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Abstract The rapid development of wireless sensor network technology has garnered significant
attention from researchers. In extensive distributed networks, these applications often rely on battery
power. Given the limited energy capacity of batteries, effective energy management is crucial for
improving network performance. Wireless sensor networks consist of numerous sensor nodes, where
energy consumption is primarily driven by these nodes. In clustering protocols, certain nodes repeatedly
serve as cluster heads, resulting in increased energy consumption compared to other nodes. This
energy-balancing algorithm employs pruning techniques to evaluate and analyze a node's position, its
frequency of acting as a cluster head, and its remaining energy. Additionally, it includes a dynamic
adjustment mechanism for selecting the cluster head node. Experimental results demonstrate that this
algorithm extends the operational duration of sensor nodes, thereby effectively prolonging the lifespan

of the wireless sensor network.
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1. Introduction

1.1 Background of the Study

A wireless sensor network (WSN) is deployed in
a specific monitoring area to sense numerous
environmental parameters. The network consists
of miniature, low-cost, resource-constrained
sensor nodes that self-organize into a network.
These nodes can process and store information,
as well as communicate wirelessly. This emerging
technology is crucial for information perception
and data collection in the twenty-first century.
Wireless sensor networks integrate sensor,
semiconductor, microelectronic, computing, radio
communication, and network technologies to
create a novel type of network. A typical WSN
includes a convergence node or base station (Sink),
multiple sensor nodes, satellite communication
links or Internet connections, sensing objects, and
observers (Fig.1>. The sensor node that senses
and acquires information in the monitored
environment is referred to as the Source. Unlike
sensor nodes, the base station typically has
sufficient energy, computational power, and
storage resources, serving as a gateway between
the sensor nodes and the observers.

Figure 1 illustrates an application scenario for
deploying Wireless Sensor Networks (WSNs). In
this scenario, numerous economical sensor nodes
are strategically positioned to densely monitor
data within a specific coverage area. These nodes
perform tasks such as sensing, collecting, storing,
and communicating data, which they then transmit to
the base station to meet environmental monitoring

objectives.

QO Sensor node
. Sink node

(Fig. 1) Architecture of wireless sensor network

As the basic units for sensing environmental
parameters, numerous wireless sensor nodes are
widely deployed in various unattended and dynamic
environments, including sparsely populated
hazardous areas. These nodes are used to sense
environmental physical parameters. Despite their
limited energy resources and the high likelihood
of failure due to their miniature size, the dense
deployment of nodes enables collaborative
self-organization into a resilient network. This
robustness, combined with their low cost, makes
them applicable in military and national defense,
healthcare, intelligent transportation, natural disaster
early warning, radiation monitoring, biohabitat
observation, precision agriculture, forestry, animal
husbandry, fisheries, and complex field scheduling
tasks. WSNs are widely used and bring significant
convenience to residents, industrial and agricultural
production, and scientific research, demonstrating
their economic and practical value. They act as
a bridge, closely linking the objective physical
world with the virtual information world, and
innovatively changing the interaction between
humans and the natural environment.

With the in-depth study of the fundamental
theories of wireless sensor networks and the
application of novel technologies, data collection
in application research has garnered significant
attention from industrial experts, scholars, and
research organizations. Functionally, wireless
sensor networks can be divided into a foundation
layer, a network layer, a data management and
processing layer, and an application layer. When
the base station transmits aggregated data to the
monitoring center via Ethernet or satellite, this
data is available for in-depth research by
experts. The data management and processing
layer is responsible for collecting, storing,
querying, analyzing, and mining the sensed data,
providing users with valuable information to aid
in decision-making. Thus, data collection in the
monitoring environment is a crucial driver for

the widespread application of WSNs.
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1.2 Significance of the study

A wireless sensor network comprises numerous
small, inexpensive, battery-powered nodes typically
used to monitor an area of interest and collect
environmental data. In data collection applications,
most sensor nodes rely on energy-constrained
battery power. The specific, hazardous, and
inaccessible deployment environments of these
nodes, coupled with the human, material, and
financial resources required for node replacement,
make battery replacement challenging.

