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1. Introduction with each other and work together to maintain the overall
connection. The combined signal range of radio nodes
acting as a unified network is referred to as a mesh cloud.

Access to this mesh cloud relies on seamless collabo-

The future of communication is all about connecting
everyday objects to the internet using the Internet of

Things (IoTs). This lets us gather information from
these devices and use it in things like ad-hoc networks,
wireless sensor networks (WSNs) and Wireless Mesh
Networks (WMNs) with no fixed infrastructure [1, 2].
WMN is a game-changing technology that promises
a more user-friendly, efficient, and affordable way to
connect through a widespread wireless network. WMN
features radio nodes that self-organize in a mesh pattern,
forming a network where devices automatically connect

ration between the nodes to establish a radio network.
Mesh networks boast resilience due to redundancy. If
a node fails, communication continues between the re-
maining nodes, either directly or via alternative paths
involving one or more intermediaries. WMNs are made
up of two nodes: Mesh routers for data forwarding and
mesh clients for user access. Mesh routers go beyond
the standard routing functions for gateways and bridges
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found in traditional routers. They include additional rout-
ing protocols specifically designed to optimize data flow
within the mesh network, ensuring seamless connectivity
across all its nodes [3].

Most wireless network applications need to be time
saving and reliable for efficient data communication. The
limited lifespan of batteries in wireless nodes restricts
their operation due to the need for frequent recharging
or replacement. This is especially problematic in areas
like dense forests, battlefields, and disaster zones where
access to charging or spare batteries is difficult [4, 5, 6,
7, 8]. To ensure efficient data flow and extend network
lifespan, routing protocols manage traffic distribution
and network balancing. These protocols are of two main
categories: Flat and hierarchical. The flat protocols
treat all devices equally, but struggle with large networks
due to challenges in managing traffic, ensuring seamless
connections, and scaling effectively [9, 10, 11].

The hierarchical routing protocol was introduced to
tackle the scaling and network balancing issues in the
flat routing. This method is known as cluster-based
routing. This method organizes nodes into clusters
based on their energy levels. Within each cluster, there
is a leader called Cluster Head (CH) responsible for
communication with other CHs or Base-Station (BS)
and Cluster Members (CMs) that send data to the leader
[7, 12]. In large-scale applications such as in precision
agriculture, WSNs benefit from clustering protocols for
efficient data communication. This method is more
efficient than a flat routing protocol. It uses fewer
resources, conserves sensor node energy, works well on
large scale networks, transmits smaller data packets, and
distributes tasks evenly across the network [13]. There
are two approaches to energy conservation for ad-hoc
networks in WMN:s, this includes Energy-Aware Routing
(EAR) [14] and Cluster-Based Routing Protocol (CBRP)
[15].

In the EAR protocol, the energy spent by the equipment
is of utmost importance when considering the routing
and traffic-engineering decisions to reduce the energy
consumption of a network. CBRP is a different routing
system that creates groups of devices in the network.
Each group has a leader that collects data from its
members and relays it to other group leaders. This
way, CBRP reduces energy use, avoids traffic jams, and
allows the network to grow bigger while saving even
more power [16].

However, for sensor networks, grouping nodes into
clusters with efficient Cluster Heads (CHs) is essential
for maximizing network life. CHs play a key role in sav-
ing energy by taking over communication tasks for other
nodes. Also, this efficiently impacts the data routing
process to achieve the goal of the WSN. Hence, the selec-
tion action of the CHs becomes crucial and challenging
to solve [17]. CH-selection is considered an optimiza-
tion problem that is Non-deterministic Polynomial-time
hardness (NP-hard) in nature [17, 18].

Recently, many bio-inspired meta-heuristic optimiza-
tion algorithms have been proposed to solve this type
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of problem [10] among them is the Chicken Swarm
Optimization (CSO) [19]. Inspired by how chickens
peck for food in a social hierarchy, the CSO algorithm
uses a similar structure to solve complex engineering
problems. The flock of chickens is divided into smaller
groups with a rooster as the head. Each member follows
its own movement patterns, and these groups compete
within a defined social structure. However, the drawback
of the CSO algorithm is its tendency to converge slowly
and potentially get stuck in sub-optimal solutions instead
of finding the globally optimal solution [20, 21]. To
address these problems, there is a need to improve the
behaviour of the chicken swarm structure to dynamically
adjust to the present situation [21].

