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Abstract

Recently, the advences of Industry 4.0 have paved the way for a systematical
deployment of the smart grid (SG) to manage continuously growing energy
demand of the 21st century. This even allows the fourth stage of the indus-
trial revolution in the power sector, which is known as the smart grid industry
(SGI) 4.0. In SGI 4.0, the industrial wireless sensor networks (WSNs) and the
Internet of Things are envisioned as key promising communication technolo-
gies for monitoring various SG applications due to their large-scale coverage,
fault tolerance characteristics, and cost reduction. However, highly dynamic
nature of the SG environments brings several unique challenges caused by sys-
tems and operating devices. This results in hampering the quality-of-service
communication requirements for WSNs-based SG applications. In SGI 4.0, the
routing infrastructure not only requires a reliable but also fulfills the commu-
nication requirements of diverse SG applications. Thus, a sophisticated, reliable
and QoS-aware multi-hop communications network architecture enabling a
real-time exchange of data for various WSNs-based SG applications is essen-
tial in SGI 4.0. Hence, this paper proposes a novel bio-inspired self-optimized
butterfly mating optimization-based data gathering routing scheme called
Self-optimized Intelligent routing protocol (SIRP) for WSNs-based SG applica-
tions. The extensive simulations reveal that the proposed scheme achieves its
defined goals compared to existing routing schemes designed for WSNs-based
applications.

1 INTRODUCTION

The recent advances in information and communication technologies (ICTs) have permitted the fourth stage of industrial
revolution known as Industry 4.0 (I 4.0). The main ideas of the term I 4.0 were first time discussed in 2011 at the Hannover
Fair as a high-tech strategy for 2020 in Germany.1 Similar ideas have also been discussed in other industrial countries, such
as “Internet +” in China, “the fourth industrial revolution” in Korea, “Factories of the Future” in Europe, and “Industrial
Internet” in the USA.2,3 The key idea of I 4.0 is to make existing industries intelligent enough to identify the need for a
significant reduction in faults and short-cycle adaptation for higher productivity to increase economic benefits. Industry
4.0 will serve as a conceptual base for intelligent realizing and controlling physical production processes locally as well
as globally by using advance ICTs.4 Therefore, in I 4.0, ICTs play a dominant role in strengthening the overall flexibility
of manufacturing resources for increasing productivity. Industry 4.0 will allow customers to choose a variety of desired
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quality level products at a constant price with a high degree of freedom anytime, anywhere in the world. This will definitely
increase the number of competitors and sellers to the buyer's market as well as the life of the people in the living world.

In I 4.0 pattern, all manufacturers, because of the growing interconnectivity of machines, parts, products, and operators,
demand a highly stable connectivity and autonomous interaction among different systems and subsystems in their facto-
ries. To this end, the key aim of Internet of Things (IoT) is to connect different types of cyber-physical Systems (CPSs) via
the Internet of Services for generating and sharing information with each other and with humans to cooperate closely.5

This enables real-time data collection and sharing of industry systems on the cyber layers to carry out monitoring and
control logic intelligently from anywhere worldwide. The efficient and effective use of this information and knowledge
changes the relationship among suppliers, consumers, and stakeholders in the industry. Moreover, it reduces or scales the
costs by offering the opportunity to use services and storage in the cloud such as web shops, big data analytics, and online
portals. In addition, the use of IoT in I 4.0 allows making intelligent systems, management decision support systems, and
predictive diagnostic systems to increase the production capacity and thus result in significant financial benefits.6 This
real-time exchange of meaningful information from the entire production and consumption floor will allow manufac-
turing companies to monitor, control, and manage factory operations in a more efficient, reliable, and flexible manner.
Therefore, IoT has various applications in the technical market such as agriculture, traffic monitoring, parking systems,
logistics, smart grids, smart vehicles, smart homes, smart cities, smart security, and several others.7,8 The advancements
in IoT will form the interface between the physical and the virtual worlds for exchanging instant industrial information
is seen as a real game-changer for industrial networking in the I 4.0.

Generally, IoT is incorporating two types of communication technologies (CTs), namely wired and wireless. The key aim
of the both CTs at the communication layer is to provide highly stable networking for automated exchange of information
between different production systems in the smart factories to empower I 4.0. However, the design and implementation of
these CTs in a two-way manner is extremely challenging because of the security and diverse QoS requirements of various
factory applications. Therefore, it is extremely important that utilities should understand the various QoS requirements of
their industrial applications before deploying the communication infrastructure for the I 4.0.9 Presently, many devices to
streamline management operations are connected using wired networks working over industrial protocols in traditional
factories. However, compared with a wired network, the wireless networking solution plays a complementary role to
empower control and management competencies of the factory elements in I 4.0. To this end, industrial wireless sensor
networks (IWSNs) are envisioned as a valuable technology to realize the vision of I 4.0 because of their low-cost sensing,
identifying, processing, and networking capabilities. The IWSNs provide physical industry world information to a user
located in a remote location to realize distinct objectives.10,11 The fundamental characteristics of IWSN-based networking
solution in I 4.0 is to provide least maintenance cost by avoiding excessive breakdowns in a defined time interval for
enabling smart production reliability and increasing economic benefits. Therefore, IWSN, with these aims, has revealed
its prominence in various industrial applications, including modern agriculture, transportation, steel mills, healthcare
systems, area surveillance, gas and oil industry, and many others.12,13

The quality-of-service (QoS)–aware cooperative multihop communication in IoT-enabled smart grid (SG) is highly
dependent on a number of performance metrics like coverage, scalability, stability, latency, lifetime, and complexity of the
network. In IoT-enabled SG, IWSNs through IoT connect various industrial components of the power grid to the infor-
mation world, which results in high-quality power generation and distribution and innovative services.14 Consequently,
IWSNs in the SG can considerably diminish global infrastructure cost by enhancing quality of the product, accelerating
production, raising the flexibility, and making installation easier to empower SGI 4.0. This makes them to be a part of
the strategic decision-makers and flexible problem-solvers in the technical complexity that might even create entirely
new manufacturing concepts.15 In smart grid industry (SGI) 4.0, a wide range of existing and anticipated wireless sen-
sor networks (WSNs)–based smart grid applications are given in the work of Bukhari et al.16 In the fourth-generation
global marketplace, all these SG applications provide a vying edge, leading to new products and services for improv-
ing the ordinary citizens day-to-day lives. However, the realization of these applications leans on efficient and reliable
communication architecture proficiencies deployed in the SG.17 On the other hand, recent studies reveal that in SG,
the wireless channels because of fading, multipath effects, equipment noise, heat, electromagnetic interference, and
dusty environments have several distinct challenges, which generally do not exist in other environments. As a result,
the wireless link quality between sensor nodes deployed for SG applications varies in different time and locations of the
network. This makes QoS-aware multihop data transmissions challenging for WSN-based for SG applications.18 Hence,
under adverse wireless communications conditions, providing the quality-aware data delivery to accomplish QoS require-
ments like network coverage, scalability, stability, reliability, throughput, latency, lifetime, and complexity are key design
issues in SG.19
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To tackle aforementioned challenges, this paper proposes an innovative bio-inspired self-optimized butterfly mating
optimization-based data gathering routing scheme called SIRP for WSNs-based event monitoring SG applications to
empower SGI 4.0. The proposed bio-inspired routing protocol finds near-optimal shortest loop-free routing solutions in
both sparse and densely deployed networks by considering the natural behavior of butterfly and evolution of genetic alter-
ation in the mating process. The designed scheme selects highly stable links among sensors from the source toward the
destination by considering the SG environments in the network. This results in high network throughput, packet deliv-
ery ratio (PDR) with low data packet error rate, delay, congestion, and energy consumption at extremely low network
complexity in the SG. Moreover, the use of dual sinks and the key idea of packet forwarding in a greedy manner along a
narrow routing path in each subregion significantly distribute the data traffic load and minimize the sensor nodes mem-
ory overflow and hotspot issues in the network. In addition, the proposed routing protocol avoids excessive route failures
and employs a self-learning–based intelligent mechanism to tackle route failure problems in a bounded time interval in
the network. The proposed routing protocol is appropriate for both sparse and densely deployed large and small-scale
WSNs-based SG applications.

The remainder of this article is structured as below. Section 2 gives an extensive literature review in the SG. Section 3
presents problem statement and motivations. Section 4 explains the network model and our proposed scheme. Section 5
reveals simulation setup and path-loss-model parameters. Section 6 provides a detailed performance analysis, and finally,
Section 7 summarizes the article, including future research work.

2 LITERATURE REVIEW

The current research on QoS-aware and energy-efficient routing solutions designed for WSN-based SG applications is
limited, though some data-gathering solutions exist for SG applications. For example, Mu20 proposes a minimum phys-
ical distance-based information-gathering scheme for SG applications, in which data packets are transmitted along the
trajectory of the devices with the minimum payload to optimize the transmission of the monitoring in advanced metering
infrastructure (AMI). The designed scheme improves the end-to-end (e2e) delay by providing short paths in the network.
Yaacoub and Abu-Dayya21 propose a contention-based channel-aware reservation approach to investigate the real-time
transmission of smart metering data. The suggested scheme reduces data packet collision in the network. Xiang et al22

present an innovative geographical routing protocol for reliable e2e data transmission for SG applications. The proposed
scheme performs well in terms of achieving a high level of reliable data transmission and energy efficiency in the network.
The study by Lin et al23 offers an energy-efficient clustering routing protocol to handle traffic variability for monitoring
transmission lines in the SG. The proposed scheme takes advantages of low energy consumption and real-time network
reliability performance in the network. The research by Zhang et al24 also presents a self-healing routing protocol for mon-
itoring long-range power transmission lines in the SG. The designed scheme provides data confidentiality, data integrity,
mutual authentication, and energy efficiency for e2e packet transmissions in the network.

