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Abstract

Energy management in wireless sensor networks has great
importance. In these networks, sensor nodes typically operate on
batteries and due to limited energy resources, energy management
is crucial for optimal performance and battery lifetime of these
nodes. The use of suitable energy management algorithms in
wireless sensor networks can help improve network efficiency and
increase the battery life of sensor nodes. In this paper, a new
method is proposed for optimal energy consumption management
in wireless sensor networks. In the proposed method, each node
selects a cluster for itself in a distributed manner or chooses itself
as the cluster head. This method is designed based on the
importance of nodes. The proposed method was implemented in
different scenarios for wireless sensor networks such as sparse and
dense wireless sensor networks. In all simulations, the proposed
method demonstrated good capabilities in optimal energy
consumption management.

Keywords: Energy management, Wireless sensor network, Node
importance, power consumption.

1. Introduction

Wireless sensor networks have gained significant importance in a
wide range of applications over the past decade. These networks
utilize sensor nodes to monitor the environment, and the collected
data is transmitted to the cluster head or directly to the sink node.
Wireless sensor networks have diverse applications such as military
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and defense industries, environmental monitoring, and healthcare
systems. They operate automatically in hazardous environments such
as volcanoes (Alsharafat et al. 2022; Sharma and Gupta 2020).

The performance of sensor nodes is limited by constraints such as
processing power, memory, and battery capacity. When sensor nodes
consume energy inefficiently, the network lifetime decreases.
Therefore, the components of sensor nodes and network
management protocols should be designed to increase the network
lifetime with reduced energy consumption (Thiyagarajan and
Shanmugasundaram 2022; Ordouei et al. 2023; Ordouei and
BaniRostam 2018).

Designing energy-efficient routing algorithms for wireless sensor
networks to improve their lifetime using the advantages of clustering,
data aggregation or data fusion, and techniques such as cluster head
selection is crucial. The distributed and clustering-based routing
protocol LEACH is the primary example of this category of protocols
(Alsharafat et al. 2022).

The following of this article is organized as follows: Section 2
includes a review of related work. Section 3 presents the proposed
methods. Section 4 discusses the proposed methods, which have
been subjected to numerous experiments. Finally, section 5 provides
a conclusion.

2. Related works

Numerous routing protocols have been proposed for wireless sensor
networks, and the primary factors in evaluating and distinguishing
these protocols are their effectiveness in data retrieval, reduction in
resource consumption, and ability to maximize network life time.

The Low-Energy Adaptive Clustering Hierarchy (LEACH) protocol is
the main energy-efficient routing protocol among cluster-based
routing protocols. It introduced clustering as a cost-effective energy
management technique for wireless sensor networks. The protocol
uses a randomized rotation of Cluster Heads to distribute the high-
energy consumption incurred during communication between
wireless sensor networks and sink node to all sensor nodes in the
network(Heinzelman, Chandrakasan, and Balakrishnan 2000; Tyagi
and Kumar 2013; Arora, Sharma, and Sachdeva 2016; Xu and Gao
2011; Mahapatra and Yadav 2015).

In the LEACH protocol, nodes are randomly divided into several
clusters, and each cluster selects a node as its cluster head. These
cluster heads then transmit the collected data from nodes within their
cluster to the sink. Since data transmission is performed by a smaller
number of cluster heads compared to the total number of nodes in
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the network, energy consumption in the network is significantly
reduced. Additionally, in this protocol, nodes periodically work to
select a new cluster head, which results in better distribution of
energy consumption in the network(Heinzelman, Chandrakasan, and
Balakrishnan 2000).

LEACH is a complete distributed routing protocol that does not
require global information. The concept of clustering used by the
LEACH protocol reduces communication between sensor nodes and
the sink, which increases the network lifetime. Additionally, the use
of data aggregation techniques by the cluster head reduces the
amount of energy consumption for locally correlated data. Allocation
of time division multiple access schedules to member nodes allows
them to go into sleep mode, preventing intra-cluster collisions and
enhancing the battery lifetime of sensor nodes. In the LEACH protocol,
every sensor node has an equal opportunity to become a cluster head
or a member node during its lifetime, which improves the network
lifetime(Singh, Kumar, and Singh 2017).