Some of the works that have employed bio-inspired
algorithms to ECHS are discussed herein. Rao etal. [17]
developed a method called Particle Swarm Optimization
based on an Energy-efficient Cluster Head Selection
(PSO-ECHS) to choose energy-efficient CHs in WSNss.
This method uses a technique called particle swarm
optimization. To pick the best CHs, the method considers
factors like distance within clusters, distance to the main
receiver, and remaining energy in the sensor nodes. The
method also includes a way for sensor nodes to join their
chosen cluster head. Result showed that the method
outperformed existing ones in various network setups.
However, the protocol is limited in guaranteeing optimal
solutions due to its slow convergence rate and can get
easily trapped in large dimensional search space [22].

Kaviarasan et al. [11] worked on distributing network
traffic or computational tasks evenly among numerous
nodes to avoid bottlenecks, optimize resource usage,
improve performance, and decrease latency. The pro-
tocol improved the performance of the network using
an improved Lion optimization; However, the energy
consumed in the processing of the data in the network
was not considered. Jadhav and Shankar [23] proposed
an energy Efficient Cluster Head Selection using Whale
Optimization Algorithm (WOA-ECHS). The algorithm
selected the best CHs with good energy aware behaviour
with the fitness function comprises of the node’s residual
energy and that of adjacent nodes. The simulation result
obtained showed that the WOA-ECHS protocol outper-
formed other standard contemporary routing protocols
but suffers slow convergence rate and computational
complexities. Awan et al. [24] developed a method to
save energy of constraint nodes in WSNs. This method
grouped sensor nodes into clusters of varying sizes, with
factors like remaining battery life and distance to the
main station considered. This distributed approach ex-
tended the network lifespan through reduced energy use.
The result confirmed the effectiveness of the method.
Conversely, only the life span performance of the network
was considered.

The author in [13] presented a location aware routing
protocol for WSNs named gateway clustering energy-
efficient centroid (GCEEC). The protocol improved the
energy efficiency by choosing CHs based on a central
location and assigned special gateway nodes to forward
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data to the BS. Simulation showed that GCEEC outper-
forms existing methods, making WSNs more practical
for monitoring purposes. The reviewed works show that
the existing routing protocols consume excessive energy.
This is due to factors such as long transmission distances,
uneven workload distribution and undefined network
topology. These factors strain the battery-powered mesh
nodes, reducing network lifespan. Consequently, these
works experienced low data rates, limited throughput,
high energy consumption and end-to-end delay. There-
fore, the contributions of this paper are summarized as
follows:

i. Propose a scalable, energy-efficient WMN routing
protocol with cluster-head gateways.

ii. Optimize CH selection in Modified Chicken Swarm
Optimization-based Efficient Cluster Head Selec-
tion (MCSO-ECHS) using an objective function
that considers residual energy and node distances.

iii. Use MCSO with roulette wheel selection to opti-
mize the problem and improve exploitation.

The paper is structured as follows; section 2 represents
the proposed model, section 3 shows the simulation
results, and section 4 concludes our work.

2. Efficient energy-aware routing protocol
for WMN

The MCSO-ECHS routing protocol for WMN was
achieved in two phases namely: the cluster formation
phase and the CH selection. In the first phase, the
weighted function which comprises of distance, residual
energy and CHs node degree were considered. For the
second phase, CSO algorithm was employed in the se-
lection of the optimal CH. The diagram of the proposed
cluster-based routing protocol is as depicted in Fig. 1.

o Mesh rode
(] Chuster head
‘ flase Stapon

2.1 Cluster formation for the MCSO-ECHS proto-
col

In the proposed routing protocol, the cluster formation
employed weighted function ‘CHw’ used by mesh nodes
to be assigned a cluster. The weighted function used is
as discussed:

