X 400m. 
The initial energy that is stored in each node is equal. We 
assume each node has infinite data information to send and 
the data rate is 500 bytes per second. The parameters for 
the energy dissipation are as follows, Eeiec = 50nJ/bit, 
efs = lOpJ/bit/ni?, tmp = O.OOlZpJ/bit/m'^, EDS = 
5pJ/bit/signal [13]. In order to focus on the impact that 
the network topology brings to the energy dissipation and 
performance of the sensor nodes, we do not account for the 
energy requirements or delay for the network information 
updates and topology maintenance in our simulations. The 
mobiUty model is with memory characteristic called a one- 
step Markov path model [14]. In the Markov path model, a 
node has a higher probability of moving in the same direction 
as the previous move. Fig.3 shows the probability assignment 
in six different directions used in our simulation. The ground 
speed of each nodes is 3m/s. The transmission range of each 
node is 200m. All the nodes will randomly turn on within 5s 
after the simulations begin. The information detection range 
for each node is relative to the remaining energy of the node, 
which satisfy the free space path loss model as the following 
equation. 

Ddetect = yEnode. X P (8) 

We assume the maximum detection range for a sensor node 
is 10m if the node energy storage J5„ode is more than 5J. 
Whenever the energy storage is lower than 5 J, the detection 
range will decrease as the energy dissipation according to (8), 
in which the coefficient p — Q.Q^m?/J. 
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movement 

Prxib=1/4 

Prob=0 
Prob=0 

Fig. 3.    One-Step Markov path model with memory characteristic 

A. Cluster structure 

This section shows the cluster topology maintenance per- 
formance of the ABEE in comparison with the clustering 



strategy ABCP proposed in [11]. We observed the impact 
of the distance merge algorithm on the cluster structure. For 
ABEE, two cluster heads (which should be the nearest node 
to the mass center of the cluster based on the Mass Center 
Merge Algorithm) that are closer than a threshold distance dth 
will merge into one cluster to prevent clusters over huddled. 
However, for ABCP, there is no such function except letting 
the single cluster head merge into another neighbor cluster. 
In these simulations, we assume the energy of each node is 
infinite, which can show how the clustering protocol impacts 
the topology. Fig.4 shows the evaluation of cluster number of 
the simulations. It can be seen that with tiie distance merge 
algorithm, the number of clusters with ABEE converges to be 
around 15, while the number of clusters with ABCP converges 
around 17. 

Time (s) 

Fig. 4.    Evaluation of cluster number 

Because the distance merge algorithm combines some clus- 
ters into one, which are too close to each other, the distribution 
of the clusters will tend to be more rational. Less clusters 
means less overhead in coummunications and corresponding 
control meassage collisions. As in (3), because a large portion 
of energy is dissipated during the communication betweeen the 
cluster head and the base station, less cluster head means more 
energy will be saved during the uplink transmission. Given the 
energy store limit, the benefit of rational cluster topology will 
be discussed in the next section. 

B. System lifetime 

Since the high correlation among the detected information 
in the sensor nodes, we can make data compression in the 
cluster head node to save the communication bandwidth in 
the uplink channel from the cluster head to the base station. 
In these simulations, we assume the initial energy storage 
of each node is equal to 5J and the location of the base 
station is at (0,0). All the nodes are randomly scattered 
within an initial 400m x 400m area, whose top left comer 
locates at (250,250). All nodes follow the aforementioned 
mobility model. We assume each node has infinite data, which 
are collected within the detection range, to send to the base 
station. If the node's energy storage is below zero, we treat 