The unpredictability of sensor node energy
consumption rates, the dynamics of residual
energy, and the randomness of nodes joining or
leaving the network emphasize the issues of energy
constraints and uneven energy consumption in
wireless sensor networks (WSNs). These factors
render traditional fixed or predictable routing
methods ineffective. Studies have shown that the
primary challenge in WSN data collection
applications is energy management.

Considering the actual application requirements of
WSNs, the focus has shifted to extending network
lifespan by addressing the cost and energy constraints
nodes. This

physical

of sensor involves periodically

collecting information from the
monitoring environment and aligning practical
applications with environmental data collection.
The design of data collection algorithms must
consider the size of the monitoring area, the
diversity of monitoring tasks, and the specific
types of monitoring content.

WSNs consist of numerous sensor nodes, and
the energy consumption of these nodes is crucial
to the overall network energy consumption. In

load

distribution can cause certain nodes to frequently

cluster topology protocols, uneven
act as cluster heads, leading to higher energy
consumption compared to other nodes. To
address this problem, this paper proposes an
energy-balancing algorithm that uses a dynamic
adjustment strategy to elect cluster head nodes.

This strategy considers the node's position, the

number of times it has served as a cluster head,
and its residual energy through pruning techniques.
Experimental results demonstrate that this
algorithm can extend the operational time of
individual sensor nodes and effectively enhance

the lifespan of the entire wireless sensor network.

2. Current status of domestic and

international research

In wireless sensor networks (WSNs), routing
protocols are crucial for ensuring reliable data
transmission  between sensor nodes and
aggregation nodes. With advances in science and
technology, traditional protocols are becoming
inadequate for the increasing variety of
application scenarios. Consequently, researchers
have developed numerous protocols tailored to
specific application needs. Current routing
protocols are mainly divided into two categories:
planar and hierarchical.

Planar routing protocols were initially designed
for small-scale WSNs,

solutions for networks with a limited number of

offering simple design

nodes. However, they have limitations regarding
network delay, scalability, and especially energy
consumption. Typical planar routing protocols
include Flooding[1], SPINI2], and Directed Diffusion
(DD)[3]. Flooding is simple to implement and
broadcasts data to neighboring nodes, but it
suffers from data redundancy. SPIN addresses this
issue with a negotiation mechanism, though
network performance can still be impacted. DD
uses directed diffusion to address these
limitations but is still constrained by energy
consumption and scalability issues.

Researchers have made various improvements
to planar routing protocols. For example, Hu et
al. enhanced the classical flooding protocol by
reducing energy consumption through undirected
broadcasting[4]. Jitender Grover et al. proposed a

GAF improvement algorithm to reduce energy
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consumption during the discovery phase, extending
network operation[5]. J. Wang developed a genetic
algorithm-based improvement to optimize the
rumor algorithm's path. However, as WSN deployments
grow in scale, planar routing protocols struggle to
manage large-scale information transmissionl[6].

Hierarchical routing protocols, in contrast,
offer easier network management, good scalability, and
efficient energy utilization, making them the
mainstream choice in WSNs. These protocols use
network clustering, where sensor nodes are
divided into cluster heads (CH) and ordinary
nodes. Ordinary nodes join nearby cluster heads,
forming a two-tier "small network." Data is
collected by ordinary nodes and sent to their

head, which

transmits it to the base station (BS). Hierarchical

cluster then aggregates and

routing protocols thus use intra-cluster and
inter-cluster data transmission methods.

Typical hierarchical routing protocols include
LEACHI7], TEENI8], HEEDI[9], and DEEC[10].
LEACH, the most widely used, uses a random
election of cluster heads to balance energy
consumption. However, it has limitations, such as
low-energy nodes being elected as cluster heads
and imbalanced distances between cluster heads,
which can accelerate energy consumption[11].
Various improvements have been proposed, such
as the Minimum Energy Consumption (MEC) routing by
Li et al. which does not account for nodes outside
the minimum energy path, causing premature
node death due to heavy data forwarding tasks[12].
Mohamad et al. introduced the EECS protocol,
which forms non-uniform clusters to equalize
energy consumption within the cluster[13]. Zhu
et al. proposed the Self-Organizing Routing
Protocol (SOR), which uses a payment strategy to
participate in  data

motivate nodes to

transmission, achieving a balance between

energy efficiency and data effectiveness[14].
Despite these advancements, most protocols

are developed under ideal conditions and do not

account for specific application scenarios. They

often assume reliable network transmission links
and use large-scale fading models for estimating
node transmission energy consumption without
considering the impact of specific application

conditions.