2.1.1 CH residual energy

A mesh node 'm] joins a C H; with higher residual energy
'E; s than other CH in the coverage area of the mesh
node. The CHw is proportional to the residual energy

of the CH; and is expressed as.
CHW(mi’ CH]) OCEreS(CHj) (l)

2.1.2 Distance between mesh node to CH

To reduce the energy consumed, a mesh node must join
a CHj nearest to it and within its communication range.
The CHw is inversely proportional to the Euclidean
distance between the mesh node and the CHj;

1
CH i CH;) o« ——————— 2
wmi j) eucdis(m;, CH;) @)

2.1.3 Distance between CH to BS

The CH; pass on the data aggregated from the mesh
nodes to BS. The mesh nodes are joined to the CH;
closer to the BS and the CHw is inversely proportional
to the Euclidean distance between the CH; and the BS;

1
CHw(CH;,BS) « ———— 3
w(CH,, BS) o« eucdis(CH |, BS) )

2.1.4 CH node degree

A mesh node m; joins a CH; with a node degree lower
than other CH in the coverage area of the mesh node.

Nate ink
Chestor fnk
85.Chuster head fink

Figure 1. Proposed cluster-based routing protocol.
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The CHw is inversely proportional to the node degree
of the CHj;
1

CH i, CH; 4
wm; i) node degree(CH ) @)

The cluster formation weighted function is then obtained
by combining equations (1) to (4) which yields.
CHw(m;,CHj) = NLX
Eres CHj
eucdis(m;, CH ) X eucdis(CHj, BS) X node degree(CH )
5)

where, NL = 5—" is the lifetime of each mesh nodes, E,

m;

is the initial energy and E,,, is the energy consumed by
the mesh node in transmitting its data packet.

In the WMN, every node will compute its C Hw using
equation (5) and then join a CH which has the highest
weighted value. The goal of the weighted function is
to provide a cluster that makes non-CH mesh nodes to
join a CH which helps in ensuring energy balance in the
network. Unlike existing protocols, where the non-CH
mesh nodes solely join the CH by using the distance,
resulting to imbalance load at the CHs and consequently,
deteriorates the energy efficiency.

2.2 Cluster head selection for the MCSO-ECHS
protocol

In the second phase of the proposed MCSO-ECHS proto-
col, the choosing of the optimal CHs among the potential
mesh nodes with an efficient energy characteristic for
the prolongation of the lifetime of the WMN is of crucial
importance. Both the distance of each of the mesh nodes
which includes the average intra-cluster mesh nodes dis-
tance and BS distance as well as the energy consumption
in transmitting the data packets are considered.

2.2.1 Intra-cluster distance of the MCSO-ECHS

The intra-cluster distance 'd; . is the average sum of
the Euclidean distances of all the mesh nodes to their

selected CH and is expressed as.

1

dinsa = - Z eucdist(m;, CH;) (©)

J =1
where, [; is the number of mesh nodes in the cluster ;.
All the mesh nodes in the network consume a certain
proportion of energy in transmitting the data packets
to the selected CH in the intra-cluster communication
range. For energy consumption to be reduced signifi-
cantly, reducing the average intra-cluster communication
distance is crucial.

2.2.2 Average sink distance of the MCSO-ECHS
The average sink distance ’d;vg_smk is taken to be the
ratio of the Euclidean distance between a CH; and the
BS to the number of mesh nodes in the cluster j which
is expressed as.
eucdis(CH |, BS)
davg—sink = f @)
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Here, it is essential that the data packets are aggregated
via the CHs and then routed onward to the BS in the
data routing phase. The CHs must be with minimum
distance to the BS. This implies reduced intra-cluster
and average sink distance of all the CHs. This is obtained
by minimizing the total distance which is dependent on
the intra-cluster and the average sink distance of the CHs
in equations (6) and (7) over number of clusters, which
yields.

q
D' = Z(dintra + davg—sink) (8)
=1

2.2.3 Energy consumption model of the MCSO-
ECHS

In this section, the energy consumption model is a
function of the energy used by each CHs selected in
passing the data to the BS. The total energy E7 of all
the chosen CHs is expressed as.

q
E" =" Ecu, ©)
j=1

where, Ecp, is the energy consumed by each selected
CHs and can be further expressed as.