it as a "dead" node that can no longer collect or transmit 
information. To the whole system, we recorded the remaining 
active nodes number as the index of the network lifetime. 
The more nodes survive after a certain time, the longer the 
lifetime of the network. Fig.5 shows the comparison of the 
number of remaining active nodes of the ABEE and ABCP 
protocol. Obviously the ABEE protocol prolongs the system 
lifetime. It takes around 130s in the ABCP scenario for the 
number of remaining active nodes to reduce to 50, from initial 
100 nodes, while ABEE protocol prolong this time to 250s. 
There is a 92.3% lifetime enhancement we can get from the 
ABEE protocol. For these simulations, energy is consumed 
whenever a node transmits or receives data or performs data 
aggregation. The results here do not account for the potential 
energy dissipation of the clustering procedure. Another crucial 
and application-independent criterion to the network quality 
is the amount of data received at the base station. The more 
data the base station receives, the more accurate the image of 
the surveillance will be got. Fig.6 shows the number of data 
signals received at the base station over time. It is obvious 
that the ABEE protocol can make the network send more data 
to the base station than the ABCP protocol, given the same 
amount of energy within the same period. 

Fig. 5.    Evaluation of remaining active nodes 

C. Network Coverage 

With the same amount of energy stored in the each node, 
besides the number of remaining nodes in the surveillance 
area as time elapses, we can also evaluate a network by the 
coverage. Because of the high correlation among the data 
collected by the sensor nodes, it is more important to sustain 
the network longer to collect more detailed data. We propose 
to record the ratio that the total effectively covered area by 
the active sensor nodes detection region to the total target 
area. Here we must deduct the overlaid area of two adjacent 
nodes. The higher this ratio, the more thoroughly the sensor 
network can cover the whole target area. In the simulation, 
we just focus into the 400m x 400m target area. It may be 
possible that some nodes move out of the region and cover 
some useless area. In the simulations, we just consider all the 
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Fig. 6.    Data received by the base station 

effectively covered area within the target area. Fig.7 shows the 
effectively covered area percentage. The theoretically perfect 
coverage (without any overlaid area of adjacent nodes) can 
easily calculated by, 

(TT X Dl^t^^t X Ar)/(400 X 400) = 19.63% (9) 

where the r = 10m is the detection radius of the nodes, which 
is change according to (8), and N is the total number of nodes, 
which is 100 in the simulations. It can be observed from the 
figure that the coverage starts from 14.38% and decreased 
continuously. It takes around 100s for the network of ABCP 
to reach 7% (half of the initial coverage), while 150s for the 
network of ABEE to reach the same level. There is arOund 
50% gain in the lifetime of the network coverage. 

Time (s) 

Fig. 7.    Effective coverage of the network 

V. CONCLUSION 

Considering the practical application affected by the deploy- 
ment, energy constraints of the nodes and the high correlation 
among the data collected by the nodes, we propose the 
ABEE, a protocol that retains the advantage of access-based 
protocol, such as rapidly deployment, self-organization. In 

order to construct a rational, energy efficient structure for the 
upper-level, ABEE contains a cluster-merge algorithm based 
on the mass-center estimation of each cluster. In contrast, 
the prior work focuses on the algorithm regarding for the 
rapidly deploy and stable network management, nevertheless 
lacking overall energy efficient consideration. In ABEE, with 
considering the major path-loss factor during the information 
data transmission, we try to minimize the energy dissipation of 
the whole cluster during each round of data transmission by in- 
troducing a hand over algorithm among the nodes. Simulations 
provide complete comparisons on cluster numbers, network 
lifetime and coverage of the network. As observed from the 
simulations, ABEE provides more rational clusters distribution 
to achieve low energy dissipation and better network coverage, 
which can dramatically improve performance of the wireless 
sensor network. 
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Abstract— Selecting an appropriate clusterhead can 
save power for the whole ad hoc wireless network. Gen- 
erally, clusterhead election for mobile ad hoc network is 
based on the distance to the centroid of a cluster, and 
the closest one is elected as the clusterhead; or pick a 
node with the maximum battery capacity as the cluster- 
head. In this paper, we present a clusterhead election 
scheme using fuzzy logic system (FLS) for mobile ad hoc 
wireless networks. Three descriptors are used: distance 
of a node to the cluster centroid, its remaining battery 
capacity, and and its degree of mobility. The linguistic 
knowledge of clusterhead election based on these three 
descriptors is obtained from a group of network experts. 
27 FLS rules are set up based on the linguistic knowl- 
edge. The output of the FLS provides a clusterhead pos- 
sibility, and node with the highest possibility is elected 
as the clusterhead. 

