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Abstract In wireless sensor networks, a clustering scheme is helpful in reducing the energy consumption by aggregating
data at intermediate sensors. This paper discusses the important issue of energy optimization in hierarchically-clustered
wireless sensor networks to minimize the total energy consumption required to collect data. We propose a comprehensive
energy consumption model for multi-tier clustered sensor networks, in which all the energy consumptions not only in the
phase of data transmissions but also in the phase of cluster head rotations are taken into account. By using this new model,
we are able to obtain the solutions of optimal tier number and the resulted optimal clustering scheme on how to group all
the sensors into tiers by the suggested numerical method. This then enables us to propose an energy-efficiency optimized
distributed multi-tier clustering algorithm for wireless sensor networks. This algorithm is theoretically analyzed in terms
of time complexity. Simulation results are provided to show that, the theoretically calculated energy consumption by the
new model matches very well with the simulation results, and the energy consumption is indeed minimized at the optimal
number of tiers in the multi-tier clustered wireless sensor networks.

Keywords  wireless sensor network, clustering scheme, data aggregating, energy efficiency

chronization protocols!® '), energy efficient routing
protocols™>18and energy-efficient data gathering

1 Introduction

schemes(19-22]

The technological advances in the micro-electro-
mechanical systems and the wireless communications
have reduced the costs on the deployment of the small
intelligent sensor nodes at homes, in workplaces, super-
markets, streets, plantations, and oceans to monitor
the environment!!!. The realization of smart environ-
ments to improve the efficiency of nearly every aspect
of our daily lives by enhancing the human-to-physical
world interactions is one of the most exciting potentials
of sensor network applications. However, this objective
calls for efficient and application specific communica-
tion protocols to assure the reliable and energy-efficient
communications of the sensed event features.

The longevity of wireless sensor networks is usua-
lly limited by their non-rechargeable energy re-
sources.  This then motivated research efforts on
such topics as energy efficient medium access con-
trol protocols!'l, localization systems!”™8!, time syn-

In particular, many studies have been
made on clustering schemes!!2:15716:19-21] with the aim
of balancing and reducing energy consumption over the
whole network.

Within the energy efficient communication proto-
cols, many approaches have been proposed, such as
Directed Diffusion (DD)[!'¥, Two-Tier Data Dissemi-
nation (TTDD)!6, Low-Energy Adaptive Clustering
Hierarchy (LEACH)[H}, Power-Efficient Gathering in
Sensor Information Systems (PEGSIS)!l.  Recent
surveys!18] provide more information on these com-
munication protocols. LEACH!? was firstly proposed
as a clustering routing protocol. It was validated to be
adaptable to large-scale networks and has the capability
of prolonging the networks lifetime significantly'®). In
LEACH, each sensor becomes a cluster head (CH) with
fixed probability during startup and every non-CH sen-
sor joins the cluster of the nearest CH. The CHs act as
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aggregators. As CHs are likely to consume more energy
than non-CHs, LEACH allows rotation of CH status to
balance the energy consumption among sensors.

The recent studies in [19-21] have further discussed
related issues in hierarchically clustering scheme of sen-
sor networks. Explicitly, [19-20] propose their energy
consumption models for multi-hop data collection in
which they show that the energy saving increases with
the number of tiers based on their energy consump-
tion functions and simulations. However, in those en-
ergy consumption models, the energy that consumed
in CH’s rotation and data aggregation are not taken
into account. Paper [21] has considered the aggrega-
tion factor into its energy consumption model, but it
still does not cover the energy consumption in CH’s ro-
tation. The authors of [21] observed that there indeed
exists the optimal number of tiers in the multi-tier hie-
rarchical network through simulations. Unfortunately,
no guideline is provided there on how to find this opti-
mal solution. Therefore, for wireless sensor networks it
still remains as a question that how to calculate the op-
timal tiers within a comprehensive energy consumption
model that accounts for all the energy consumptions in
CH rotations, data aggregations, and data communica-
tions.