The work by Yang et al25 proposes a novel ant colony optimization-based routing technique to improve the QoS in
cognitive radio-enabled AMI networks in SG. The proposed scheme selects the best route from the source toward the des-
tination based on global optimization mechanism in the network to reduce harmful interference impact of transmission
reliability in the SG. Deng et al26 is offering a novel multigateway backup routing scheme to improve the route deci-
sion with effective link quality, queue optimization, throughput, and overhead in the network. The scope of the work
of Faheem and Gungor27 mainly focuses on a multihop spectrum and capacity-aware routing protocol for WSNs-based
SG application. The proposed routing protocol considerably decreases the data packet collision and enhances the packet
delivery ratio, network throughput, energy utilization, and e2e delay in the network. The work of Fadel et al28 presented
a bio-inspired multichannel routing scheme in cognitive radio sensor network to optimize e2e reliable data packet trans-
mission for SG applications. The suggested scheme performs well in terms of network delay, packet delivery ratio, and
network throughput in a specific SG environment. Hui et al29 proposed a top-k query-based clustering routing protocol for
efficient and reliable data transmission in SG. The proposed scheme, by employing a top-k query mechanism, optimizes
the routing process for SG applications. The suggested scheme significantly improves the residual energy by minimizing
high transmission cost in the network.

The work of Erol-Kantarci and Mouftah30 provides extensive home energy management performance by using a novel
data collection mechanism in the SG. The designed scheme efficiently improves the packet delivery ratio and decreases
the total cost of monitoring for real-time pricing in the SG. A novel link quality-aware routing protocol has been discussed
in the work of Farooq and Tang Jung31 for AMI in the SG. The designed scheme, by employing shortest path routing
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architecture, successfully improves the packet delivery ratio and minimizes e2e delay, energy consumption, and normal-
ized routing overload in the network. The research by Hou et al32 deals with a multicast routing tree for minimizing
e2e delay and interference impact on packet transmission for SG applications. Moreover, Kim and Jin33 presents a
branch-based data collection routing mechanism. In the designed scheme, the entire routing network is divided into sev-
eral multiple tree branches for efficient data collection in the SG. The offered scheme successfully minimizes data packet
collision and information processing time for SG monitoring. A multilayer data collection scheme for SG systems is pre-
sented in the work of Islam and Koo.34 The designed model fuses routing information at each protocol layer to minimize
packet error rates in the entire network. The proposed scheme takes into account the advantages of real-time robust,
secure, and energy-efficient packet transmission for SG applications. Lastly, in the work of Li et al,35 a maximum likelihood
communication protocol has been proposed for reliable and energy efficient data delivery in the SG. The designed scheme,
by employing novel level-based routing mechanism, takes the advantages of high packet delivery, energy efficiency, and
network lifetime.

3 PROBLEM STATEMENT AND RESEARCH MOTIVATION

The SGI 4.0 paradigm offers a platform, vision, and architecture of high-quality electricity generation and distribution in
the SG. The key objective of the SGI 4.0 is to provide intelligent electricity by using advanced IoT envisioned to offer a
variety of advantages in the following areas: emerging economies, renewable energy sources, environmental, efficiency,
reliability, security, and safety.36 In SGI 4.0, the SG systems will be capable of collecting data, communicate with comput-
ers for analyzing it, and give an advice on it to the operator for necessary actions. This self-cognition, self-optimization,
and self-customization of the SGI 4.0 will enable different systems of the power grid to operate independently or with less
human interventions for high-quality electricity.37 Thus, in SGI 4.0, the systems, workers, customers, and other stake-
holders will be interconnected and cooperate closely. This real-time interaction between systems, workers, and customers
through the continuous and the autonomous exchange of information will build a highly flexible power generation model
that will greatly improve power efficiency and competitiveness in the power industries. This will not only change the
traditional methods of electricity generation but also guide for future improvements in terms of internal complexity
and external unpredictable events. However, the multifunction and autonomous equipment's in a large-scale SG gener-
ate a huge amount of ambiguous data in the network. In addition, the communication requirements in the SGI 4.0 are
increased regarding data rates, bandwidth, latency, efficiency, scalability, flexibility, and reliability. The existing infor-
mation exchange approaches are not well suited to handle this massive data, which dramatically increases the internal
complexity of the systems, leading to more uncertainties because of atypical events. Some major drawbacks of existing
routing schemes designed for SG applications are summarized as below.

Generally, the existing approaches (see Section 2 for detail) forming an ad hoc network among the sensor nodes and
involve multihop communication for relaying data from the sources toward the single static sink in a network deployed
for WSNs-based SG monitoring applications. In most existing schemes, a major problem is observed when sensor nodes
near the static sink forward a huge amount of data from farther sensors in the deployed network. Thus, these sensors
carrying a heavy traffic load result in the many-to-one traffic pattern in the network. Therefore, they are more prone to
energy exhaustion and causing the network partition problem when consuming their energy. This results in the premature
lifetime ending of a WSN since no more data packet can be transmitted to the sink for the SG applications. Moreover, in
order to balance the total network lifetime, the existing routing schemes are forwarding data packets over excessive hops
from data sources toward the sink. This could be efficient in terms of balancing the network lifetime; however, it rapidly
consumes a notable amount of energy at each node in both sparse and dense deployment networks. Thus, it decreases
the overall network lifetime for WSNs-based SG monitoring applications. In addition, the increasing number of relaying
sensor nodes in a data forwarding process may increase the delay and security concerns, and thus, data reliability becomes
one of the main challenges in these routing schemes designed for SG applications. Furthermore, in most existing works,
the sensors two-hops or one-hop away to the sink are facing congestion problem, resulting in excessive loss of data packets
because of memory overflow issues in a large-scale network. Thus, the buffer of sufficient size should be implemented at
each sensor node for WSN-based SG applications. To this end, a dual sink-based routing mechanism can efficiently solve
most of the aforementioned QoS-aware reliable data collection problems for WSNs-based SG applications.

Additionally, most existing schemes do not consider the appropriate dynamic nature of the SG environment while
multihop packet transmissions and thus resulting in an excessive corrupted data packets in the deployed network. More-
over, the topology of the network changes frequently because of excessive route failures in the network. This results in
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unacceptable control message overhead since nodes need to send out query packets periodically for updating neighbor-
ing profiles in a new topology. Although some cognitive radio schemes provide a high packet delivery ratio, they are
facing high network complexity, overhead, energy consumption, and implantation issues for various SG applications. In
addition, the traditional routing schemes require enormous computational efforts that result in an increasing problem
size. Thus, they cannot provide optimal or a set of near-optimal values for reliable multihop data transmission and thus
fails to find appropriate alternative data paths in a bounded time for conveying data in the network. Lastly, the existing
schemes without modification in the protocol stack cannot be directly implemented for the IoT-based SG applications in
the context of SGI 4.0. In summary, the existing routing schemes designed for various SG applications are not fully smart
enough to provide QoS-aware data gathering in harsh nature SG environments. This motivates us to designing an innova-
tive bio-inspired, self-optimized intelligent butterfly mating optimization data gathering routing scheme (called SIRP) for
WSN-based event monitoring SG application to empower SGI 4.0. The designed scheme is appropriate and performs well
in terms of network delay, lifetime, residual energy, throughput, packet delivery ratio, congestion management, packet
error rates, and balancing the overall network lifetime at extremely low network complexity in both sparse and densely
deployed networks for various SG applications.

4 PROPOSED SELF- OPTIMIZED QOS-AWARE DATA GATHERING SCHEME

The following sections explain the working principle of our designed scheme in the SG.

4.1 Network model
Recently, many renewable energy generators like solar, tidal, biomass, and wind generators, which produce a few kilowatts
up to some megawatts, are becoming extensively diffused around the world.36 These large-scale distributed generation
systems are transformation of the present power systems containing several hundreds of generators, characterized by
power, current, voltage, and different technologies and topologies. The whole electrical power system is the integration
of these large numbers of geographically distributed systems and subsystems. The digital integration complexity of these
geographically distributed components in the existing power grid makes it very vulnerable and thus requiring an intelli-
gent, two-way, and secure communication mechanism for monitoring events in the electric grid. To this end, the network
model of the designed routing protocol is depicted in Figure 1. Herein, we assumed a 550 kV outdoor grid station con-
sists of various types of systems, subsystems, and poles for electricity transmission and distribution. In this harsh nature
SG environment providing QoS-aware data gathering using WSNs for real-time monitoring applications is extremely
challenging. This is because of fading, multipath effects, equipment noise, heat, electromagnetic interference, and dusty
environments. Without loss of generality, the whole network model has been partitioned into main three layers, namely
sensor layer, sink layer, and user interaction layer usually known as application layer or Internet layer.