Key Words :    Clusterhead election,  ad hoc networks, 
mobility, fuzzy logic system, decision making. 

I. INTRODUCTION 

Ad hoc networks (AHN) are self-organizing entities 
that are deployed on demand in support of various ac- 
tivities including collaborative computing, multimedia 
classroom, disaster relief, search and rescue, and in- 
teractive mission planning. It is important to have 
a power control and management scheme for Ad Hoc 
wireless networks to maximally conserve battery power, 
because battery life is not expected to increase signif- 
icantly in the coming years. Rodoplu and Meng [15] 
developed a general mathematical theory for designing 
a minimum power topology within one cluster for a sta- 
tionary Ad Hoc network. In [16], Wu et al combined 
the concept of power control and with the busy-tone- 
based protocols to further increase channel utihzation. 
Similar to [16], a power control loop was proposed [1] 
to control the transmitting and receiving power level 
in ad-hoc wireless network. In [17], a location-aided 
power aware routing protocol was proposed. In [5], 
a power-efficient gathering in sensor information sys- 
tems (PEGASIS) method is proposed, but no mobility 
of sensor nodes is assumed. Singh et al [13] proposed 
power-aware routing and discussed difiFerent metrics in 
power-aware routing; Li et al [4] extended their work 
and proposed an online power aware routing in wireless 
ad-hoc networks. In [12], a power aware virtual base 
station (PA-VBS) protocol was proposed, which elects 
a mobile node from a set of nominees to act as a base 
station.  In [14], a new power aware routing protocol 

was proposed to evenly distribute the power consump- 
tion rate of each node and minimize the overall trans- 
mission power for each connection request simultane- 
ously. In this paper, we propose a clusterhead election 
scheme for mobile ad hoc wireless networks considering 
power management and saving. We believe that select- 
ing a good clusterhead can save power for the whole ad 
hoc network. 

Generally, a node with the maximum battery capac- 
ity or a node with the nearest distance to the cluster 
centroid is elected as the clusterhead. In this paper, 
we propose a scheme which makes clusterhead selec- 
tion decision based on the following three descriptors: 

1. distance of a node to the cluster centroid, 
2. its remaining battery capacity, and 
3. its degree of mobility. 

Several special issues on intelligent techniques in high 
speed networks have been published by IEEE Jour- 
nal on Selected Areas in Communications (e.g. [3] [2]), 
which shows that intelligent techniques have been ex- 
tensively applied to high speed networks. According 
to [2], "The advantages of intelligent techniques are 
numerous, most notably are learning from experience, 
• ■ •". In this paper, we apply fuzzy logic systems 
(FLSs) to clusterhead election for ad hoc wireless net- 
works. FLSs are known to represent and numerically 
manipulate hnguistic rules in a natural way and for 
their ability to handle problems that conventional con- 
trol theory cannot approach successfully because the 
latter relies on a vahd and accurate model which does 
not always exist. We consider the design of a FLS that 
is based on rules collected by surveying a group of ex- 
perts rather than a single expert, and design a FLS 
based on the experiences from these experts. 

In Section II, we briefly introduce the fuzzy logic 
system. In Section III, we design the rules for cluster- 
head election based on the experiences from a group of 
network experts. In Section IV, we present the com- 
putation of the rule-based FLS and generate the deci- 
sion surface for clusterhead election, and compare our 
scheme against the nearest distance and maximum bat- 
tery capacity methods based on one example. Conclu- 
sions are presented in Section V. 