3. Energy equalization strategy based

on pruning technique

Energy constraints in wireless sensor networks
often limit their application areas. As discussed,
energy savings can be achieved by putting nodes
without data transmission into a dormant state.
However, if all nodes are dormant, data cannot
be transmitted in a timely manner. To address
this, a clustering algorithm with a hierarchical
topology is employed.

This algorithm selects certain nodes as backbone
nodes, which are responsible for detecting,
summarizing data, and transmitting data between
non-backbone nodes. Non-backbone nodes can
enter a dormant state when there is no data
transmission, conserving energy. Meanwhile, the
backbone nodes remain active, ensuring the
timely transmission of data. This approach

optimizes energy usage while maintaining

network functionality.

3.1 Energy equalization mechanism in
clustering protocols

In cluster algorithms, a fixed cluster head
selection mechanism is often used, where certain
nodes consistently act as cluster heads, resulting
in higher energy consumption compared to other
nodes. This can lead to abnormal energy
consumption and network fragmentation, known
as "hot spots."[15-17] Addressing this issue is
crucial for energy efficiency and network stability
in hierarchical networks[18].

This paper proposes a rotation mechanism for

selecting cluster head nodes using pruning
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techniques in wireless sensor networks. This
approach avoids fixed node selections, mitigating
the creation of hot spots and preventing energy
network

load

balancing strategy further alleviates the hot spot

imbalances  that could disrupt

operations[19-20]. Implementing  a
phenomenon by distributing the workload among
cluster nodes, thereby reducing the burden on
cluster head nodes[21-23].

However, effective load balancing must consider
several limitations[24-26]: First, frequent rotation
of cluster head nodes increases energy consumption
due to frequent transitions between dormant and
active states. Second, the complexity of load
balancing algorithms should be minimal to
accommodate the limited computing and storage
capacities of sensor nodes. Third, minimizing
reliance on global information is essential, as
hierarchical algorithms divide the network into
data management is

clusters where global

impractical at the sensor node level.

3.2 Energy equalization mechanism based on
pruning technique

Pruning technology, originating from tree
cultivation, involves strategic branch management to
optimize tree growth. By selectively removing
dense, overgrown, and weak branches, trees can
absorb nutrients more efficiently, improving
ventilation and light permeability. This process
enhances the overall energy utilization of the
tree. The principles of pruning technology offer
valuable insights for balanced energy allocation

and efficient use in sensor networks.

Key characteristics of pruning include:

1. Removal of Dense Branches: Trees require
adequate light and carbon dioxide for growth.
Selectively removing dense  branches
enhances ventilation and light penetration,
promoting healthier tree development.

2. Pruning Overgrown Branches: Overly robust

branches can divert nutrients from the

trunk and fruit, impairing growth. Pruning
these branches is essential to maintain nutrient
balance and facilitate optimal growth.

3. Cutting Weak Branches: Weaker branches
absorb fewer nutrients, impacting fruit quantity
and quality. Removing these branches

redirects nutrients to more productive
areas, enhancing overall fruit development.

The deployment of nodes in wireless sensor
networks (WSNs) is often irregular, resulting in
dense distribution in detection areas. Similar to
tree growth, unbalanced energy consumption
among nodes can disrupt the entire network.
Therefore, this paper

mechanism to WSNs to address the "hot spot"

applies the pruning
problem.

In the LEACH protocol, a node that has served
as a cluster head (CH) in the previous round is
disqualified from serving as a CH in the current
round. This paper proposes that each node has a
set threshold value, becoming eligible as a CH
only if it does not exceed this threshold.