Ech; = ExxXKXd +Erx XKXN+Ex—caxK (10)

where, E;, is the nodes’ transmitter electronics energy,
N is the overhearing node number, E; is the overhearing
nodes receive energy, E,x_cg is the cluster’s transmitter
electronics energy, K is the length of data packets and « is
the path loss exponent expressed as the Radio Frequency
(RF) propagation path loss experienced over the wire-
less channel at distance d,., where d;., €{dinra, davg-sink }-
Therefore, the energy parameter model can be obtained
by minimizing the total energy consumption.

2.3 Problem formulation for the CH

The objective function for the proposed MCSO-ECHS
protocol is formulated by transforming equation (8)
and (9) into a single objective function presented in
equation (11)

minimize FC = 8, DT + g,ET an
s.t 1 Cl :eucdis(m;, CHj) < dpax,
Vi<i<p;1<j<gq
C2 : eucdis(CHj, BS) < Rmax,
Vi<j<gq)
C3: CHw(m;,CH;) < 1
C4:Ecy, <ErmV1<j<gq
CS5:B1+pB=1

The objective function minimizes the combination
of transmission distance and energy consumed in trans-
mitting the data packets from the mesh node to the BS
via the selected CHs. Constraint C1 defines the mesh
nodes as being within the intra-cluster coverage area
with the CHs. The constraint C2 describes the BS as
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being within the maximum coverage range of the CHs.
C3 describes the cluster formation weighted function
must be less than unity. Likewise, the constraint C4
pronounces that the combined CHs energy must surpass
the threshold value. The constraint C5 established g
as a weight that controls the objective function, and it
guarantees the non-existence of 0 or 1 weight on either
of them.

2.4 Solution to the formulated problem

The solution to the formulated problem in (11) was
solved using the algorithm presented in Algorithm 1.

The computational complexity of the proposed pro-
tocol was determined as follows. The complexity of a
regular node is denoted as O(N) and that of a CH as
O(K). The fitness function’s complexity is O (K X N),
while the sorting and ranking process within the while
loop has a complexity of O(K logK). Updating the

Algorithm 1. Modified CSO based efficient energy-aware CH selection (MCSO-ECHS).

Input: Set of mesh nodes M = {my,my,...,mp}
Predefined swarm size: N,
Number of dimensions of a CH : D = g
Output: Optimal positions of cluster heads CH = {CH,CH>,...,CH,}
Initialize CH Ck = [RN=CN=MN=HN] Vi,j, 1 <i<N,, 1<j<D =g, number of CHs, G (maximum generation)
xi,7(0) = (x;,;(0), y;,;(0)) /* position of the mesh nodes */
Evaluate the CH y fitness values (Ck).
t=0;
while (t < G) do
if (t mod G = 0) then
Rank the ‘cluster head’ and divide the swarm into different groups
end if
fori=1: CHy
if i = rooster then

t+1 _

X" xl’. i (1 + randn(0, 02)) I*update its solution/location
2

1, if fi < fi
og° = (fkafi)
e\lfilve ) ke[l,N], k #1i.

where randn(0, o) is a gaussian distribution with mean 0 and standard deviation -

. € is used to avoid zero-division-error.
k is a rooster’s index, f is the fitness value of the corresponding x.

End if

if i = hen then

Update its solution/location using roulette wheel selection.

PO )
t

ij
N t
Lty SOy =X )

ps1 =rand <
t t
Fxg =% ;)

N t t
ity SO =X )

ps2 =rand <

t+1

x5 :x”.’j +S1X ps1 +S2X ps2

Sl = e(%) S2 = efr2—1i)

where rand is a uniform random number over [0, 1]. 1 € [1,..., N] is an index of the rooster,

r2 € [1,...,N] is an index of the CH(rooster or hen)

end if

ifi = CH then

Update its solution/location

xl'.j'jl =xj;+FL(x,, ; —x; ;)

where xin’j stands for the position of the ith cluster head’s mother (m € [1, N]).