This paper discusses this important issue of energy
optimization in hierarchically-clustered wireless sensor
networks to minimize the total energy consumption re-
quired to collect data. We propose a comprehensive
energy consumption model for multi-tier clustered sen-
sor networks, in which all the energy consumptions not
only in the phase of data transmissions but also in the
phase of cluster head rotations are taken into account.
This model will include the energy consumption of pro-
tocols DD LEACHI['?] to be its special cases. By us-
ing this new model, we are able to obtain the solutions
of optimal tier number and the resulted optimal clus-
tering scheme on how to group all the sensors into tiers
by the suggested numerical method. This then enables
us to propose an energy-efficiency optimized distributed
multi-tier clustering algorithm for wireless sensor net-
works. This algorithm is also analyzed theoretically in
terms of computation complexity. Simulation results
are provided to show that, the theoretically calculated
energy consumption by the new model matches very
well with the simulation results, and the energy con-
sumption is indeed minimized at the optimal number
of tiers in the multi-tier clustered wireless sensor net-
works.

The remainder of this paper is organized as follows.
In Section 2, assumptions, definitions and notations
that are used through the paper are introduced. Section
3 proposes the energy consumption model for data col-
lection in multi-tier clustered sensor networks. Section

4 gives an example to show how to find out the optimal
number of tiers and the corresponding optimal number
of CHs for each tier. Subsequently, Section 5 proposes a
distributed multi-tier clustering algorithm to construct
this multi-tier clustered sensor network. In Section 6,
we present the simulation results to show that the en-
ergy model has predicted the optimal number of tiers
exactly and the proposed algorithm has optimized the
energy consumption. Finally the conclusions are drawn
in Section 7.

2 Assumptions and Notations

In order to build the energy model for the
hierarchical-clustered network (a sample of two-tier
clustered network can be seen in Fig.1), we make the
following assumptions about the sensor network:

Fig.1. Sample of two-tier multi-hop clustered network. The first
tier cluster is consisted of sensors a, b, ¢, d, here sensor d is the
CH, and other three clusters with CHs a, b, ¢ are the second tier

clusters.

1) There are N homogeneous sensors that are dis-
tributed in a circle with radius D. The location of the
sensors are governed by a homogeneous spatial Poisson
process and a sink node is located at the center of the
circle for data collection.

2) All sensors transmit at the same power level and
hence have the same transmission range r.

3) Data exchanged between two communicating sen-
sors not within each other’s radio range is forwarded by
other sensors. No data aggregation occurs at the for-
warding sensors.

4) The cluster heads aggregate the data received by
them from the sensors in their cluster before forwarding
it further.

5) We introduce the energy consumed in CH’s rota-
tion at each round into our energy model, and ignore
the energy used to aggregate the information at CHs
as the computing energy consumption is always very
small compared with CH’s rotation in wireless sensor
network.
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6) Route calculation is carried out during the clus-
ter set-up phase of each round, and the sensors send
packets to their respective CHs using multi-hop paths
(if necessary).

7) The distance of D between any sensor and its
cluster head is equivalent to D/r hops.

8) In each round, the control information broadcast
in the cluster set-up phase is m units, and the data sent
in the data transmission phase is h units.

9) Each sensor uses one unit of energy to transmit
or receive one unit of data.

10) We assume that the maximum number of the
tiers will not exceed Kiax.

11) The communication environment is contention-
free and error-free; and hence, sensors do not have to
retransmit any data.

A summary list of the notations used in this paper
is given in Table 1.

Table 1. Notations

Notation Description

N Number of sensors in the network

D Radius of the network deployment region
r Radius of sensors transmission range

m Number of data units in control packet

h Number of data units in data packet
Kmax Maximum number of tiers

kopt Optimal number of tiers

N; Number of sensors at the i-th tier (tier-7)
D; Radius of clusters at tier-i

3 Energy Models for Multi-Tier Clustering
Schemes

In this section, we propose the energy consumption
model of multi-tier clustering scheme in wireless sensor
networks. For simplicity, we assume that /N sensors are
deployed in a circular region of radius D with the sink
located at the center of the circle. Our model can be
easily extended to accommodate other region shapes or
sink locations.