LEACH protocol has some disadvantages, which can affect the
lifetime of the network. One such issue is that the cluster head is
randomly chosen in each round, and if a sensor node with low energy
is selected, it can result in decreased network lifetime. Additionally,
LEACH does not guarantee a fixed number or position of cluster
heads, leading to an uneven distribution of clusters in the network
and higher energy dissipation. Lastly, the use of single hop
communication between the cluster head and the base station in
LEACH results in uneven energy dissipation in areas far from the base
station, ultimately reducing the lifetime of the sensor network(Singh,
Kumar, and Singh 2017).

There are various types of LEACH protocol such as LEACH-
Centralized (Heinzelman, Chandrakasan, and Balakrishnan 2002),
LEACH-Deterministic Cluster Head Selection(Handy, Haase, and
Timmermann 2002), Solar Aware-LEACH(Voigt et al. 2004), Security
based LEACH(Ferreira et al. 2005), Fault Tolerance LEACH(Chouikhi et
al. 2015), Intra-Balanced LEACH(Salim, Osamy, and Khedr 2014),
Cognitive LEACH(Eletreby, Elsayed, and Khairy 2014).

One of the categories of methods for optimizing the lifetime of
wireless sensor networks is population-based optimization
techniques. These algorithms are inspired by nature or bio-mimicry.
Choosing suitable bio-inspired or metaheuristic algorithms that
propose the best solution for each problem is crucial. Therefore, no
single algorithm can provide the best solutions for all problems;
instead, there are several optimization algorithms such as Ant Colony
Optimization(Adnan et al. 2013), Genetic Algorithm(Singh and
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Sharma 2014), and Particle Swarm Optimization(Gandomi et al. 2013;
Ordouei and Namdar 2018).

3. Proposed method

In the proposed method, each node selects a cluster head in a
distributed manner. A node may choose itself as the cluster head and
directly send data to the sink, or it may choose another node as its
cluster head. After calculating the importance of its neighboring
nodes in a distributed manner, each node selects its cluster head.

Assuming a wireless sensor network is defined as a graph G =
(V,E), where V is the set of nodes in the network (i.e., the sensor
nodes) and E is the edges of the graph. An edge e = (u,v) € E if and
only if

aJueVandvevVv
b) v is within the transmission range of u.

It should be noted that G is an undirected graph, meaning if edge
e = (u,v) € Ethenedgee’ = (v,u) € E as well.

The proposed algorithm is distributed, and each node executes
the method separately. The flowchart of the proposed method is
shown in Figure 1. To select the cluster heads, the following steps
must be performed for each node in a distributed manner.

e Computing a Local View of the Wireless Sensor
Level 1 Network from the Perspective of the Node

e Calculating the node importance criteria in a
Level 2 subgraph from the perspective of the node

e Selecting candidate nodes for the cluster head
Level 3

e Selecting the cluster head from the candidate
Level 4| nodes

e Data Transmission
Level 5

e Returning to the level 3
Level 6

Figure 1. The flowchart of the proposed method
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3. 1. Computing a Local View of the Wireless Sensor Network from
the Perspective of the Node

At this step, a local view of the wireless sensor network is created
from the perspective of the node. The local view G4 (V4, E1) of node
v, is a subgraph of the graph G as follows:

A) Node v; exists in the subgraph G;; mathematically, v; € V;.

B) All nodes within the reach of v, in the original graph exist in
the subgraph G;; mathematically, for any v such that (v;,v) € E,
thenv € V.

C) All nodes within the range of a such as v, where v itself is within
the range of node v, are located in subgraph G;. In other words,
u €V, if there exists at least one node v such that (v{,v) € E and
(v,u) € E.

D) The set of edges in subgraph G; includes all possible edges
using members of set V; provided that the edge is present in
graph G. In mathematical terms, for edge e = (u,v) € E; where
u,veV,ande €E.