FL(FL € (0,2)) is a parameter

end if

Evaluate the new solution/location.

If the new solution/location is better than its previous one, update till it converges.
end for

end while
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roosters, which takes O (K /3 X (K X N) + C) time, where
C represents a constant, contributes a complexity of
O(2K/3). Each hen update, involving roulette wheel
selection, random number generation, and fitness eval-
uation, has a complexity of O(K X (K X N) + C + K).
Updating CH’s solution has a complexity of O(K). The
total complexity of the proposed MCSO-ECHS protocol
is derived by summing these individual complexities and
simplifying the resulting expression.

O((N+K)+(KxN)x(KlogK +K/3xN+C)+

KXx(N+C+K)+K/3x(N+C)+K)=0(NK?)
(12)

3. Simulation results

In this section, the simulation of the MCSO-ECHS
routing protocol is presented. The simulation was carried
out with randomly generated mesh nodes with different
seed values on MATLAB R2020a software. Also, the
CHs are selected among the mesh nodes based on their
proximity to the BS and their residual energy. The
specification of the computer used is described as follows:
Intel core i5 processor with chipset 2600, 2.5 GHz
CPU 4 GB RAM on Microsoft Window 10 operating
system. Comparison was performed with CSO-ECHS,
PSO-ECHS, GCEEC and ILO routing protocols. The
parameters used for simulation are as presented in Table 1
and scenarios considered in Table 2.

The graphs shown in Fig. 2 to Fig. 8 illustrate the
performance of the MCSO-ECHS protocol with network
area of 100 x 100 m? with varying number of nodes. The
graph in Fig. 2 illustrates how energy consumption in-
creases with the number of nodes in all routing protocols
tested. However, the MCSO-ECHS protocol consumes
less energy in transmitting data from mesh nodes to the

600

—#F— MCSO-ECHS
—8— CS0-ECHS
—é— PSO-ECHS
—&8— GCEEC
—a— Lo

Erergy Consumption (J)

100

] 50 100 150 200 250 300
MNumber of nodes

Figure 2. Energy consumption against number of nodes.

BS through CHs. This advantage stems from the reduced
transmission distances and the energy-efficient design of
the MCSO algorithm used for optimal CH selection. At
150 nodes, MCSO-ECHS achieves a 15.29%, 17.81%,
20.50% and 28.82% reduction in energy consumption
compared to CSO-ECHS, PSO-ECHS, GCEEC and ILO
protocols, respectively at configuration of 9 clusters.
Similarly, with 300 nodes, MCSO-ECHS reduces energy
consumption by 10.08%, 14.38%, 25.05% and 38.34%
compared to CSO-ECHS, PSO-ECHS, GCEEC and ILO,
respectively. This demonstrates the energy efficiency of
the proposed MCSO-ECHS protocol in selecting energy
saving CHs compared to existing protocols.

Figure 3 shows that the network lifetime increases with
the number of communication rounds for all protocols.
Notably, the MCSO-EHCS protocol significantly extends
network lifetime by 1.01 seconds, 0.70 seconds and 0.98

Table 1. Simulation parameters.

Parameter Value
Number of nodes 50:50:300
Number of cluster heads 3,6,9
Initial energy 1]
Pathloss exponent 3
Data packet size 512 bytes
Transmission rate 500 bps
Round time 2 sec/round
Transmission energy 50 nJ/bit
Reception energy 20 nJ/bit
Table 2. Scenario parameters.
Parameter Network area (m?) Nodes
Scenario 1 100 x 100 150
Scenario 2 200 x 200 200
Scenario 3 300 x 300 300
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Figure 3. Network lifetime vs number of rounds.
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Figure 4. Network lifetime vs number of nodes.

seconds when compared to GCEEC, PSO-EHCS and
ILO at 1100 rounds at the nodes set to 200 at config-
uration of 9 clusters. This improvement stems from
MCSO-EHCS selecting CHs with the highest remaining
energy from the mesh nodes. In contrast, CSO-ECHS,
PSO-ECHS and GCEEC protocols prioritize CH selec-
tion without considering residual energy, causing quick
energy depletion and reduced network lifespan.