II. OVERVIEW OF FUZZY LOGIC SYSTEMS 

Figure 1 shows the structure of a fuzzy logic system 
(FLS) [9]. When an input is apphed to a FLS, the 
inference engine computes the output set correspond- 
ing to each rule. The defuzzifer then computes a crisp 
output from these rule output sets. Consider a p-input 
1-output FLS, using singleton fuzzification, center-of- 
sets defuzzification [11] and "IF-THEN" rules of the 
form [7] 

R' : IF xi is F{ and X2 is F^ and • • • and Xp is F^ 
THEN 7/is G'. 

F' 

Assuming singleton fuzzification, when an input x' = 
{x[,... ,a;^} is applied, the degree of firing correspond- 
ing to the Ith rule is computed as 

MFiK)*MF^(a;2)*---*MFj,K) = 7;?,iMF;(a;-)   (1) 

where * and T both indicate the chosen t-norm. There 
are many kinds of defuzzifiers. In this paper, we focus, 
for illustrative purposes, on the center-of-sets defuzzi- 
fier [11]. It computes a crisp output for the FLS by first 
computing the centroid, CQ' , of every consequent set 
G', and, then computing a weighted average of these 
centroids. The weight corresponding to the Ith rule 
consequent centroid is the degree of firing associated 
with the Ith rule, T^iH^^iXxi), so that 

ycos\P^ 
T,l=lCG'VLltJ'F'i^i) 

Y:r=i^=ii^FM). 
(2) 

where M is the number of rules in the FLS. 
In this paper, we design a FLS for cluster head elec- 

tion. The rules are designed based on the knowledge 
from a group of network experts. 

III. EXTRACTING THE KNOWLEDGE FOR 

CLUSTERHEAD ELECTION 

We collect the knowledge for clusterhead election 
based on the following three descriptors: 
1. distance of a node to the cluster centroid, 
2. its remaining battery capacity, and 
3. its degree of mobility. 

The Unguistic variables used to represent the dis- 
tance of a node to the cluster centroid were divided 
into three levels: near, moderate, and far; and those 
to represent its remaining battery capacity and degree 
of mobility were divided into three levels: low, moder- 
ate, and high. The consequent - the possibility that 
this node will be elected as a clusterhead - was divided 
into 5 levels. Very Strong, Strong, Medium, Weak, Very 
Weak. 

We designed questions such as: 

IF distance of a node to the cluster centroid is near, 
and its remaining battery capacity is low, and its 

degree of mobility is moderate, THEN the possibility 
that this node will be elected as a clusterhead is 

so we need to set up 3^ = 27 (because every antecedent 
has 3 fuzzy sub-sets, and there are 3 antecedents) rules 
for this FLS. 

As pointed out in [10], "words mean different things 
to different people", and in [8], "the decision makers 
may have the same preferences to a particular alterna- 
tive, e.g., highly preferred but with different degrees;" 
so, we created one survey for the network experts. We 
used rules obtained from the knowledge of 6 network 
experts. These experts were requested to choose a con- 
sequent using one of the five linguistic variables. Dif- 
ferent experts gave different answers to the questions 
in the survey. Table I summarizes the questions used 
in this survey, and Table II captures the results fi-om 
the completed survey. 

We used trapezoidal membership functions (MFs) to 
represent near, low, far, and high, and triangle MFs to 
represent moderate. We show these MFs in Fig. 2a. 

IV. KNOWLEDGE PROCESSING AND CLUSTERHEAD 

ELECTION DECISION 

In our approach to forming a rule base, we chose a 
single consequent for each rule. To do this, we averaged 
the centroids of all the responses for each rule and used 
this average in place of the rule consequent centroid. 
Doing this leads to rules that have the following form: 

i?' : IF distance of a node to the cluster centroid (xi) 
is Fj, and its remaining battery capacity {X2) is Ff, 

and its degree of mobility (xz) is Ff, THEN the 
possibility that this node will be elected as a 

clusterhead (y) is cj,^^. 

where / = 1,..., 27. c^^   is defined as 

c'     = avg 

XJ. 