3.1 Multi-Tier Clustered Network Topology
Analysis

In each round of multi-tier clustering scheme, we
construct a k-tier clustering scheme (where 0 < k <
Kmax) to collect the data packets in the region. The
parameter of the i-th tier (tier-i) is (N;, D;), where N;
is the number of tier-i CHs, D, is the radius of tier-
i cluster. We set the sink node to be the tier-0 CH
with the radius of the cluster being D. That is to say,
No =1, Dy = D. An example of three-tier clustered
network topology structure is depicted by Fig.2. We
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also define the number of the common sensors in a k-
tier clustering network to be Ni41, and all the number
of sensors at each tier N;, ¢ =0,1,...,k+ 1 satisfy the
following equation

k+1
CNi=N+1, (1)

where N; € [1, N]. Note that for our purpose of optimiz-
ing the energy consumption and to obtain the solution
of optimal tier, we have allowed N;,i = 0,1,...,k+1
to be float numbers, though in real networks they are
logically needed to be integer numbers.

Base Station

@ Tier-0 CH
® Tier-1 CH
o Tier-2 CH
o Common Sensor

Fig.2. Example of three-tier clustered network topology struc-

ture.

If each sensor chooses the closest aggregator as its
CH at each tier, the sensors essentially form a Voronoi
diagram of the network region where each cluster cor-
responds to a Voronoi cell?3l. For each tier, a typical
cluster can be approximated as a circle with the CH
at the center. According to [24], we have the following
relationship

i=0,1,... k+1. (2)

Equations (1) and (2) consist of the topology con-
straints to our energy model which will be used later in
deducing the energy consumption model.

3.2 Transmission Energy Model

As in our assumptions, the sensors are distributed
according to a homogeneous spatial Poisson process and
hence, N sensors are distributed uniformly in a cluster
with radius D. Without loss of generality, we assume
that the CH is at the center of the circle. Then let d
be a random variable that denotes the total length of
the segments from the common sensors to the CH (see
Fig.3). Therefore,

27 D 2
r*dedd 2D
E(d) = —_—
(d) /0 /0 wD? 3
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Fig.3. Typical cluster in a multi-hop clustered network.

Then, we define E;(D) to be the energy used by a
sensor in the cluster with radius D to communicate one
unit of data to the CH. We have

E(D) 4D

Et(D):2 r :y- (3)

Equation (3) quantifies the transmission energy that
is consumed for a sensor node to communicate one unit
of data with its CH.

3.3 Energy Consumption of Tier-

According to the topology setting of multi-tier clus-
tering scheme in Subsection 3.1, there are INV; clusters
with radius D; in tier-i (see Fig.4 for tier-i topology
structure in the multi-tier clustered network). The
main source of energy consumption in tier-i is the en-
ergy used in the set-up phase and the energy used in
the data communication phase at each round.

Tier-(i+2) ——— = ' Ve
// ®®) \\\'\O
i /’G’)“‘\\\~ 2=~

Tier-(i+2) CH—\-f@ ®) . l\ «® @)/,’ 4

i

Fig.4. Tier-i network topology structure in multi-hop clustered

network.

We define E's; to be the energy used in the set-up
phase for CH rotation of tier-i and we can get it by:

Esi:Nim+2m(N+1—ZNj), i=0,1,... k.

j=0

(4)

The first part of (4) is the energy consumed by the
tier-: CHs broadcasting its control information to all
the sensors under tier-i, and the second part of (4) is
the energy consumed by all the sensors under tier-i to
receive control information and send out the control in-
formation to disperse it. The tier-i routing table can
be built at the same time, so that every sensor node

under tier-i knows how to deliver data packet to reach
the tier-i CHs.

We define Ed; to be the energy used in the data
communication phase of tier-i, and we can get it by:

Nz—i—l
"N

4D;N;
E,(D;)h = 7“}‘ i=0,1,....k

3r
(5)
In tier-i, there are N; clusters and every cluster has
NTtl sub-CHs at tier-(i + 1) or common sensors which
will send the data it received or sensed to its CH, so
a coefficient of NV, is multiplied. The energy used by
% sensors deployed uniformly in a circle with radius
Diltransmitting h units of data to its CH should be
B Ey(D;)h.
Combining the (4) and (5), we can get the energy
consumption FE; of tier-i:

Ed; =N

E;, =Fs; + Ed;
: AD;N;,1h
:Nim+2m(N+1—ZNj)+ s
. 3r
7=0 (6)

where : =0,1,...,k.