The sensor layer consists of homogenous sensor nodes deployed randomly in an ad hoc manner in the network. This
entire sensor network is divided into equally distributed regions and subregion to shift the data traffic burden to both
sinks. Each sensor node in the network is equipped with equally limited energy, buffer size, data processing capability, and
omnidirectional communication capability. The key responsibilities of the tiny sensor nodes at sensor layer is to monitor
surrounding, collaborate with each other, and report the sensed data to closer associated sink. At sink layer, two sinks
having the same communication and data processing capabilities are deployed at distinct positions in the network. Both
static sinks are connected to each other via line-of-sight highly stable microwave communication link. Thus, they can
directly communicate with each other without creating interference in the network. The sink nearer to the BS directly
communicates, whereas the farthest sink can communicate with the BS via a closer neighboring sink. Consequently, the
farthest sink, after collecting the packets from the associated sensors, sends this data to neighboring sink, which is directly
connected to the BS. At the application layer, the user/s may connect to the BS via three different types of network, namely
wide area network (WAN), local area network (LAN), and neighborhood area network (NAN). The user/s can directly
monitor, control, and configure any deployed sensor node through the BS and sink in the network.

In proposed scheme, we assume the following. First, all the wireless or wired communication links between sinks,
sink-to-BS, and BS-to-user/s are bidirectional and highly stable in LAN, NAN, and WAN. Second, we assume that the
user/s may connect to the BS via one of the following communication technologies like Cellular, Satellite, or Ethernet
in the SG. Third, we also assume that the communication link between sinks and BS could be Cellular, Microwave,
or Ethernet. Fourth, the location of each sensor node as well as sinks is known, which can be obtained using a
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FIGURE 1 Shows the snapshot of our network model taken from EstiNet 9.0.38 The black color icons are the wireless sensor nodes. The
unique number on the right side of each sensor node shows the identity in the network. The devices equipped with dual antennas on the left
and right sides of the deployed network are the sinks while the pole like icon is the BS. The orange color lines on the left and right side
defined the network boundary while the dotted orange color line in the network divides the entire network into two regions. The green color
lines divide each region into subregion. Moreover, green color circular lines show the angle formation due to subregion at each sink in the
network. On the other hand, the blue color circular lines show the sink range for message transmission and reception in the network. The
black line between sinks, sink-to-BS, and BS-to-user/s shows the highly stable bi-directional communication links. The cloud like icon
indicates the network is either a local area network, neighborhood area network, or wide area network

location mechanism.39 Fifth, the data transmission delay between sink-to-sink, sink-to-BS, and BS-to-user/s is negligible
and has no loss of data packets. Sixth, it is assumed that the sinks and BS are rich in data rates, information process-
ing, and energy compared with sensor nodes. Finally, to evade a data packet collision we assume a carrier sense multiple
access (CSMA) technique in the network.

4.2 Bio-inspired computing (BIC)
The BIC is a great and immense source of inspiration to solve real complex problems by developing new algorithms,
methods, and techniques in various scientific and engineering domains.40 The are several bio-inspired techniques, includ-
ing Genetic Algorithm, Culture Algorithm, Memetic Algorithm, Bird-mating Optimization, and many others.41 To solve
complex problems, a BIC algorithm finds an optimal or a range of near-optimal solutions by employing a perfect balance
among its components due to extremely dynamic, diverse, complex, robust, and fascinating phenomenon.40 This is the
thrust behind BIC exploring the new era of computation for solving optimization problems in diverse SG applications.
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4.3 Butterfly mating optimization (BMO)
In BIC, the behavior of butterflies has inspired researchers in the pursuit of solutions for solving routing problems in highly
dynamic, complex, and evolvable SG environments.42 Generally, because of their short lifespan, the communication in
butterflies is mainly focusing on mating to produce a new fittest generation in a habitat. Butterflies mate-locating system is
important to promote the population of butterflies because the expected lifetime of the butterfly is very short, mostly about
1 to 2 weeks. Males usually fly around the fields searching for females and mate with several females during their lives, but
in the most species, the females mate more than once based on some constraints. There are several methods or approaches
that have been used by the males of the butterfly for searching and determining whether he has found the right female of
his own species. Usually, the mate location strategy varies significantly between butterfly species. Generally, two methods
of mate location that males butterfly usually use to find females have been categorized into two main strategies: patrolling
and perching behavior.43 In patrolling, the males butterfly fly above a region where the females butterfly are present and
when males found the insect with the same size and color; males fly closer to examine it. However, in patrolling species,
the male usually finds the female; moreover, males use color more, and some females are found by the use of female
pheromone when a patrolling male approaches within a few meters of the female. In addition, throughout the habitat
patrolling species mate at any time of day, even in cold habitat where flight can attend as a heat gain approach. The
behavior of patrolling is an active search for receptive females; however, it is not obvious and hard to distinguish from the
usual flight over a broader habitat.

On the other hand, in perching approach, the male can survey and intercept passing females by spending a long time
sitting on a prominent leaf or on a particular patch. In perching species, perching males use movement in the initial
approach to a potential female. Perching species usually mate in limited areas of the habitat, often during only part of the
day. Perching behavior may adopt within species that mate in the slight area of the habitat. This is because, investigating
a passing female, a perching male often returns to a site nearby the preceding place in the habitat. A perching male, to
intercept passing females, adopts a sit-and-wait approach at a specific site. In the field, this behavior is very conspicuous.
Territorial behavior is categorized as this behavior. Thus, in patrolling species, males usually are mobile, whereas males in
perching species are more immobile. Most butterfly species are able to see all the colors of the visible spectrum.44 However,
males of many butterfly species can switch between territorial perching and no territorial patrolling behavior, and that
depends on the density of conspecific males at the encounter site. Moreover, male butterflies may switch between perching
and patrolling behavior depending on the fundamental environmental conditions. The switching of male behavior has
been taken in terms of the economics of territory defense, with increasing defense cost more than the reproductive benefits
of this activity. In addition, males in perching try to exclude other males from their perching site since the males are
habitually faithful to their sites. In sum, mostly butterfly species are perchers and the others certain are limited patrollers,
whereas in some other species, both behavioral strategies occur. In many species of butterfly, a male butterfly spends
most of his active time for finding an appropriate mate/s in a suitable area, and distinctive mate site strategies may have
importance for their distribution in their habitat and daily activities. When males encounter females, they approach them
in the initial stage of mating.

The butterfly male will look for female butterflies with wings that have the correct color, flight ability, size act, and
ventral surface of the female wings, which are important functions that play important role in promoting a mating reaction
from males in the early stages. Moreover, ultraviolet patterns on the butterfly wings often enable males to recognize
their own species. The females receive ultraviolet patterns reflected by the males based on the distances between them
in a habitat. When compared with the farthest one, the nearest one receives more ultraviolet, which can be numerically
shown as

U𝒾→𝒿 = U𝒾 ×
D−1
𝒾𝒿∑

𝓀D−1
𝒾𝓀

(1)

∀𝒾 = 1, 2, … ,𝓁; ∀𝒿 = 1, 2, … ,𝓂; ∀𝓀 = 1, 2, … ,𝓃.

In addition, when the butterflies get closer to each other, they use an additional method that is pheromones. The but-
terflies find the females of the same species by releasing their pheromones. In some butterflies species, the pheromone
stimulation for a pair of females is not enough to start the copulation, so butterflies start the second stage of mating, which
is courtship before copulation. In the courtship pattern, the male releases his pheromone and dances around the female
by moving his wings to spread his pheromone to the female's antennae. The courtship can take a few seconds or several
minutes, which depend on the species of butterflies, and the female can accept or rejects the male in courtship pattern.
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During mating process, the crossover and mutation operator are incorporated into the optimization process to generate
a set of fittest butterfly in the habitat. A self-adaptive modified version of the binomial crossover (C𝓇) and mutation (M𝓊)
operators used in this study can be numerically shown as

BF 𝓀+1
𝒾 = BF 𝓀+1

𝒿 × (1 − C𝓇) + BF 𝓀

𝒿 × C𝓇 (2)

C𝓇 = 0.9 + 0.1 ×
𝑓

(
BF 𝓀

𝒿

)
− 𝑓

(
BF𝒾,Best

)
𝑓
(

BF𝓀,Worst
)
− 𝑓

(
BF𝒾,Best

) (3)

M𝓊 = BF
(
𝓍
)𝓀+1
𝒾 =

⎧⎪⎨⎪⎩
𝓍𝓀

𝒾 + Δ
(𝓀𝓍𝛼

𝒾 −𝓍𝓀

𝒾

)
if 𝓇 ≤ 0.3

𝓍𝓀

𝒾 − Δ
(𝓀,𝓍

𝓀

𝒾 −𝓍𝛽

𝒾

)
otherwise

(4)

Δ (𝓀,𝓎) = 𝓎

(
1 − 𝛼

(
1− 𝓀

𝓀max.

)𝛾)
(5)

∀𝒾 = 1, 2, … ,𝓁; ∀𝒿 = 1, 2, … ,𝓂; ∀𝓀 = 1, 2, … ,𝓃.