3. 2. Calculating the node importance criteria in a subgraph from the
perspective of the node

The measure of a node's importance indicates the extent to which a
node can act as a transfer intermediary in terms of the shortest paths
between any two nodes in a wireless sensor network. Therefore, the
larger value of this criteria shows the more important the node.
Additionally, considering the local view from the perspective of the
node, the larger value of this criteria, shows that the node can be
connected to other nodes in relatively short paths. The importance
measure of node v, is calculated from the following equation:

puv(vl) (1)

pU.V

NI(vy) =

u,vevVy,,

U#V#V,
where p,y represents the number of shortest paths between two
nodes u and v. Note that the size of the shortest path between nodes
u and v may be equal to 3 and there may be 7 different paths of size
3 to get from node u to v. In this case, p,y Will be equal to 7. Also,
puv(V1) indicates the number of shortest paths between two nodes
u and v that pass-through node v;.

An important point to note in the above equation is that p,y
cannot have a value of zero. The reason for this is that there is always
at least one path between two nodes. In other words, two nodes are
always connected. Node u is directly or at most one intermediary
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node away from node v;. Similarly, node v is also directly or at most
one intermediary node away from node v;. In this case, there is a
communication path between nodes u and v.

3. 3. Selecting candidate nodes for the cluster head

In this stage, candidate nodes for the cluster head are selected for
each node v;. Node v; receives the energy of all nodes in the
subgraph G; through a message. Then, nodes that its energy is not
less than that of node v, and who also have at least 40% of their initial
energy remaining are considered as candidate nodes for the cluster
head.

3. 4. Selecting the cluster head from the candidate nodes

In this stage, each node chooses a node from the candidate nodes as
its own cluster head that has a higher importance level in the
subgraph G;. If there are multiple nodes with the same maximum
importance criteria, the node that has already been chosen as a
cluster head by another node in the same stage is selected as the
cluster head. This process is also carried out in a distributed manner.
For this purpose, each node that chooses another node as its cluster
head sends a message to it, and the cluster head confirms the
selection. This sending and receiving of cluster head selection
confirmation messages has two main benefits: First, when a node has
multiple candidate cluster heads with the same maximum importance
criteria, sending a message can determine whether a node has
already been chosen as a cluster head by other nodes or not. The
second benefit is that the cluster head node becomes aware that it is
responsible for collecting, processing, and compressing the data of
other nodes and must send the information to the sink node after
compression. If no candidate node exists in the previous stage, the
node itself sends the information to the sink node as the cluster head
in this stage.

3. 5. Data Transmission

All nodes are responsible for transferring their information to the
cluster head or sink node. The energy required to transmit k bits of
data to a node at distance d is calculated as follows:

_ { k(Eelec + &5 dz) d <do (2)
X7 k(Eetec + Emp-d*) d>d,
£re (3)
do =
€mp

where d, is the threshold distance for selecting the transmission
model in meters. If the distance is less than the threshold, the free
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space model is used for transmission, otherwise the multi-path model
is used. The coefficients in the above equations are defined as follows:

Eclec: The energy required to start the transmitter per bit in
nano joules per bit (n]/bit).

£¢: The energy consumed per bit for starting the transmission
amplifier in the free space transmission model, in picojoules
per bit multiplied by square meters (pJ/(m?.bit) ).

€mp: The energy consumed per bit for starting the
transmission amplifier in the multi-path transmission model,
in picojoules per bit multiplied by the fourth power of the
distance (pJ/(m*.bit)).

The energy required to receive k bits of data is calculated as
follows:

Erx = K. Eglec (4)

Also, the energy consumed for aggregating m messages with
length K bits is calculated as follows:

EA =m.k. EDA (5)

where Epy, is the energy consumption for message aggregation in
nanojoules per bit-signal, calculated by multiplying the length of the
message by the number of messages(Devika and Saravanan 2022;
AshimaVijan and Verma 2014).

3. 6. Returning to the selection of a cluster for the next time interval
After each time interval, each node proceeds to the third stage and
continues the process.

4. Evaluations

In order to evaluate the proposed method, a wireless sensor network
with the specifications listed in the Table 1 has been designed. Various
experiments have been conducted with different numbers of sensors
and message lengths. If a parameter of the network is not specified in
each experiment, the values in the Table 1 have been used. In
addition, the positions of the nodes have been randomly placed in the
environment.