Then we will use this energy model to calculate the
energy consumption of each tier in the multi-tier clus-
tering scheme.

3.4 Energy Model of Multi-Tier Clustering
Scheme

According to the topology construction of k-tier
clustering scheme, we obtain the energy consumption
Ety of k-tier clustering scheme as follows:

k
Btp=) Ei (7)

where £ =0,1,..., Knax-
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By substituting (2) and (6) into the (7) we can get:

k
Bty =2km(N +1) —m» (2k+1 - 2i)N;+
=0
k
(8)
=0
where k£ =0,1,..., Kpax.

Equation (8) is the energy model of k-tier clustering
scheme.

3.5 Energy Model Analysis

Our purpose here is to find the optimal number
of tier kopt and the corresponding solution N kot —
{No,N1,..., Nk s Nkop,r } to reach the smallest en-
ergy consumption min(Ety, ) among all the mini-
mized energy consumption min(Et) of k-tier clustering
scheme, where k = 0,1, ..., Kyax-

The method we use here to get the optimal number
of tiers is to find out all the minimized energy consump-
tion min(Ety) of k-tier clustering scheme first, and then
we select the tier number which reaches the smallest en-
ergy consumption among all the minimized energy con-
sumption min(Fty) of k-tier clustering scheme as the
optimal tier.

Now the only problem left is that for a k-tier clus-
tering scheme whether there exist a optimal solution
which minimizes the energy consumption of each k-tier
clustering scheme and if it does exist, how to obtain the
corresponding optimal solution.

We first analyze the energy model (8) of k-tier clus-
tering scheme (where k = 0,1, ..., Knax) to get its first
order derivative and second order derivative of (8) as
below.

OFt, . 4Dh 1 Nij1
— —m(2%k+1—2) + ( - )
aNi ( ) 37' ‘/Ni—l 2N1%
5
9*Et;,  DhN;1 1N, 2 ()
62NZ‘ o T ’

where i =1,2,... k.

As the energy consumption Etj is continuous, and
the second order derivative (9) is larger than 0, there
exists a solution N*¥ = {Ny, Ni,..., Ny, Npy1} which
reaches the minimum energy consumption to this k-tier
clustering scheme.

Now we set all the first order derivatives to be 0, and
yield the following equations:

4Dh( 1 _ Nzﬂ)_o
1/2 3/2 ) —

3r \N!2 on?/
i=1,2,....k (10)

—m(2k +1— 2i)+
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Therefore, we have k conditions here. Together with
(1) and the setting Ny = 1, we are able to obtain the
optimal solution from these k + 2 equations theoreti-
cally. We herein give a recursion method on how to
obtain the required optimal solutions.

Note that (10) is reduced to the following equation
by some mathematical manipulations:

3.1 3mr(2k + 1 — 2i)
2 _
Nerl —2N (N1/2 ADh )a
1—1
i=1,2,...,k (11)

Given Ny = 1, and if we also know the number of
tier-1 CHs Ny, we can get all the number of other tiers’
CH (i.e., N2, N3,...,Nii1) by (11), whereas (1) also
must be satisfied. So a method of binary search on ad-
justing N7 can be used to find a value for N; satisfying
(1) and then by this iterating manner we can get the
optimal solution for k-tier clustering scheme.

From the above discussions, we can see that the com-
plexity of computing the optimal solution to minimize
the energy consumption of a k-tier clustering scheme is
O(klog(N)) where N is the number of sensors. Hence
the complexity of obtaining the optimal tier of multi-
tier clustering scheme is O(K?2,, log(N)), where Kpyax
will not exceed 10 even for a network consisting of mil-
lion of sensors displayed in a vast area according to our
experience of simulations.