(3) 

in which w\ is the number of people choosing linguistic 
label i for the consequent of rule i (i = i,... , 5; ^ = 
1,..., 27) (see Table II); and, & is the centroid of the 
ith consequent set (i = 1,2,--. ,5). The centroids of 
the three fuzzy sets depicted in Fig. 2b are c^ = 1.0561, 
c2 = 3, c^ = 5, c^ = 7, and c^ = 8.9439. 

To illustrate the use of (3), note, for example, that 

^avg 
3ci + 2c^ + c^ 

3-f2 + l 
= 2.3614 (4) 

All 27 cj,„g values are listed in Table II. 



For every input (a;i,a;2,a;3), the output is computed 
using 

^27 

y{xi,X2,X3) 
^avg Ei=i MF,^ (a;i)/iF? (a^2)/iF? ix3)cl,y 

Ei=i MFi(3:;i)/^F?(^2)MFf (a^s) 

By repeating these calculations for \/xi G [0,10], we 
obtain a hypersurface y{xi,X2,xs). Since it's a 4-D 
surface (a;i, xg, xs, y), it's impossible to be plot visually. 

If we have xi = 1, and two other antecedents, its 
remaining battery capacity {x2) and its degree of mo- 
bility (xs) are variables, for every input {1,X2,X3), the 
output is computed using 

V(l  Xo  X.) - ^t=l^F?(^)^F?(^2)MF3(x3)ci,^ 

Ei=i MFJ (IjMFf (a;2)/iFf (a;3) 

By repeating these calculations for Va;2 G [0,10] and 
Vxs G [0,10] , we obtain a hypersurface y(l,a;2,a;3), as 
plotted in Fig. 3(a). In contrast, if we have Xi = 9, and 
two other antecedents, its remaining battery capacity 
{x2) and its degree of mobility {x^) are variables, simi- 
larly we obtain another surface 2/(9,0:2, X3), as plotted 
in Fig. 3(b). Prom Fig. 3ab, we see that although a 
node is very close to the cluster centroid {x\ = 1), its 
possiblity to be chosen as clusterhead can be lower than 
some node far from the centroid {xi = 9). 

As an example, we randomly generated 100 nodes (a 
cluster) within a square with 100 meters on each side. 
Each node has random battery capacity in [0, 10], and 
random mobihty degree in [0, 10]. The distances of 
each node to the cluster centroid are normahzed to [0, 
10] scale. Each node is characterized by the three de- 
scriptors. We apply (5) to compute the election pos- 
sibility for each node, and pick the node having the 
highest election possibility as the clusterhead, as illus- 
trated in Fig. 4. We also plotted the node having the 
maximum battery capacity and the node having the 
nearest distance to the cluster centroid in Fig. 4. 

V. CONCLUSIONS 

Generally, clusterhead election for mobile ad hoc net- 
work is based on the distance to the centroid of a clus- 
ter, and the closest one is elected as the clusterhead. 
We present a clusterhead election scheme using fuzzy 
logic system (FLS) for mobile ad hoc wireless networks. 
Three descriptors are used: distance of a node to the 
cluster centroid, its remaining battery capacity, and 
and its degree of mobility. The Unguistic knowledge 
of clusterhead election based on these three descriptors 
is obtained from a group of network experts. 27 FLS 
rules are set up based on the Unguistic knowledge. The 
output of the FLS provides a clusterhead possibility, 
and node with the highest possibility is elected as the 

clusterhead. Other appropriate rules can be created 
that optimize routing efficiency (e.g., number of hops, 
QoS, etc). 
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FUZZY LOGIC SYSTEM 
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Fig. 1.   The structure of a fuzzy logic system. 

(b) 

Fig. 3. The clusterhead election decision surface for fixed dis- 
tance to the centroid (ii), (a) when xi = 1, and (b) when 
XX =9. 