Note that the value of C𝓇 is in [0.1, 0.9] and M𝓊 is in [0, 0.3], which tends to search the space locally and uniformly
and maintain diversity in the generated population. Mating with virgin or nonvirgin females or males can have an effect
on the mating behavior of butterfly such as the individual preference and mating costs. Consequently, both the male and
female butterflies in the habitat memorize each mating history, eg, distance traveled to find a partner, habitat environment,
number of mating, etc. This helps to increase the mating probability, which may result in higher fecundity, longevity,
and egg weights. After completing the genomic representation of crossover and mutation, the female butterfly lays eggs
onto the gentian plants, which results in a population of caterpillars. These caterpillars grow and suffer from predators
and environmental extremes, leading to density problem in the first few generations of a new habitat. Finally, at least one
fittest caterpillar is surviving per bud in the new generated population in a habitat numerically can be shown as

CP
𝓀+1
𝒾,Best =

⎧⎪⎨⎪⎩
CP

𝓀+1
𝒾 , 𝑓

(
CP

𝓀+1
𝒾

)
< 𝑓

(
CP

𝓀

𝒿

)
CP

𝓀

𝒿 , otherwise
(6)

∀𝒾 = 1, 2, … ,𝓁; ∀𝒿 = 1, 2, … ,𝓂; ∀𝓀 = 1, 2, … ,𝓃.

To ensure at least one caterpillar is surviving per bud via contest competition, we employ a competition function, which
numerically can be shown as

𝓀 (N𝔱,P𝒾) =
FBF𝒾(E𝒿)N𝔱 · P𝒾(F B𝒿)SE𝒿 ,CPi

SCPi (F B𝒿)
(7)

such that

SCPi(F B𝒿) = FBF𝒾(E𝒿)SE𝒿 ,CPi ·N𝔱∕P𝒾 (CPi) (8)

∀𝒾 = 1, 2, … ,𝓁; ∀𝒿 = 1, 2, … ,𝓂; ∀𝓀 = 1, 2, … ,𝓃.

Lastly, the young caterpillars grow and survive from generalist predators and environmental extremes, and the remain-
ing caterpillars convert to mature butterflies. In each iteration, the fittest butterfly is selected, which can further undergo
the mating process after a specific time interval in a habitat, which can be numerically shown as

BF 𝓀+1
𝒾,Best =

⎧⎪⎨⎪⎩
BF 𝓀+1

𝒾 , 𝑓

(
BF 𝓀+1

𝒾

)
< 𝑓

(
BF 𝓀

𝒿

)
BF 𝓀

𝒿 , otherwise
(9)

∀𝒾 = 1, 2, … ,𝓁; ∀𝒿 = 1, 2, … ,𝓂; ∀𝓀 = 1, 2, … ,𝓃.
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This entire process of mating to produce eggs that turn into larva later into a pupa and finally a beautiful fittest matured
butterfly repeats until the mating season is ended. The entire terms used above are explained in the Table 1.

4.3.1 Terms and concepts
The aforementioned entire butterfly mating optimization phenomenon is implemented to sensor nodes deployed for
events monitoring in the SG. Herein, the butterflies are the sensor nodes. The habitat means a network, in which sensor
nodes are deployed in an SG environment. The male butterflies represent a set of sensor nodes, which need some sort
of information about neighboring nodes or a sink/s in the network. On the other hand, the female butterflies are a set
of sensor nodes with the information required by the male butterflies. The behavior of a male or female butterfly is iter-
atively changing based on above two types of information characteristics in the network. A node in patrolling behavior
communicates with specific sensor nodes to share initial information in the network. On the other hand, a sensor node
in perching behavior directly communicates with the associated sensor nodes in the network. The search space or promi-
nent leaf represents a specific region where a specific node/s is located in the network. These distinct regions are further
divided into subregion to specify the butterflies' activities in the network. The butterfly dancing means that the nearest
sensor nodes are free for sharing information, which may be identified using a CSMA mechanism in the network. The
pheromones releasing means that a neighboring sensor node with closed distance to a specific node that may have some
required information for sharing in the network. In addition, the females/males receive ultraviolet patterns reflected by
the males/females based on the Euclidean distance between each pair of sensor nodes in the network. The sensor nodes
with minimum distance information have a high probability to share precise information over a highly reliable link
compared with the farthest nodes in the network.

The nonvirgin or virgin female or male related to the concept of a sensor node that may or may not has exchanged infor-
mation with a specific sensor node in the network. If a sensor node already has shared information with a specific sensor
node stored in the routing table, then it is called nonvirgin node; otherwise it is virgin. The mating number means that
the number of times information is exchanged between sensor nodes. Consequently, the several mating means, a number
of times the information is exchanged between sensor nodes are in a specific subregion in the network. Each time, dur-
ing mating process, the genetic value is represented by 0 and 1 for a sensor node in a chromosome of a female butterfly.
The value 0 means a sensor node with no energy or inactive, whereas 1 means a sensor node is active in the network. The
courtship can take a few seconds or several minutes, which depend on the species of butterflies and the female means
that information exchange between each pair of nodes in the network. Herein, the communication between each pair
of sensor nodes is computed in milliseconds in the network. Consequently, each time the shared information between
each pair of the sensor node is memorized in the routing table. The newly generated butterflies mean an optimal or a set
of near-optimal information available to reach a specific node or a sink in the network. The fittest butterfly means the
best next hop node in the routing path from the source toward the sink or a specific node in the network. The preda-
tors' attack or ending a lifetime of butterfly means the sensor nodes without energy, which may be because of battery
power exhaustion or inaccessible by neighboring sensor nodes due to void problems in the network. This butterfly phe-
nomenon has been modeled as a QoS-aware multihop routing for WSN-based real-time event monitoring applications in
the SG. The entire working mechanism of butterfly in term of WSNs for SG applications has been explained in the sections
given below.

4.4 Network initialization
Initially, the deployed sensor nodes do not have any prior knowledge about their neighboring nodes in the network. There-
fore, an accurate neighbor discovery is extremely important and challenging for sensor nodes due to varying link quality
in complex and harsh nature SG environments. During the network initialization phase, a user via BS initiates a neighbor
discovery process in the network. After receiving a user instruction, the base station is responsible to broadcast a pre-
defined number of neighbor discovery messages (𝓃𝒹_𝓂𝓈ℊ) to static sinks in the network. After receiving the neighbor
discovery message, each sink starts to broadcast a predefined number of neighbor discovery messages to sensor nodes in
its range in the network. Then, after receiving neighbor discovery message from the sinks, each sensor node broadcasts a
predefined number of 𝓃𝒹_𝓂𝓈ℊ messages in its range to neighboring sensors in the network. This whole process repeats
until the messages are reached to the entire network. The neighbor discovery message contains information about the
node identity number, sink identity, position information, remaining energy, and its distance to neighboring sensors as
well as to the sender sensor node. After receiving a message, each sensor node fetches the identity of the transmitter node
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TABLE 1 Notations used in SIRP

Notation Description

U𝒾 is the ultra-violet pattern emitted by 𝒾th male butterfly
U𝒾→𝒿 is the ultra-violet pattern absorbed by 𝒿th female butterfly from 𝒾th male butterfly
D−1

𝒾𝒿 is the Euclidean distance between 𝒾th male and 𝒿th female butterfly

D−1
𝒾𝓀 is the Euclidean distance between 𝒾th male and 𝓀th female butterfly

BF𝒾,Best is the best butterfly individual in butterfly population
BF𝓀,Worst is the worst butterfly individual in butterfly population
BF 𝓀

𝒿 is the fitness of butterfly 𝒿 in a subpopulation

𝓀 is current generation number
𝓇 is a uniformly distributed random number in [0, 1]
𝓍𝛽

𝒾 , 𝓍𝛼
𝒾 are lower and upper bounds of the 𝒾th component of the decision vector, respectively

𝛼 is a uniformly distributed random number in [0, 1]
𝓀max. is the maximum number of generations in a habitat
𝛾 is a parameter, determining the strength of the mutation operator
𝓍, 𝓎 are the genomic values of a pair of female and male butterfly, respectively
𝓍 is the mutated genomic value in a chromosome of a female butterfly
CP𝓀+1

𝒾,Best is the caterpillar survives for the next generation 𝓀 + 1

CP𝓀+1
𝒾 is the fitness of 𝒾thcaterpillar

CP𝓀

𝒿 is the fitness of 𝒿th caterpillar

BF, FBF is the butterfly and female butterfly, respectively
MBF is the male butterfly
N𝔱 is the adult butterfly population in a specific time 𝔱.
P𝒾 is the number of plants
P𝒾(FB𝒿) is the number of flower buds in a plant P𝒾

CP𝒾 is the number of caterpillars that can survive in a plant P𝒾

𝓀 is the number of generations in a habitat
FBF𝒾(E𝒿) is the total number of eggs laid by a female butterfly divided by 2 by assuming the 1 : 1 sex ratio
SE𝒿 ,CPi

is the proportion of eggs and young caterpillars surviving from density-independent causes of mortality

SCPi
(FB𝒿) is the number of competing caterpillars per resource unit, ie, flowering bud