Figure 4 illustrates the network lifetime and the num-
ber of nodes at configuration of 9 clusters. As the figure
shows, the network lifetime increases with a greater num-
ber of nodes. The MCSO-ECHS protocol outperforms
other protocols in terms of network lifetime extension.
It achieves a 62.26% longer network lifetime than CSO-
ECHS, 48.8% longer than PSO-ECHS, 74.45% longer
than GCEEC, and 74.59% longer than ILO protocols.

Figure 5 shows the throughput with the varying num-
ber of nodes in the network at configuration of 9 clusters.
The graph indicates that all protocols experience in-
creased throughput as the number of nodes increases.
However, the MCSO-ECHS protocol consistently outper-
forms CSO-ECHS, PSO-ECHS and GCEEC, especially
in networks with over 100 nodes. This is because the pro-
posed protocol utilizes a time saving and energy-efficient
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routing strategy. For example, at 100 nodes, MCSO-
ECHS achieves a throughput improvement of 22.08%,
27.66% and 51.69% compared to CSO-ECHS, PSO-
ECHS and GCEEC, respectively. However, it suffers a
loss of 5.32% as compared to ILO which is throughput
and response time oriented. This advantage grows at 300
nodes, where MCSO-ECHS boasts a 23.48%, 25.70%
and 110.58% throughput increase over CSO-ECHS, PSO-
ECHS and GCEEC, respectively. The efficient fitness
function employed by MCSO-ECHS is responsible for
its superior performance in selecting the optimal CHs.
Figure 6 illustrates the plot of end-to-end delay with
number of nodes with 9 clusters. With the number
of nodes increased, the end-to-end delay gradually in-
creased for all protocols. Notably, the MCSO-ECHS
protocol outperforms both CSO-ECHS, PSO-ECHS and
GCEEC protocols. At the highest number of nodes,
MCSO-ECHS achieves a reduced end-to-end delay of
3.6 milliseconds, compared to 4.4 milliseconds for CSO-
ECHS, 4.6 milliseconds for PSO-ECHS and 5.7 mil-
liseconds for GCEEC but shows a loss of 0.2 millisec-
onds against ILO. The improvement in MCSO-ECHS
is attributed to its high data rate transmission and the

—#%— MCS0-ECHS
1.8 l—e—cso-Eechs
é— PSD-ECHS
16 |l—8—aceec

—a— L0

Throughput (Mbps)

0 50 100 150 200 250 300
Number of nodes

Figure 5. Throughput against number of nodes.

" %1073

—#—MCSO-ECHS
—8—CS0-ECHS
~—di— PSO-ECHS
[|—8—GCEEC

—&—|L0

EZE Delay (s)

1] 50 100 150 200 250 300
Number of nodes

Figure 6. End-to-end delay against number of nodes.
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choosing of optimal CHs, which facilitates the shortest
possible path to the BS which was not considered in
ILO.

In figure 7 the plot of the PDR and number of nodes
in the network with 9 clusters is shown. The plot shows
that protocols have their PDR increased with increased
number of nodes. However, the MCSO-ECHS protocol
significantly outperforms the other three except ILO. For
instance, at 100 nodes, MCSO-ECHS achieves a PDR of
91.93%, compared to 80.68% for CSO-ECHS, 79.70%
for PSO-ECHS, 74.71% for GCEEC and 92.88% for
ILO. This trend continues at 300 nodes, where MCSO-
ECHS reaches 97.52% PDR, while CSO-ECHS, PSO-
ECHS, GCEEC and ILO only reach 88.25%, 83.70%,
80.15% and 99.42%, respectively. The reason for MCSO-
ECHS’s superiority is its ability to efficiently aggregate
and route data packets. This is achieved through a cluster
formation function that minimizes energy consumption
by finding the shortest paths to the BS. Furthermore,
the MCSO-ECHS routing protocol incorporates energy
and distance factors into its optimization problem, lead-
ing to better overall network performance. Addition-
ally, the MCSO algorithm specifically addresses energy
imbalances, further contributing to improved network
efficiency.