Frequent rotation of CH nodes can lead to
excessive energy consumption. Typically, only
one node is selected as a CH per selection,
necessitating constant execution of the CH
selection algorithm and increasing energy costs,
especially in clusters with many nodes. To mitigate
this, the
algorithm based on pruning technology employs
a threshold-based CH
Multiple nodes can be selected as CHs within a

proposed dynamic CH allocation

selection mechanism.

cluster, and these nodes serve as CHs in a sequential
order. This approach not only achieves dynamic
CH selection but also effectively reduces the
energy consumption associated with the CH
selection algorithm.

The algorithm proposed in this paper
considers three factors: the distance of the node
to the base station, the node's remaining energy,
and the frequency of the node serving as a
cluster head. These three factors interact with

each other. When the node's remaining energy
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and distance to the base station are high, the
node's frequency of serving as a cluster head will
increase. However, as the node continues to

function as a cluster head, its energy will
reducing its frequency of
head. Therefore, a
compromise among the three factors—distance to

the base

gradually deplete,

serving as a cluster

station, remaining energy, and
frequency of serving as a cluster head—can be
selected to achieve load balancing in the cluster.

The algorithm presented in this paper is
divided into two phases: the cluster initialization
phase and the cluster stabilization phase. The
initialization phase primarily involves deploying
sensor nodes. This phase is relatively simple and
does not significantly impact energy consumption.
Consequently, this paper assumes a stable, static
wireless sensor network with no dynamic transformations
between nodes. Nodes form clusters based on
their physical proximity. For example, in a light
sensor network, each node within a building unit
can form a cluster, and the sensor's location
determines its cluster membership. Once a node
joins a cluster, it remains in that cluster. The
stabilization =~ phase  includes  information
exchange, evaluation functions, and the selection
of cluster head nodes. This is the primary focus
of our discussion.

Once initialized, the node sends information to
neighboring nodes. This information includes the
node's 1D,
distance relative to the base station, defined as
(Fid, Ere, Cou, Dis). Here, Fid represents the

node's ID, Ere the remaining energy, Cou the

remaining energy, location, and

number of times it has served as a cluster node,
and Dis the distance from the base station. The
relative distance to the base station can be
obtained using techniques such as GPS. In terms
of energy consumption, the energy used for
command computation is negligible compared to
that used for message exchange. Therefore, the
experimental data in this paper does not include

the energy consumed by command computation.

The information sent to neighboring nodes
during the initialization of the node is calculated
using Formulas 1 to 3. Based on these
calculations, it is determined whether a node can

be used as the cluster head node.

T =a- Fre(i)—pf « Dis(i)—~ » Couli)

(1.1

The parameters «, 8, and y are weights, where
Fre(i) represents the residual energy of nodei,
Dis(i) is the distance from node i to the base
station, and Cou(i) denotes the number of times

node i has served as a cluster head.

Ti—Meat[T]

B T et 7] (12)

Pi represents the dynamic threshold for the
node, and Meat[T] is the average of the Ti values
for all nodes within the cluster.A dynamic
threshold (Meat[T]) for each node to serve as a
cluster head can be obtained using Formula 2.

The state of the nodes varies in each round of
cluster head selection, so Meat[T] also varies.
Thus, the selection of the cluster head node is a

dynamic process.

0,Cther .3)

N ={

Ns(i) is defined as the cluster head selection
function for node i.
When

determine each node's value. A node can be a

selecting cluster head nodes, first
cluster head only if its value is 1; if its value is O,
it cannot be a candidate. In each round of cluster
head selection, there can be one or more cluster
head nodes, determined by the node's value. If
multiple nodes have a value of 1, they will take
turns acting as cluster head nodes based on their
Ti values.

Formulas 2 and 3 ensure that at least one node's

value is equal to 1, preventing round-robin
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issues. Adjusting the dynamic threshold value
head node,

information transmission to the

ensures at least one cluster

guaranteeing
base station. In each selection round, subtract
the energy consumed by the previous cluster
head node and increase its Cou value by 1, then
recalculate using the above formulas.