Fig. 2.   The MFs used to represent the linguistic labels, (a) MFs 
for antecedents, and (b) MFs for consequent. 

Fig. 4. One example for clusterhead election. The elected clus- 
terhead (distance: 2.2403, battery capacity: 8.4276, and mo- 
bility degree 0.8839) is denoted using 'square' D, the node 
with maximum battery capacity (distance: 7.9852, battery 
capacity: 9.8141, and mobility degree 1.2977) is denoted us- 
ing 'triangle (down)' V, and the node with nearest distance 
(distance: 0.2307, battery capacity: 3.2909, and mobility 
degree 7.6049) to the centroid is denoted using 'hexagram' 



TABLE I 

THE QUESTIONS FOR CLUSTERHEAD ELECTION FOR MOBILE AD HOG WIRELESS NETWORK. ANTECEDENT 1 is distance of a node to the 

cluster centroid, ANTECEDENT 2 is its remaining battery capacity, ANTECEDENT 3 is its degree of mobility, AND CONSEQUENT IS the 

possibility that this node will be elected as a clusterhead. THE EXPERTS WERE ASKED TO FILL IN THE BLANK FOR THE CONSEQUENT 

USING ONE OF FIVE LINGUISTIC LABELS (VERY WEAK, WEAK, MEDIUM, STRONG, VERY STRONG). 

Question # Antecedent 1 Antecedent 2 Antecedent 3 Consequent 
1 near low low 
2 near low moderate 
3 near low high 
4 near moderate low 
5 near moderate moderate 
6 near moderate high 
7 near high low 
8 near high moderate 
9 near high high 
10 moderate low low 
11 moderate low moderate 
12 moderate low high 
13 moderate moderate low 
14 moderate moderate moderate 
15 moderate moderate high 
16 moderate high low 
17 moderate high moderate 
18 moderate high high 
19 far low low 
20 far low moderate 
21 far low high 
22 far moderate low 
23 far moderate moderate 
24 far moderate high 
25 far high low 
26 far high moderate 
27 far high high 



TABLE II 

HISTOGRAMS OF EXPERT RESPONSES ABOUT CLUSTERHEAD ELECTION FOR MOBILE AD HOC WIRELESS NETWORK. 6 NETWORK EXPERTS 

ANSWERED THE QUESTIONS.  THE ENTRIES IN THE SECOND - SIXTH COLUMNS CORRESPOND TO THE WEIGHTS w\    UlJ,   Ulk   w\    AND m' 
1"      1^'      o'      4' 5' 

RESPECTIVELY. 

Rule Number (Z) very weak weak medium strong very strong 
1 0 3 3 0 0 4.0 
2 1 5 0 0 0 2.676 
3 3 1 2 0 0 2.6947 
4 0 0 3 3 0 6.0 
5 0 0 0 5 1 7.3240 
6 0 4 1 1 0 4.0 
7 0 0 0 1 5 8.6199 
8 0 0 1 5 0 6.6667 
9 0 1 ■ 4 1 0 5.0 
10 0 4 2 0 0 3.6667 
11 3 2 1 0 0 2.3614 
12 4 1 1 0 0 2.0374 
13 0 1 3 2 0 5.3333 
14 1 1 4 0 0 4.0093 
15 2 3 0 1 0 3.0187 
16 0 0 2 3 1 6.6573 
17 0 1 2 3 0 5.6667 
18 0 3 2 1 0 4.3333 
19 2 4 0 0 0 2.3520 
20 5 1 0 0 0 1.3801 
21 5 1 0 0 0 1.3801 
22 1 4 1 0 0 3.0093 
23 1 4 1 0 0 3.0093 
24 5 0 1 0 0 1.7134 
25 0 2 2 2 0 5.0 
26 0 0 2 3 1 6.6573 
27 0 2 2 1 1 5.3240 