4 Example of Finding Optimal Tiers of
Multi-Tier Clustering Scheme

In this section, an example is given. We first de-
scribe the energy consumption of multi-tier clustering
scheme by the proposed energy model and then we cal-
culate, by the proposed numerical method, the corre-
sponding optimal solution N* = {Ny, Ny,..., Np41},
where £k =0,1,..., Kpax-

The parameters of this example are set according to
Table 2. Substituting these parameters into (8), and
then the energy consumption model of this network is

k
2 K3
Bty = 2002k~ (2k—2i+1) N+ﬂz y

=0

where k£ =0,1,..., Kyax.

In order to get the optimal solution to minimize
the energy consumption of k-tier clustering scheme, the
k + 2 conditions are worked out as below:



Jin-Tao Meng et al.: Energy Efficient Clustering Scheme for WSN 569

Table 2. Parameters Setting in the Example

Parameter Value
N 1000
D 10
r 1
h 5
m 1
Kmax 5
No=1,

k+1
Z}_O N; = 1001,

1
Ny = 2Nf’/2<

3(2k — 1))

N2 200
Ny angr (L gy
2 AN 200 /’

ar 1 3
Nig1 = QNS/ (N;/Ql - %),
where £ =0,1,..., Kpax-

Now, for every k-tier clustering scheme, by solving
these k4 2 equations, we will get the minimized energy
consumption and the corresponding optimal solution.
This procedure is broken down as following.

When k = 0, there are no CHs in the network,
which is our energy model in the special case of DD,
and the optimal solution calculated by (13) is N° =
{1,1000}. Then the energy consumption of this scheme
can be calculated directly by (12) to be min(Ety) =
66 664.67.

When k = 1, there is only one tier of CHs in this
network, which is our energy model in the special case
for LEACH!'2]. Certain numerical calculations by (13)
yield the optimal solution: N = {1,60.4,939.6}, then
the optimal energy consumption of one-tier clustering
scheme obtained from (12) is min(E¢;) = 14 024.83.

When k > 2, this is the energy model of multi-tier
clustering scheme, and the optimal energy consump-
tion of those clustering schemes together with the cor-
responding solution N* = {Ny, Ny,..., N, Nyy1} can
also be computed out. The optimal energy consump-
tion and the corresponding solution of all k-tier clus-
tering schemes are given in Table 3.

Now we have obtained the minimum energy con-
sumptions when k£ = 0,1,2,3,4. Then we know that
Ety consumed the minimum energy, so the optimum
number of tier is kope = 2, and the optimal solution
is N2 = {1.0,17.4,145.0,837.6}. Subsequently, the en-
ergy consumption will be minimized by constructing

Table 3. Optimal Energy Consumption and Corresponding
Solution of Clustering Scheme in the Example

k No Ny Ny N3 Ny N5 min(Etk)
0 1 1000.0 66 665
1 1 60.4 939.6 14025
2 1 17.4 145.0 837.6 11916
3 1 7.2 38.8 179.8 T774.2 12884
4 1 3.4 125 48.1 188.7 747.2 14605

the network to be a two-tier clustering scheme with one
tier-0 CHs (or sink node precisely), 17.4 tier-1 CHs,
145.0 tier-2 CHs and 837.6 tier-3 CHs (or common sen-
sors precisely).

5 Distributed Multi-Tier Cluster Algorithm

Now, we will present a distributed multi-tier cluster
algorithm to generate a k-tier clustering scheme for the
multi-hop sensor network. By this we mean that there
are k tiers of CHs, with tier-0 being the highest and
tier-k being the lowest tier. In this clustered environ-
ment, the common sensors deliver the gathered data to
the tier-k CHs. The CHs in tier-k aggregate this data
and deliver the aggregated data to the tier-(k — 1) CHs
and so forth. Finally, the CHs in tier-1 deliver the ag-
gregated data to the sink node which is the tier-0 CH.

5.1 Algorithm Description

The algorithm works in an up-bottom fashion, i.e.,
it first elects the tier-1 CHs, then tier-2 CHs, and so
on. The tier-1 CHs are chosen as follows. Fach sensor
decides to become a tier-1 CH with probability % and
broadcast a message to advertise itself as a tier-1 CH to
the sensors nearby. This advertisement is forwarded to
all the sensors without hop limitation which is not sim-
ilar to the algorithm proposed in [19-20]. Each sensor
that receives an advertisement will join the cluster by
registering the route to the CH into their routing table
and relay the advertisement to its neighbors.