The pseudocode for the specific implementation of
the algorithm is as follows:

BEGIN
// Node initialization
Initialize Node

// Caleulate the Ere, Dis, and Cou for each node
Calculate Ere, Dis, and Cou for each node

s/ Caleulate Ti for each node
Calculate Ti for each node

// Calculate Meat/T]
Calculate Meat/[T]

// Calculate Pi for each node
Calculate Pi for each node

// Caleulate Ns(j) for each node
FOR each node i DO
Calculate Ns(1)
IF Pi )= 0 THEN
Ns(i) =1
// Add to cluster head election queue
Add node i to the cluster head election queue
ENDIF
ENDFOR

/) If the queue length is greater than 1, sort by Ti in descending
order
IF Length of cluster head election queue ) 1 THEN
Sort the queue by Ti in descending order
ENDIF

// At the end of each round, subtract the consumed energy from
each node and increment Cou
AT the end of each round DO
Subtract consumed energy from each node
Increase Cou by 1
ENDDO
END

4. Experiment and result analysis

4.1 Purpose of the experiment and
experimental environment
In the simulation experiments presented in this
paper, there are 601 nodes, including one base
station node and 600 common sensor nodes. These
nodes are randomly and uniformly distributed in

a 200 x 200 m? field. The communication radius

of the nodes is dynamically adjustable. The base
station node is located at (0, 0). The energy
consumption during the simulation is negligible.
The 600 sensor nodes are divided into 50
clusters, each containing 12 nodes.

The pruning strategy with different values of
a,B,yis applied to 50 networks with various
topologies. The collected data is used to analyze
head

algorithm across these networks. The remaining

the pruning strategy and the cluster
initialization conditions are shown in {Table 1).

(Table 1) Simulation initialization conditions

name initialization Eelec Eamp Hello. Load
value
Stvzrlﬂgg 3 50nJ/bit |100pJ/bit/m2| 512bit | 1024bit

Where ] represents the energy unit Joule, nJ is
1/10°], and pJ is 1/10"J. The significance of
each field name is as follows: e_elec (energy
byte), (energy
consumption per square byte), Hello (information

consumption  per e_amp
sent by the sensor to neighboring nodes), and

Load (information initialized by the node).

4.2 Experimental results and analysis

In this experiment, we established 50 clusters,
each comprising 12 nodes. The selection of 12
nodes per cluster is intentional, balancing the
trade-off between energy consumption for cluster
head selection and the frequency of each node
serving as a cluster head. As cluster size
increases, the energy expended on selecting a
cluster head rises, while the frequency of each
node serving as a cluster head decreases, and
vice versa. Therefore, determining the optimal
cluster size is crucial for achieving energy

equalization. Simulation analysis reveals that
optimal energy consumption occurs when the
cluster size is set to 12 or 13, as depicted in

(Fig.2.
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(Fig. 2> Cluster nodes and energy consumption map

In this paper, 12 nodes are selected as a
cluster, a total of 50 clusters, in the experimental
simulation by analyzing the differenta,/3,y ratios
in different network deployments in the context
of each time to act as a cluster head node is
determined, so the more the number of nodes
acting as a cluster head node the more it can
show that the network's lifetime will be longer.

The values of «,8,7Ere indicate the energy
surplus of the node, Cou, the number of cluster
nodes, and Dis, the distance from the base
station in the cluster head node selection,
respectively. Energy is the most important factor
sensor network, so«

thanB,y. In the

experiment the value ofa,3,v is allowed to be 1

in the whole wireless

occupies more weight
and the other two are 0 in sequence and the

simulation results are shown in <Fig.3).

(Fig. 3) «,(3,7Number of times nodes act as cluster
head simulation graph for which only one
component plays a role

(Fig. 4) «,(3,7 only one component is effective in
the remaining energy simulation diagram

As shown in Figures 3 and 4, the experimental
results for components «,3,7 were obtained by
setting one component to a value of 1 and the
other two to 0. When considering only one
component, load balancing based solely on the
energy component outperforms the other two
components. This is because the energy of the
nodes in the wireless sensor network is the
fundamental factor in determining the network's
service life. Thus, the energy factor serves as the
dominant factor in the load balancing mechanism.