BF 𝓀+1
𝒾,Best is the butterfly survives for the next generation 𝓀 + 1

BF 𝓀+1
𝒾 is the fitness of 𝒾th butterfly

BF 𝓀

𝒿 is the fitness of 𝒿th butterfly

X is a binary variable that sets the assignment of the sensor node S𝒾 ∈ 𝒾 to the sink S𝒾 ∈ 𝕊𝜅

 is a binary variable for the sink such that S𝒾 ∈ 𝕊𝜅 in the network
Z is an integer variable that represents the number of sensor nodes that are assigned to a sink
B is a binary variable that identifies if S𝒾 ∈ 𝒾 in the route RP(𝓀) of a sink 𝕊k ∈ B𝕤 in the network
F is a b binary variable that identifies the data flow between the intermediate sensor nodes S𝒾 and S𝒿 over highly

reliable links 𝓁𝒾
(
S𝒾 ,S𝒿

)
or a sink 𝕊𝜅 uses link 𝓁𝒾

(
S𝒾 ,S𝒿

)
in the network. It takes the value 1 if a link is active

and 0 otherwise
ρr, Re is the probability and the relay node, respectively.
 denotes the integer variables that represents the number of sensor nodes data packets that are picked

up/dropped off each hop sensor node in a subregion in the network
A shows the array with the number of sensor nodes data packets that are picked up/dropped off at relay sensor

node S𝒾 at location 𝒾 in the network
Tmax is the maximum defined time
E0 is the initial energy of the sensor nodes in the network
E1(r) is the anticipated amount of energy spent by the one-hop transmission of a sensor node at a distance

𝜘 away from the sink in the network

(Continues)
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TABLE 1 (Continued)

Notation Description

𝒽 (𝜘, r) is the anticipated number of hops that sensor’s packet need to make to reach the sink in the network
ℜ is the radius of a sensor node in the network
DT is the total amount of events data collected in each round from the entire subregion in the network
X,  are the integer variables
B𝕤 is the base station
D𝒾𝓈S𝒾

𝕤κ
is the distance from a sensor node 𝒾 to the sink in the network

𝛿RP(𝒾)
is the size of routing path 𝒾

RP(𝒾) is the length of routing path 𝒾

RP(𝓀) is the set of routing paths 𝓀 from the source and destination in the network.
𝛿RP𝓁1(𝒿)

is the link-path incidence dummy, ie, one if data path 𝒿 uses lthe ink 𝓁1 and zero otherwise

and updates its routing table. Then, after computing the information, each sensor node replies to the sender node via a
reply message (𝓇𝓅_𝓂𝓈ℊ) with the information about its identity number, residual energy, location information, and its
distance to neighboring sensor nodes that can be estimated using a Euclidean distance formulation in the network.

During the message exchange process, the packet collision may take place when two or more sensor nodes concurrently
exchange packets in the same time slot since all the nodes intensively participate in the neighbor discovery process.
Therefore, we employ a CSMA mechanism during message exchange in the network. Thus, the collision-free messages
are exchanged among sensor nodes since all sensor nodes perform carrier sense before sending a message to neighboring
nodes in the entire network. Then, based on the sensor nodes location information and distance to the sink entire network
is partitioned into two main regions by the user. The network partition occurred in such a way that the total numbers of
nodes are divided equally for each sink to share data traffic burden in the network. Then, each sink sends a sink association
message (𝒶𝓈𝓈_𝓈𝒾𝓃𝓀) to its associated sensors in a specific partition region in the network. Note that all the sensors
are linked to as a minimum one sink in the network. In the entire message exchange process, each sender sensor node
receives an acknowledge message (𝒶𝒸𝓀_𝓂𝓈ℊ) from the receiver sensors, which guarantees the successfully delivery of
the message in the network. Hence, the link between each pair of sensor nodes is bidirectional tested in the network.
Finally, the entire network information is forwarded to the user/s by sinks and the BS.

4.5 Routing mechanism
The harsh SG environments due to power systems' noise, interference, fading, and obstacles make it hard to convey
real-time QoS-aware data in a large-scale network. This is because of the time- and space-dependent varying link quality,
which hampered the data reliability for WSNs in the SG. Therefore, designing a large-scale WSN-based QOS-aware data
gathering scheme for SG applications is challenging. In addition, usually, the density of deployed sensor nodes in the SG is
expected to be higher as compared with traditional WSN-based applications. Therefore, the data generation rate is higher
and highly depends on the event occurrence frequency in the smart grid. As a result, the sensor nodes buffer overflow
time may not be same at various sites in the SG. The sensor nodes generating data at higher rates may be immediately
forwarded to the sink to avoid buffer overflow compared with a sensor node generating data at lower rates in the network.
Moreover, the excessive delay in data transmission may also cause packet loss because of buffer overflow or invalid data
packets due to not reaching to the user in defined time intervals. Hence, the frequent packet forwarding in an efficient and
timely fashion is essential from the sensors located in higher data rates regions in the SG. Therefore, the data gathering
from the field by using a single sink takes so long time and faces issues like congestion, hotspot, high energy consumption,
and invalid data packets due to not reaching at the destination in a bounded time interval for WSN-based smart grid
applications. Thus, it might not be a proficient solution for various large-scale WSN-based applications in the SG. To this
end, a dual-sink–based data collection mechanism can provide QoS-aware energy-efficient data gathering in both dense
and sparse sensor network deployments for various SG applications.

In the proposed scheme, after network initialization, the entire sensor network is partitioned into two main groups
based on geographical locations of the sensor nodes to minimize the sensor buffer overflow, data delivery latency, and data
traffic load to both sinks. Then, each group is further divided into several subgroups so that the sensor nodes in the same
group have the same deadline of packet forwarding to the sink. The subgroups are divided based on the angle information
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computed by each sink in the network. The minimum and maximum value of the angle is set to 15 and 25 degrees left and
right sides of a semicircle. However, the value of each sink angle periodically changes in an individual round of the data
collection phase of the proposed scheme. The key aim to future divide the main two groups into subgroups is to minimize
the routing path length and unnecessary multihop packet forwarding, ie, data path loops in the network. This feature
avoids interference issues and node buffer overflow because of narrow routing packets over a set of sensor nodes with
highly stable link quality in the network. In the second phase, the route construction process starts after receiving route
discovery message rd_msg from the remote user. The sensor nodes that precisely decode the route discovery message start
to broadcast a predefined number of route discovery messages in their communication range to the neighboring nodes
in the field. The route discovery message contains information about the sender node identity, distance, residual energy,
location information, and six single-digit bits information in the network. The key aim of sending these six single-digit
bits is to ensure the link quality between each sensor's pair in the network.

The link is considered as a highly stable link when no alteration is found in six single-digit bits computed using a
checksum mechanism in the network. On the contrary, the link stability decreases as the number of alterations in bits
increases from zero to five. The receiver sensor nodes that decode the route discovery message accurately reply to the
sender node via reply message (𝓇ℯ_𝓂𝓈ℊ). The reply message contains the information about receiving node identity,
remaining energy, position, distance, and the number of errors found during receiving six single-digit bits in the network.
Then, each sensor node, upon receiving the reply message, marks the sender current location and updates the information
in its routing table time if already exists. Otherwise, it creates a new entry for storing the information of each new sender
sensor node in the routing table. Note that information are stored in the routing table in decreasing priority, which means
that a node with higher link stability, residual energy, and lower distance toward the sink has high priority. If two or more
sensor nodes have the same priority, then they are stored in the routing table, opportunistically. In addition, herein, it is
possible that a sensor node may receive multiple copies of the same message from the same sender node in the smart grid.
In this case, the receiver node simply ignores the rest of the messages. On the other hand, if it receives multiple messages
from different sender sensor nodes, then it simply replies to each sender node based on First-Come-First-Serve (FCFS)
policy by employing collision avoidance CSMA mechanism. Consequently, during the route discovery process, the routing
table information is updated periodically with recent information and a 𝒶𝒸𝓀_𝓂𝓈ℊ is sent to the sender sensor node in
the network. This process continues until the nodes closer to the sink are found in the network. At this stage, each sensor
node in the network has information to reach the sink through various routing paths established over a set of multi-hops
sensors in the network.

In data collection phase, the observed information from the sensor nodes is gathered in both active and passive manners
in the smart grid. Initially, a user is responsible to initiate data collection process by sending a predefined member of
data collection messages (𝒹𝒸_𝓂𝓈ℊ) periodically to the sensor nodes via the base station and sinks in the network. The
sensor nodes that correctly decode the data collection messages explore the smart grid environment. Then each sensor
node before transmitting the packets first sends a beacon message (𝔟𝒸_𝓂𝓈ℊ) to neighboring sensor node to acquire the
channel using CSMA mechanism. If a sensor node successful acquires a free channel then it transmits the data over the
channel. Otherwise, it continuously monitors the surroundings and store monitoring data in its cache and waits for a
predefined amount of time to acquire the channels. This cached data is then immediately transmitted to the associated
sink as it acquires the medium. Herein, it is important to note that the sensor nodes send their gathered information
directly to associated sink if only it is in the transmission range. The sensor nodes away from the sink start to communicate
with neighboring nodes in order to find an appropriate next hop relay sensor nearer to the sink. Herein, it is important
to notice that initially a next hop relay sensor node in a routing path is appointed based on its low transmission distance,
higher residual energy and link quality in the network. However, after a predefined set of iterations, a data forwarding
relay sensor is appointed by considering its low transmission distance, high link quality, buffer overflow time and residual
energy in the network. This prior history based self-learning ability of the designed scheme helps to reduce a significant
amount of data packets loss due to buffer overflow and corrupted data packets in the network. Thus, during multi-hop
packet transmission, each relay node after receiving the information to the associated sensors aggregates the events data
based on FCFS policy and forwards this data to next hop relay sensor that is closer to the sink. Consequently, the receiver
sensor node repeats the same procedure and forwards it again to the relay sensor in greedy manner that is further nearer
to the sink.