The rest of sensors then elect Ny sensors as tier-2
CHs with a probability NZX A and broadcast their deci-
sion of becoming a tier-2 CHs. Each sensor that receives
an advertisement will join the tier-2 cluster by register-
ing the route to the tier-2 CHs into their routing table
and relay the advertisement to its neighbors. All the
tier-2 CH will route data according to the tier-1 routing
table to reach the tier-1 CHs. CHs at the tier-i are cho-
sen in the similar fashion with probability ﬁ,
where © = 3,4,...,k. This algorithm generatesl%itier
clustering scheme.

The pseudo-code of this clustering algorithm is given
below:
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//Initialize
Calculate the optimal solution N* = {No, N1, ..., Ng,
N1} for the k-tier clustering scheme

//Set up routing table
If (sensor has not received a tier-i message and has
not been elected as a CH at this round)
Listen for message
If (a message (k, 1, id, hop) is received)
/*Register route to the CH’s tier-i routing table*/
Routing_table[i] = id
Broadcast message (k, i, my_id, hop + 1)

//Elect tier-(i + 1) CH
If (¢ < k and the sensor has not been elected as a CH)
rand = generate a random number between 0 and 1
N;
if (mnd < 74;1 )
N - Zj:l N;
ch_ther =141
routing_table[i + 1] = —1
Calculate t = time taken by one message to pass

through one hop

/*A period of 2 x [g—‘ X t time will be used to
build each tier */

Wait for (2 X {g—‘ - hop) X t time

Broadcast message (k,i + 1, my_id, 0)

In this algorithm, we have not limited the diffuse hop
of the advertisement message broadcasted by the CH as
[19-21] do, as the limitation of diffuse hop will lead to
many forced CHs at each tier, which will disturb our
energy model, and in our simulation the forced CH will
waste more energy by forcing itself to be a CH, instead
of joining a cluster.

At the beginning of each round, the sink node will
broadcast a message (k,0, sink_id,0) to start the al-
gorithm to generate a k-tier clustering scheme. If the
sink node broadcast a message (kopt, 0, sink_id,0) then
the algorithm will generate a kp¢-tier clustering scheme
which will minimize the energy consumption among all
multi-tier clustering networks.

5.2 Time Complexity of the Clustering
Algorithm

The algorithm can take advantage of opportunities
for concurrency in communication. The run-time of
the algorithm is the time to transmit a message from
all CHs at all levels in the cluster hierarchy to the mem-
bers of their clusters. Since the cluster members in each
tier are at most 2 x [£7 hops away from the CH at the
worst case, a period of 2 x [£] hops deliver time can
be used to build each tier. The time complexity of the
proposed algorithm to generate a multi-tier clustering
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scheme with k tiers is O(%) in a contention-free en-
vironment, where D is the radius of the sensor area, r
is the radius of sensor’s transmission range. This will
make the proposed algorithm more suitable for large
networks.

6 Simulation Results and Model Validation

In this section, we will validate our energy model
proposed in Section 3 and simulate the algorithm de-
scribed in Section 5. We first perform some simulations
on the energy consumption versus the number of CHs
in the one-tier case in order to show that the energy
consumption is minimized at the optimal number of
CHs calculated from our model. Then we verify that
the energy consumption is also minimized at the opti-
mal number of tiers which is also calculated from our
model. Finally, we study the optimal tiers and mini-
mum energy consumption of multi-tier clustering net-
work by adopting the distributed multi-tier clustering
algorithm.

In all the simulations, we use a network of N sensors
uniformly deployed in a circular region of radius D, and
the communication range of each sensor is assumed to
be 1. One unit of control packet will be diffused and
five units of data packet will be collected in each round
for each sensor. The system specification we use in this
simulation is the same as the parameters setting in Ta-
ble 2.