The simulation of energy residual value and
number of times a node acts as a cluster head for

different weight ratios is shown in (Fig. 5.

(Fig. 5> Comparison of the number of times different
weight ratios act as cluster heads

(Fig. 6) Comparison of energy residual values for
different weight ratios
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From the simulation images in <(Fig.5)and
(Fig.6) it can be seen that in terms of the
distribution of the number of times of acting as
a cluster head node and the remaining energy in
the way of different weight ratios, the number of
cluster head nodes is distributed more uniformly
and the remaining energy is also the most in the
case of a 3:2:1 weight ratio betweena,(3,y ,
which means that the remaining energy is the
first thing to be taken into account when
considering the load balancing, and at the same
time the weights of geographic location and the
number of times of acting as a cluster head have
to be balanced as well.

From the simulation images in Figures 7 and 8,
it can be observed that in terms of the distribution of
the number of times acting as a cluster head
node and the remaining energy under different
weight ratios, the number of cluster head nodes
is more uniformly distributed, and the remaining
energy is highest with a 3:2:1 weight ratio
between «,f3,v. This indicates that remaining
energy should be prioritized when considering
load balancing. Additionally, the weights of
geographic location and the frequency of acting
as a cluster head must also be balanced.

(Fig. 7> Survival Node Count of WSN Changing with
Round Number Graph

(Fig. 8> WSN Total Remaining Energy Changing with
Round Number Chart

The role of the clustering-based pruning algorithm
in reducing network energy consumption is then
verified. To ensure the network runs for its entire
life cycle, the experiment assumes that the
collected temperature and humidity data follow a
Gaussian distribution, and simulation data is
used for the experiment. Fig.7 illustrate the
changes in the number of remaining nodes and
the overall energy of the network over the number of
rounds during the operation of the wireless
sensor network with the pruning algorithm.

Simulation results show that the overall energy
consumption of the wireless sensor network using
the pruning algorithm is reduced, indicating that
the clustering algorithm with the pruning strategy
effectively extends the network's lifetime,
particularly in terms of the number of times
nodes serve as cluster heads. Compared to the
average distribution, the number of times nodes
can serve as cluster heads is increased by more
than two-fold. Furthermore, the remaining energy
in the network accounts for only a minimal
fraction compared to the average distribution
method for cluster head qualification. These
results demonstrate that the pruning algorithm
effectively extends the network's service life and
reduces energy consumption. Therefore, wireless
sensor networks based on pruning technology
can effectively save energy and significantly

extend network service life.

5. Conclusion and outlook

This paper proposes an innovative energy-

balancing algorithm to address the energy
management issues in wireless sensor networks,
particularly the excessive energy consumption of
cluster head nodes caused by load imbalance
under the split cluster topology protocol. The
algorithm employs pruning techniques to evaluate
three key factors: node position, frequency of

serving as cluster head, and residual energy. It
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adopts a dynamic adjustment mechanism to elect
the cluster head node. Experimental results
validate the algorithm's effectiveness, showing a
significant increase in sensor node usage time,
thereby extending the network's overall life
cycle. This energy-balancing strategy optimizes
the network's energy distribution while also
enhancing its stability and reliability.

Future research can deepen and expand the
algorithms in several directions. First, test the
algorithms in diverse real-world environments to
verify their universality and robustness, and adjust
and optimize them for different application scenarios
to meet specific performance requirements. Second,
explore the possibility of combining the algorithms
with other energy-saving technologies, such as
data compression, sleep scheduling mechanisms,
and low-power communication protocols, to
further improve the network's energy efficiency.
Third, consider the security of the algorithms to
ensure data protection and resistance to potential
threats while saving energy. Finally, conduct
cross-layer design research to achieve fine-grained
and comprehensive energy management, considering
all layers from the physical to the application
layer. These comprehensive research efforts are
expected to advance wireless sensor network
technology towards greater efficiency, reliability,
and security, providing robust technical support

for a wide range of practical applications.
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