1 73 - =]
Z e ¥
09 o
B e
sl 1. g s
F i
07 |
!,
06 i/
o I
[a} 3 i
Sos i
04l [
03
—%— MCSO-ECHS
02} —5—CS0-ECHS ||
—i— PSO-ECHS
04 I —&— GCEEC
—a— Lo
0
0 50 100 150 200 250 300

Number of nodes

Figure 7. PDR against number of nodes.

Figure 8 depicts the plot of throughput for different
protocols under various clustering configurations at max-
imum node of 300. In this regard, ILO shows the highest
throughput performance of 1.91 Mbps compared to other
protocols because it employs a congestion control mech-
anism to manage network traffic and prevent congestion
thereby aiding high data rates. Conversely, this shows
that clustering effectively enhances data transmission
efficiency of the proposed MCSO-ECHS over all other
protocols with a throughput of 1.79 Mbps compared to
CSO-ECHS, PSO-ECHS and GCEEC which has 1.46
Mbps, 1.33 Mbps and 0.85 Mbps, respectively at 9 clus-
ter configurations. The proposed MCSO-ECHS protocol
distributed the network load more evenly among nodes,
preventing congestion bottlenecks by employing more
of intra-cluster communication rather than inter-cluster
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transmission to improve overall throughput in transfer-
ring data from the nodes to the BS via the selected
optimal CHs.
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Figure 8. Throughput of all protocols at 300 nodes.

The plot in figure 9 demonstrates the network lifetime
of various protocols under different clustering configu-
rations at maximum number of nodes. MCSO-ECHS
consistently achieves the longest network lifetime in
all the clustering scenarios, with 0.23 seconds for 3
clusters, 0.46 seconds for 6 clusters and 1.70 seconds
for 9 clusters. This highlights its superiority in energy
efficiency and network longevity over other protocols
and suggests that clustering effectively optimizes energy
consumption and extends network lifetime. GCEEC and
ILO exhibit significantly shorter network lifetimes at all
cluster configurations compared to other protocols. For
instance, at 9 clusters configurations, MCSO-ECHS ex-
tended the network lifespan by 39.45%, 48.81%, 73.36%
and 74,45% over CSO-ECHS, PSO-ECHS, GCEEC and
ILO, respectively. This indicates an effective and effi-
cient energy management strategies in proposed routing
protocols by minimizing unnecessary transmissions and
selecting routes through selected CHs that minimize
energy expenditure to the BS.
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Figure 9. Network lifetime of all protocols at 300 nodes.
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Figure 10 illustrates the plot of PDR for different
protocols under various clustering configurations. The
result indicates that increasing the number of clusters
generally enhances the PDR for all protocols, suggesting
clustering’s effectiveness in improving communication
efficiency. The proposed MCSO-ECHS consistently out-
performs other protocols in PDR, except for ILO which
shows an improvement of about 23.36%, 7.25% and
2.00% for cluster configurations of 3, 6 and 9, respec-
tively at 300 nodes. CSO-ECHS and PSO-ECHS demon-
strate similar performance, with CSO-ECHS slightly
edging out PSO-ECHS in some instances. GCEEC
exhibits the lowest PDR than other protocols, with a
reduction of 17.81% against MCSO-ECHS indicating its
less efficient packet delivery mechanisms. This shows
that clustering contributes to reducing interference be-
tween nodes and enables more efficient routing protocols
by prioritizing intra-cluster communication and mini-
mizing inter-cluster transmissions. This ultimately leads
to improved communication reliability.
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Figure 10. PDR of all protocols at 300 nodes.