We now measure the energy consumed in a single-
tier clustering network, which is similar to LEACH!?],
We select different numbers of tier-1 CHs, and then
simulate the cluster setting up, data collection, packet
transmission, data aggregation and transmitting the
data to the sink node. Fig.5 shows the energy consump-
tion versus the number of CHs in the one-tier clustering

14

--- Theoretical Results
12 — Simulation Results

Energy Consumption of One-Tier
Clustering Scheme (X 10%)

0 200 400 600 800 1000
Number of Tier-1 CHs

Fig.5. Energy consumption versus the number of CHs in the

one-tier clustering scheme.
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scheme. Observations from Fig.5 suggest that the to-
tal energy consumption appears to be minimized when
the number of tier-1 CHs is between 50 and 80. Noting
that this value predicted by our model is 60, thus it is
evident that the energy is indeed minimum at the the-
oretically predicted optimal number of tier-1 CHs.

We now consider the energy consumption in a multi-
tier clustering network. We perform simulations for
each k-tier clustering scheme for 0 < k < 5. We com-
pute the optimal solution N* for each k-tier clustering
scheme according to (8), and the algorithm proposed in
Section 5 is used to generate the corresponding k-tier
clustering scheme. For each k-tier clustering scheme,
we run 100 simulations. The averaged values of these
simulation results and the theoretical results for each
k-tier clustering scheme are plotted into Fig.6. From
these experimental results, we conclude that for 1000
sensors deployed in the circle with radius 10, the op-
timal tiers of the multi-tier clustering scheme used to
minimize the energy consumption is 2 tiers. The theo-
retical results of our energy model also predict the same
result as suggested by Fig.6. This then indicates that
our energy model of (8) is suitable to be used in real
situations.

L Theofetical Resullts
9t — Simulation Results

Minimum Energy Consumption of 4-Tier
Clustering Scheme (x10%)

Number of Tiers

Fig.6. Energy consumption versus the number of tiers in the

multi-tier clustering scheme.

Finally, we provide results of simulation experiments
in the global situation of variable number of sensors N
and variable radius of the sensor area D. The opti-
mal number of tiers for each pair of (N, D) calculated
by the energy model is plotted into Fig.7; the min-
imized theoretical energy consumption and the aver-
aged energy consumption using the multi-tier cluster-
ing algorithm to generate the optimal clustered network
in the simulation are plotted into Fig.8. Fig.7 shows
that the optimal number of tiers of the multi-clustering
scheme decreases with the number of sensors N, and
increases with the radius of sensor area D. That is to

say, the optimal number of tiers of the multi-clustering
scheme increases with the density of network decreas-
ing. Fig.8 shows the minimized energy consumption
increases with the number of sensors N and radius of
senor area D.
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Fig.7. Optimal number of tiers kopt versus the number of sensors
N and the radius of sensors area D.
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Fig.8. Minimum energy consumption versus the number of sen-

sors N and the radius of sensor area D.

The simulation results in this section provide a useful
insight into the energy consumption of the sensor net-
work. First, our energy model has described the energy
consumption of the network, as verified by the simu-
lation results. Second, there exist optimal tiers which
minimize the energy consumption of the multi-tier clus-
tering network, and this solution can be found by our
energy model. This is also verified in our simulation by
adopting the multi-tier clustering algorithm proposed
in Section 5.

7 Conclusions

In this paper, we have focused on finding the opti-
mal tiers in the multi-tier clustered scheme to minimize
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the energy consumption for data collection in wireless
sensor networks. In particular, we first proposed an
energy consumption model for the multi-tier clustered
network. With distinction to the reported energy mod-
els, in this model we have accounted for the energy
consumption of the CH rotations. We then proposed
an approach to find out the optimal number of tiers to
minimize the energy consumption by numerical com-
puting.

We presented a distributed multi-tier clustering al-
gorithm to generate the energy efficiency optimized
multi-tier clustering scheme for wireless sensor net-
works. Simulation results validate the proposed energy
model. The optimal solution of tier number can be
worked out in a computing efficient way by our energy
model as demonstrated by an example.

In this paper, we have assumed that the sensors are
distributed according to a homogeneous Poisson pro-
cess, but the local difference of the sensor’s density also
affects the energy consumption. Therefore, extending
the multi-tier clustering algorithm to cover the hetero-
geneous clustering situation according to the local den-
sity will bring the algorithm to be more suitable for
large-scale networks. This deserves further studies.
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