Lastly, the aggregated events information is directly uploaded to the sink for user inspections through short distance
communication via a relay node in the network. After transmitting the events related information, the sent data is imme-
diately removed from the sensor node cache to allow memory for new events recordings. The next data transfer deadline
of the sensor node is immediately updated periodically by considering the previous history stored in the network. Herein,
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the data transfer deadline means the probability of sending packets in the next time intervals. Then, the updated deadline
message (𝓊𝓅_𝒹ℯ𝒶𝒹𝓁𝒾𝓃ℯ) is transmitted to the next hop neighboring nodes in the network. This mechanism avoids
the excessive data packets loss that occurs due to sensor buffer overflow and minimizes the data packets forwarding delay
since the receiver is aware of receiving data packets in the network. In addition, the path counter at each relay sensor
node from the source toward the sink is decremented by 1 until it reaches to 0 for the relay node, which is a single hop
away to the sink. On the contrary, at each relay node, the path counter from the sink towards the source is incremented by
1, until its maximum defined value for the relay node, which is a single hop away to the source in the network. Thus, the
entire observed information from the sensing field is relayed in a greedy manner over a shortest multihop routing path
to data collector sink in the network. Finally, the data collection schedule of each subregion is concatenated to form the
whole schedule in a region associated to a sink. The designed scheme due to its self-learning based routing mechanism
significantly reduces the data packet collision, data path loops, and delay due to appointing an optimal or near the opti-
mal narrow path routing architecture from the source toward the destination in the network. This further reduces the
interference effects on the routing path due to reducing the number of multi-hop sensor links in the network. Moreover,
the low distance data transmission improves the overall lifetime of the network.

In designed scheme, the entire routing phenomenon is modeled as mixed integer linear programming in the smart
grid. Let a set of the sensor node S𝒾 = {S1, S2,+ · · · +, S𝓃} deployed randomly with their known position 𝒾 =
{1,2,+ · · · +,𝓃} in different subregion R𝒾 = {R1,R2,+ · · · +,R𝓃} for monitoring events in the SG. The link and
distance between each pair of sensor node are shown by 𝓁i =

{
𝓁1(S1,S2) + 𝓁2(S1,S3)+, … ,𝓁n(S𝓃,S𝓃)

}
and DS𝒾 ,S𝒿 ={

DS1,S2 + DS1,S3+, … ,DS𝓃,S𝓃

}
, respectively. The routing path from the source toward the destination is indicated by

RP(𝓀) = {RP1 + RP2+, … ,PP𝓃}. In addition, the sum of data collected from the sensors in various times is shown by
D𝒾 = {D1,D2,+ … +,D𝓃} and T𝒾 = {T1, T2,+ … +, T𝓃} for ∀𝒾 = 1, 2, … ,𝓃; ∀𝒿 = 1, 2, … ,𝓃; ∀𝓀 = 1, 2, … ,𝓃,
respectively, in the network. Consequently, the objective function (𝜓) of the proposed scheme is numerically written as

𝜓 = Min
S𝒿∑
S𝒾

𝕊𝜅∑
S𝒿

(Dℯ + Pℯ𝓇 + Cℴ𝓃 + D𝒶)𝒾,𝒿,𝓀 + Max
S𝒿∑
S𝒾

𝕊𝜅∑
S𝒿

(
Rℯ + P𝒹𝓇 + T𝓅

)𝒾,𝒿,𝓀 (10)

∀𝒾 = 1, 2, … ,𝓁; ∀𝒿 = 1, 2, … ,𝓂; ∀𝓀 = 1, 2, … ,𝓃;𝕊𝜅 = 2.

The key aim of the objective function is to minimize total data gathering cost for monitoring smart grid events in the
network. In Equation (10), Dℯ is the delay, Pℯ𝓇 is the packet error rate, Cℴ𝓃 is the network congestion, D𝒶 is the data
traffic load in the network, Rℯ is the residual energy, P𝒹𝓇 is the packet delivery ratio, T𝓅 is the throughput, and 𝕊𝜅 is the
sink in the network.

Subject to:
∀𝒾 = 1, 2, … ,𝓁; ∀𝒿 = 1, 2, … ,𝓂; ∀𝓀 = 1, 2, … ,𝓃

∑
S𝒾∈S𝓃

XS𝒾(𝑗) (𝕊𝜅) ≥ 1. (11)

Constraint (11) guarantees that the sensors deployed in a smart grid environment are associated to as a minimum one
sink in the network.

R𝒾(S𝒿) ∈ 𝕊𝜅 = 1. (12)
Constraint (12) states that each sensor belongs to a region is assigned to a sink in the network.

XS𝒾(𝒾) ≤
(S𝒾(𝒾) (𝕊𝜅)

)
R𝒿

= 1. (13)

Constraint (13) assures that each sensor in a subregion is assigned to exactly one sink in the network.

XS𝒾(𝒾) (𝕊𝜅) ≤ S𝒿(𝒿). (14)

Constraint (14) states that the sensor associated to a single sink are less than the total number of sensor nodes in the
network.

ρr(𝕊𝜅)R𝒾
= 1 −

n∏
𝒾=1

(1 − ρr (S𝒾)) . (15)

Equation 15 indicates the coverage probability of a sink to its member sensors located in a region in the network.

DT =
2∑

𝓀=1
𝕊𝜅(D (S𝒾))𝒿 . (16)
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Constraint in Equation 16 specifies that a sink gathers the data from its member sensors in each round in the network.

ZS𝒾 ≤
∑
S𝒾∈R1

XRe(S𝒾)
(
RP(𝓀)

)
, ZS𝒾 ≤ RP(𝓀)

×𝔪𝔞𝔵 (Re (S𝒾)) ,𝔪𝔞𝔵 (Re (S𝒾)) < S𝒿 . (17)

Constraint (17) assures that the number of relay sensors in a routing path must not greater than the maximum defined
value in a region in the network.

(S𝒾 ,S𝒿)𝓁(S𝒾 ,S𝒿) ≤ ||RP(𝓀)||X(S𝒾 ,S𝒿)𝓁(S𝒾 ,S𝒿),∀𝒾,𝒿 ∈ RP(𝓀). (18)

Constraint (18) states that information flow can only occurs if a highly stable link between each pair of sensor is on the
routing path. ∑

S𝒾∈RP𝓀,S𝒾≠S𝒿

(
X(S𝒾 ,S𝒿)𝓁(S𝒾 ,S𝒿)

)R𝒾 ≥ 1,∀𝒿 ∈ RP(𝓀). (19)∑
S𝒿∈RP𝓀,S𝒿≠S𝒾

(
X(S𝒾 ,S𝒿)𝓁(S𝒾 ,S𝒿)

)R𝒾 ≥ 1,∀𝒾 ∈ RP(𝓀). (20)

Both constraints (19) and (20) ensure that each sensor in the routing path must have at least one link pointing away from
it and pointing toward it in the network. ∑

S𝒿∈𝕊𝜅

F
𝕊𝜅

S𝒿∈(𝒿)
=

∑
S𝒾∈𝕊𝜅

F
𝕊𝜅

S𝒾∈(𝒾)
= 1 (21)∑

S𝒿∈𝕊𝜅

F
𝕊𝜅

𝓁1(S𝒾 ,S𝒿)
−

∑
S𝒾∈𝕊𝜅

F
𝕊𝜅

𝓁1(S𝒿 ,S𝒾)
= 0. (22)

Both constraints (21) and (22) assure that one unit of data must be forwarded to the sink over a set of highly stable links
between sensors in the network. ∑

S𝒿∈RP𝓀, S𝒿≠S𝒾
F𝓁1(S𝒾 ,S𝒿) =

∑
S𝒿∈RP𝓀, S𝒾≠S𝒿

F𝓁1(S𝒿 ,S𝒾). (23)

Constraint (23) confirms that the information must flow continuously among the intermediate sensors in the network.∑
S𝒿∈(𝒿)

BS𝒿 (D)𝓀 · 𝕊𝜅 (𝜅) =
∑

S𝒾∈(𝒾)
BS𝒾 (D)𝓀 · 𝕊𝜅 (𝜅) . (24)

Constraint (24) ensures the data flow continuity towards the sink from the sensors in the network.