The experiments were done using Matlab 2020 on a computer
with an Intel Corei7 — 6500 2.59GHz CPU, 8 GByte RAM, and
Microsoft Windows 10 operating system.

Table 1. The parameters of the wireless sensor network.
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Parameters Values
Size of the network environment 100 X 100 m?
Position of the sink node (x,y) = (50, 50)
Number of nodes 50
Message size 2000 bit
Threshold limit d, = 87.7058
Initial energy of the nodes 2]
Eelec 50 nJ/bit
&6 10 pJ/(m?.bit)
Emp 0.0013 pJ/(m*.bit)
Epa 5 nJ/(bit. signal)

4. 1. Evaluation Criteria
In this section, four evaluation criteria have been used to evaluate the
proposed method. These criteria are listed below:

A) Time of death of the first node in the network.
B) Time of death of the last node in the network.
C) Remaining energy in the network over time.

D) Plot of the number of active (alive) nodes over time.

4. 2. Simulation Results
In this section, the proposed method is evaluated and discussed in
various scenarios, including sparse, dense, and regular networks.

4. 2. 1. Evaluating the Proposed Method on a Network

In this subsection, the proposed method is implemented on the
wireless sensor network mentioned in the above table for evaluation.
Two criteria are used to evaluate the proposed method: the average
network energy per moment and the number of live nodes per
moment.

5259



Journal of Namibian Studies, 34(2023): 5252-5265

50

) w N
S S S
T T T

Number of alive nodes

o

ISSN: 2197-5523 (online)

: .
—Proposed method
—LEACH

|
8000
Rounds

0 I I
0 2000 4000 6000 10000

12000

14000

16000

Figure 2. Number of alive nodes over time for a network with 50 initial

nodes

100

60

40

Total energy of network (J)

L
8000 10000
Rounds

0 1
0 2000 4000 6000

12000

14000

16000

18000

Figure 3. Total network energy over time for a network with 50 initial

nodes

4. 2. 2. Evaluation of Proposed Method in a Sparse Network

In this section, the proposed method has been evaluated in a sparse

network with 20 sensor nodes. As shown in the figures, the proposed

method has effectively managed the network energy consumption.
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Figure 4. Number of alive nodes over time for a sparse network.
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Figure 5. Total network energy over time for a sparse network.

4. 2. 3. Evaluation of Proposed Method in a Dense Network

In this section, the proposed method has been evaluated on a dense
network with 100 nodes. The results show that the proposed method
performs better than the LEACH method in terms of energy
consumption.
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Figure 6. Number of alive nodes over time for a dense network.
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Figure 7. Total network energy over time for a dense network.

4. 2. 4. Evaluation of First Node Death Time in Network
In this section, the first node death time in the network has been
evaluated. The evaluation has been done for different values of the
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initial number of nodes in the network. In all cases, the proposed
method performs better than the LEACH method.
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First death
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Number of nodes

Figure 8. First node death time based on different initial node
numbers.

4. 2. 5. Evaluation of Last Node Death Time in Network

In this section, the last node death time in the network has been
evaluated. In other words, this is the time when the last node in the
network also loses its energy and the entire network is destroyed. The
evaluation has been done for different values of the initial number of
nodes in the network. In all cases, the proposed method performs
better than the LEACH method.

4
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Last death

0.5
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Number of nodes
Figure 9. Last node death time based on different initial node
numbers.

4. 2. 6. Evaluation of Proposed Method on a Regular Network

In this subsection, the proposed method was tested on a regular
wireless sensor network. In this experiment, nodes are placed
regularly in the environment. The arrangement of nodes is shown in
Figure 10. Figure 11 shows the number of live nodes in the network
over time for a regular network with 64 nodes. Figure 12 shows the
total energy of the network over time for a regular network with 64
nodes.
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Figure 10. Regular arrangement of 64 nodes.
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over time.
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Figure 12. Total energy of a regular network with 64 nodes over time.

5. conclusion

In this paper, a novel method for energy management in wireless
sensor networks is proposed. The proposed method is executed in a
distributed manner by each node. The proposed algorithm was
evaluated in various scenarios, and the results demonstrate its
capability in energy management.
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