Figure 11 demonstrates how the number of clusters af-
fects network throughput. It shows that as the number of
clusters increases, the network throughput performance
improves, especially with more nodes. At 100 nodes, the
throughput obtained for 3, 6 and 9 clusters were 0.1285
Mbps, 0.3915 Mbps and 0.9400 Mbps, respectively while
the corresponding values obtained for 200 nodes were
0.2189 Mbps, 0.4716 Mbps and 1.200 Mbps. In addition,
the 300 nodes recorded 0,2989 Mbps, 0.5966 Mbps and
1.7900 Mbps for 3, 6 and 9 clusters, respectively. This
implies that increasing the clusters is a good strategy for
balancing the data distribution more evenly among the
nodes, leading to higher overall throughput performance.

The plot in figure 12 depicts the effect of the number
of clusters on the lifespan of the network with varying
numbers of nodes. Generally, it was observed that in-
creasing the number of clusters extends network lifetime
most especially for maximum number of clusters. At 100
nodes, the lifetime obtained for 3, 6 and 9 clusters were
0.1900 seconds, 0.3712 seconds and 1.2160 seconds,
respectively while the corresponding values obtained for
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Figure 11. Throughput against number of clusters.

200 nodes were 0.2196 seconds, 0.4175 seconds and
1.4100 seconds. In addition, the 300 nodes recorded
0.2317 seconds, 0.4633 seconds and 1.6969 seconds for
3, 6 and 9 clusters, respectively. This is attributed to
the more equitable balancing of energy load among the
nodes, resulting in longer battery life. The plot implies
that clustering is particularly advantageous for networks
with a substantial number of nodes.
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Figure 12. Network lifetime against number of clusters.

The plot in figure 13 presents the effect of the number
of clusters on PDR in the network at different node num-
bers. The result reveals that increasing clusters generally
enhances the packet delivery. At 100 nodes, the PDR
obtained for 3, 6 and 9 clusters were 13.13%, 29.91%
and 91.93%, respectively while the corresponding values
obtained for 200 nodes were 15%, 31.14% and 96.89%.
In addition, the 300 nodes recorded 17.18%, 34.21%
and 97.52% for 3, 6 and 9 clusters, respectively. This
improvement stems from the ability of more clusters to
distribute traffic more evenly, leading to less congestion
and higher delivery success rates.

The performance of the proposed MCSO-ECHS proto-
col across different network areas is illustrated in Fig. 14
to Fig. 16, using the scenario parameters defined in
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Table 2. Focusing on throughput in Fig. 14, although
ILO performs well initially, MCSO-ECHS achieves sig-
nificant improvements in all scenarios. Critically, as
the network scales and more nodes are added, the selec-
tion of optimal CHs in MCSO-ECHS ensures efficient
packet delivery by reducing the transmission distance
between mesh nodes and the BS. Figure 15 demonstrates
the impact of different scenarios on network lifetime.
The proposed MCSO-ECHS protocol consistently out-
performed all other protocols across all investigated
scenarios. Its advantage was most pronounced in Sce-
nario 3, the largest network configuration with 300
nodes. This result suggests that MCSO-ECHS efficiently
manages energy consumption even with the increased
routing load associated with a larger network, leading
to a longer network lifespan. Figure 16 presents the
PDR for the same scenarios. Here, MCSO-ECHS again
demonstrated significant improvements compared to the
energy-efficient protocols CSO-ECHS, PSO-ECHS, and
GCEEC. Quantitatively, MCSO-ECHS enhanced net-
work lifetime by 11.7%, 34.6%, and 33.3% relative to
CSO-ECHS in Scenarios 1, 2, and 3, respectively. Al-
though ILO showed slightly better PDRs by 2.6%, 5.1%,
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Figure 14. Throughput against scenarios.
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and 5.1% in the respective scenarios, these improvements
were not statistically significant.

4. Conclusion

This paper proposes an energy-efficient routing protocol
for WMNs that utilizes a MCSO algorithm for optimal
CHs selection. The proposed protocol addresses the
problem of high energy consumption and long-distance
transmission path by selecting optimal cluster heads that
act as gateways between mesh nodes and the base station.
The selection process considers both distance and energy
consumption as factors in a specially designed fitness
function for the optimization problem. Simulations
show MCSO-ECHS routing protocol significantly out-
performing existing protocols in energy consumption,
throughput, end-to-end delay, network lifetime, and
packet delivery ratio.
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