ρr
(
RP(𝒾)

)
= RP(𝒿) + ln D𝓃 (𝒾)

/ ∑
𝒿∈RP(𝓀)

RP(𝒿) + ln D𝓃 (𝒿) . (25)

Equation (25) provides the probability of data packets from the source toward the destination traveled through a data
path 𝒾 in the network. The value of D𝓃 (𝒾) = 1 and D𝓃 (𝒾) = 0 indicate that a data route 𝒾 exist and the sensor nodes are
unaware of a data path or path is unavailable, respectively. That is, the log-of-zero limit is negative infinity, whereas for
an unavailable alternative, the exponent of utility is zero in the network.

𝛿RP(𝒾)
=

∑
𝒿∈RP(𝓀)

𝓁1(S𝒾 ,S𝒿)
RP(𝒾)

1∑
𝒿∈RP(𝓀)

(
RP(𝒾)

RP(𝒿)

)𝛾

𝛿RP𝓁1(𝒿)

. (26)

Equation (26) indicates that the 𝓁1(S𝒾 ,S𝒿) is the length of link 1 and 𝛾 is a constant with value 1. This ensures that the data
paths with different length are generated in the network.∑

S𝒿 ,S𝒾∈𝕊𝜅

F 𝕊𝜅

𝓁1(S𝒾 ,S𝒿)
RP(𝓀)(D)𝓀 =

∑
𝜅=2

𝕊(D)𝓀
𝜅 =

∑
B𝕤=1

B𝕤(D)𝓀. (27)

Constraint (27) guarantees that the sum of data packets received by the sink and the base station are identical to the data
packets forwarded by a source sensor over a set of sensor nodes along a routing path in the network.∑

S𝒾 ,S𝒿∈(RP)
RP(𝓀)

(
𝓁1(S𝒾 ,S𝒿) + 𝓁1(S𝒿 ,S𝒾)

) ≤ 1. (28)

Constraint (28) assures that the intermediate sensors avoid data path loops during forwarding information in the network.∑
S𝒿∈(𝒿)

ReS𝒿 (D)𝓀 >
∑

S𝒾∈(𝒾)
S𝒾 (𝒾) · (D)𝓀. (29)
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Constraint (29) assures that each relay sensor (Re) carries more data packets than a normal sensor in the network.

S𝒿(i) =
∑

S𝒿∈(𝒿)
AS𝒿(D)𝓀 · B𝒾

(
S𝒿

) ≤ 1. (30)

Constraint (30) assures that the sum of data packets received by each sensor from a set of associated sensors is not higher
than its maximum buffer size in the network. ∑

S𝒾∈(𝒾)
ES𝒾 (R𝒿) ≤ E0. (31)

Constraint (31) assures that the sensor node energy consumption location in a region must not exceed than its initial
energy in the network.

B𝕤 (T𝓀) − 𝕊𝜅
(

T𝒿
)
− Re𝓁𝒾(S𝒾 ,S𝒿) (T𝒾) ≤ Tmax. (32)

Constraint (32) ensures that the maximum data collection time of the BS from the sink and relay sensors located in a
subregion should not exceed the maximum defined time in the network.

D𝒾𝓈S𝒾𝕊𝜅

= min 2
ℜ2

ℜ

∫
0

E1 (r)𝒽 (𝜘, r)𝜘d𝜘. (33)

Equation (33) shows the minimum distance and energy consumption to the sink from the associated sensors in the
network. The terms used above are defined in Table 1.

4.6 Route recovery and new node joining
In designed scheme, each sensor node is capable of finding a new or inactive neighboring node in the SG. Initially, after
deployment, a new sensor node starts to broadcast a predefined number of neighbor discovery messages in its range in
a subregion in the SG. This neighbor discovery message contains the information such as node position information,
remaining energy, and identity in the network. After receiving the message accurately, a sensor node creates a new entry
for storing the information of the new sender node based on decreasing priority in the routing table. Then, it sends a
reply message to new sensor node with the information such as node identity, distance, residual energy, location, and
six single-digit bits to the sender node in the network. On receiving the reply message, the new sensor node creates a
routing table and stores the information of neighboring sensor nodes with decreasing priority based on FCFS mechanism.
Then, an acknowledgment message is sent by new sensor node equipped with the six single-digit bits information to
the neighboring sensors in the SG environment. Herein, the acknowledgment message has twofold purposes. First, it
guarantees successfully delivery of the messages, and second, it estimates the link quality between each pair sensors in
the harsh nature SG environment. Consequently, each receiver sensor node, by using a checksum mechanism, verifies
each bit of the message and updates information in the routing table with decreasing priority and sends a joining message
(𝒿ℴ_𝓂𝓈ℊ) to the new node in the network. Thus, at this stage, the new sensor node located in a subregion is the part of
the network. This entire information is forwarded to user/s located in a remote area by the sensors located in a subregion
in the network. In a subregion, the route construction process starts again in a case if the new sensor behaves as a data
packet forwarding node (ie, relay node) for its associated sensor node/s in the network. The entire route construction
process is same as discussed above in detail (see Section 4.5).

In designed scheme, each sensor node in a subregion periodically sends alive messages (𝒶𝓁_𝓂𝓈ℊ) to its neighboring
sensor nodes to discover an inactive or dead sensor node in the network. If a neighboring sensor node in a predefined
amount of time does not reply to the sender node during monitoring cycles, then it is assumed to be dead in the network.
This updated information is then forwarded to the remote user. After receiving information, a user sends a neighbor
discovery message only to the neighboring sensor nodes belonging to a subregion to confirm the sensor; either it is active
or inactive in the network. After receiving the messages accurately, the neighboring sensors start to communicate with the
inactive sensor node based on its location information by sending a predefined number of neighbor discovery messages
in a subregion in the network. The location information of the assumed inactive sensor node could be found in the
routing table since it is updated periodically in each round in the network. After a predefined amount of time, if at least
one neighboring node does not get any reply message from the inactive sensor node, then it is assumed to be dead, and
updated information is sent to the user. Then, based on the information received from the neighboring sensor nodes, the
user limited broadcasts a dead node message (𝒹ℯ_𝓂𝓈ℊ) only to the associated sensors in a subregion in the network. In
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a subregion, the route construction process starts again in a case if the inactive sensor was serving as a packet forwarding
node to its associated node in previous rounds in the network. The data path construction procedure is same as discussed
above in detail (see Section 4.5).

5 PATH LOSS MODEL AND SIMULATION PARAMETERS

The path loss model given in the work of Gungor et al45 is used because it provides more precise channel estimation results
compared with Nakagami model. The path loss model numerical can be illustrated as

γ(d)𝑑𝐵 = Pt–𝑃𝐿 (d0) − 10𝜂log10
d
d0

− X𝜎 − P𝜂. (34)

In addition, the performance evaluation of our designed scheme is measured by using a discrete-event network simu-
lator, namely EstiNet9.0,38 with the recent published bio-inspired routing scheme known as Energy and Quality Aware
Spectral Honey bee inspired Clustering (EQSHC)28 for SG applications. In fact, for real-time event monitoring applica-
tions, we compute the performance of our designed scheme in terms of PDR, which is measured as the ratio of generated
packets in the network to the packets received successfully at the sink. The data packet error rate is computed as the num-
ber of corrupted packets to the sum of packets received by the user/s in the network. The memory overflow data loss occurs
when a sensor node receives data packets from the neighboring sensor nodes higher than its maximum defined capacity
in the network. The congestion is the ability of sensor nodes to handle data traffic efficiently to avoid the bottleneck in
the network. The efficient memory usage is the characteristic of the sensors to manage and utilize their limited cache for
managing data packets to provide robust routing in the network. Throughput is measured as the sum of bits processed in
a defined time.46 Usually, it is computed as bits per second (bits/sec). From the source toward the destination, the remain-
ing energy after a successful packet transmission is known as residual energy, whereas the control message overhead is
the sum of messages required to control the entire routing process in the network. Herein, it is important to note that the
sum of energy consumed during data aggregation, idle listening, to keep sensor radios on, and data and control packets
reception and transmission is known as the energy consumption in the network. Finally, the time difference when a data
packet is sent by the source node and received at the sink along the shortest path is known as delay. In designed scheme,
in order to provide consistent results, we employ batch mean method47 for each data point with 96% confidence intervals
in the network. In our simulation study, a total of 500 sensor nodes were used for real-time SG event monitoring applica-
tions. The value for total number of male butterfly and female butterfly sensor nodes were set to 200 and 300 from a set
of 500 sensor nodes in the network. In addition, a set of near-optimal fittest broods associated to a butterfly after mating
process were set to 5 in the network. The detail of simulation and path loss model parameters value used in this study is
given in Table 2.

TABLE 2 Simulation and path loss model parameters value and description

Simulation Model Parameters Values Path loss Model Parameters Values

Initial sensor node energy 5 J Path loss at a reference distance do PL (dO)
Maximum hop distance 80 meters (m) Signal to noise ratio γ(d)
High transmission power 0.93Watts (W) Transmit power in dB Pt

Low transmission power 0.81 W Zero-mean Gaussian variables with standard deviation Xσ

Packet receiving power 0.05 W Path loss exponent η
Ideal listening 0.023 W Non–line of sight NLOS
Sleeping power 3 × 10−6W Noise power measured in dBm Pη

Data aggregation 0.015 W Path loss exponent (n) for both line of sight (LOS), NLOS 2.4, 3.5
Packet length 43 bytes Noise floor for both LOS, NLOS −87, −91
Topology Random Shadowing deviation (σ) for both LOS, NLOS 3.12, 2.92
Sensor data rate 250 kbit/second (s) Number systems/subsystems in a grid 100
Physical layer standard 802.11 g Number of electric grid towers 320
Set of simulations 53 The maximum distance between sinks 2 km
Area: 2D (length × width) (1600 × 800) m The maximum distance between nearest sink and BS 500 m
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FIGURE 2 Shows the packet delivery ratio vs number of round between 1 and 5000

6 PERFORMANCE ANALYSIS

Figure 2 shows that the total number of data packets delivered by each routing scheme to a user for real-time monitoring
events in the SG. It clearly shows that the PDR in both routing schemes increases with the increase in network size
between round numbers 1 and 5000. The PDR decreases rapidly when sensor nodes start to die in the ending rounds
between 4000 and 5000 in the SG. The rate of decreasing PDR is observed more in EQSHC than SIRP scheme in the SG.
The PDR of SIRP is reliant on offered events data traffic load and delivers information around 96.08% of the total initiated
data packets in the SG. On the contrary, the EQSHC delivers events data up to 91.12% of the total initiated data packets
to a user in the SG. The simulation studies reveal that the PDR in both routing schemes depends on the path selection
that is relatively stable, least congested, and in which the intermediate sensor nodes hold massive residual energy in the
SG. Moreover, it also depends on the number of intermediate nodes along a routing path since the excessive number
of sensor nodes increases the probability of memory-overran issues and corrupted data packets as revealed in Figures 3
and 4, respectively. This memory-overrun brings congestion management issues for relaying sensors nodes near to the
sink. Figure 5 clearly shows that the proposed scheme performs well in terms of congestion management compared with
EQSHC routing scheme in the SG. In addition, the PDR in both routing schemes is also affected by the excessive delay,
which directly depends on the network congestion along a data path from the source toward the destination in the SG.
Based on the simulation facts, we reveal a number of possible reasons that might cause in decreasing the PDR in EQSHC

FIGURE 3 Indicates the packet error rate vs number of rounds between 1 and 5000
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FIGURE 4 Depicts data loss rate vs node buffer size from 1 to 3.6 Mb

FIGURE 5 Expresses the congestion management vs number of sensor nodes between 1 and 500

routing scheme for real-time monitoring in the SG. First, we observe that the increase in sensing time decreases the false
alarm and misdetection probability with the expense of higher probability of false alarm, which directly affects PDR in
EQSHC in the SG. Second, most of the time, route failures in EQSHC result in low PDR due to frequent rerouting in the
network. This may possibly increase the time spent by witnessing the data packets in the cache of the originated sensor
node because the packets need to wait until a routing path is established in the network. Third, due to the lack of using
limited sensor node buffer size efficiently in EQSHC increases the probability of data packet loss in the network. Figure 4
clearly shows that as compared with EQSHC, the SIRP routing scheme performs better and significantly decreases the
packet loss rate in the network. Moreover, it also clearly shows that no packet loss is observed when the cache size is about
3.24 Mb in the network. At the same time, the packet loss rate was observed nearly 8.7% in EQSHC of the originated data
traffic in the network. Figure 6 clearly shows that EQSHC most of the time fails to utilizes limited sensor node memory
efficiently and thus results in data packet collisions, which directly affect the total packet delivery ratio.

Fourth, the superfluous multihop data transmission in EQSHC may help increase the coverage range of sensor network;
however, it causes excessive interference which increases the corrupted data packets in EQSHC compared with SIRP
during monitoring an event as shown in Figure 3. This reduces the packet delivery ratio and results in low network
throughput in EQSHC compared with SIRP in the SG. The network throughput profile of both EQSHC and SIRP routing
schemes is depicted in Figure 7. In EQSHC, the network throughput directly depends on the arrival rate of primary and
secondary user's activity in the network. The rate of secondary user's arrival to take the control channel for the desired
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FIGURE 6 Illustrates the efficient memory utilization vs number of sensor nodes between 1 and 500

FIGURE 7 Shows the network throughput vs number of sensor nodes between 1 and 500

throughput is found enormously slower in EQSHC routing scheme in the network. We observed a couple of reasons, which
may possibly be caused to decrease network throughput in high EQSHC during monitoring events rivaled to SIRP in the
SG. First, in EQSHC, the secondary connection data delivery time decreases due to not considering an appropriate ideal
probability of the available channel in the network. Second, in EQSHC, the data delivery time of the primary connections
is higher compared with the secondary connections, which lead to lower throughput, and increases the chance of tainted
data packets. Third, in EQSHC, with the increasing primary users, the probability of arrivals of primary users increases in
the transmission period of the secondary user, in turn, increasing the probability of interference, which leads to a decrease
in secondary user throughput more during monitoring events in the SG. Unlike EQSHC in SIRP, the data delivery time
increases because of taking into account the highly stable link between each pair of sensor nodes and thus results in high
network throughput than EQSHC routing scheme in the SG.

A detailed view of the network delay profile is shown in Figure 8. It clearly shows that the SIRP routing scheme achieves
lower network delay compared with EQSHC during forwarding packets from the source towards the destination in the
SG. In EQSHC, most of the time, due to the excessive intermediate hop counts, successful transmission becomes more
improbable on the selected routing path for during monitoring events in the SG. Herein, we expect that a certain num-
ber of packets become invalid because of not reaching a defined threshold time from the source toward the sink in the
network. During simulation studies, we noticed that this is due to increasing the route length caused by a large number
of intermediate hops compared with the SIRP in the SG. Studying the simulation facts, it is revealed that our proposed
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FIGURE 8 Indicates the network delay vs number of sensor nodes between 1 and 500

scheme uses near-optimal shortest paths from a source toward the sink in the network. Therefore, the designed scheme
leads to low network delay when compared with EQSHC for monitoring events in the SG as revealed in Figure 8. Note that
the delay in EQSHC during monitoring events is relatively superior when network size is small around 50 sensor nodes
in the SG. In addition, this lower delay behavior of SIRP is found more robust in large-size networks due to its unique
delay constraint requirements. One of the main reasons for the excessive delay in EQSHC is due to its cumulative hand-
off delay during monitoring events in the SG. Due to cumulative handoff delay in EQSHC, secondary users need to spend
excessive waiting time while changing its operating channel due to the high busy probability of the selected target chan-
nel. This handoff latency increases with the increase in time in EQSHC in the SG. Generally, when the distance between
each pair of sets of nodes is too low, it means that the receiver and transmitter nodes are very near to each other, which
might cause more intermediate hops count as in EQSHC. Sometimes, it may also lead to data paths looping in EQSHC,
which degrades the advantage of shortest-path routing in the network.

A detailed view of the residual energy profile of SIRP and EQSHC routing schemes is revealed in Figure 10. It clearly
shows that the residual energy profile of SIRP is superior compared with EQSHC routing scheme in the SG. This low
energy consumption leading to high network lifetime in SIRP for long-lasting events monitoring compared to EQSHC
in the SG. In the designed scheme, the entire sensor network is partitioned into two main groups based on geographical
locations of the sensor nodes to minimize the sensor buffer overflow, data delivery latency, and data traffic load to both
sinks. Then, each group is further divided into several subgroups so that the sensor nodes in the same group have the same
deadline of packet forwarding to the sink. These subgroups are divided based on the angle information computed by each
sink in the network. This minimizes the routing path length and unnecessary multihop packet forwarding, ie, data path
loops in the network. Moreover, this feature avoids interference issues and node buffer overflow due to narrow routing
packets over a set of sensor nodes with stable link quality in the network. In addition, a highly stable link between sensors
is computed by exchanging six single-digit bits in the SG environment. Thus, the cached data are immediately transmitted
to the associated sink as it acquires the medium in the SG. During the data forwarding phase, a next-hop relay sensor,
node along a routing path, is appointed based on its low transmission distance, higher residual energy, and link quality in
the network. However, after predefined iterations, a next-hop data forwarding sensor node is appointed by considering its
low transmission distance, high link quality, residual energy, and buffer overflow time in the network. This self-learning
ability of the designed scheme that is based on the prior history helps reduce a significant amount of data packets loss and
corrupted data packets in the network. Thus, during multihop packet transmission, each relay node, after receiving the
information from associated sensors, aggregates the information based on FCFS policy and forwards this data to next-hop
data forwarding sensor node nearer to the sink. This multihop data forwarding in a narrow routing path toward the sink
extremely minimize nodes energy consumption and balance the overall sensors remaining energy in the network.

In addition, the highly stable and reliable communication links between each pair of sensor node minimize the frequent
route failures in SIRP that result in low control message overheads compared with EQSHC as shown in Figure 9. Thus,
a notable sum of node energy is saved for extending the lifespan of the sensors in SIRP as sown in Figure 10. It clearly
shows that the control message overheads in SIRP are significantly less compared with EQSHC routing scheme in the SG.
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FIGURE 9 Illustrates the control message overhead vs number of sensor nodes between 1 and 500

FIGURE 10 Depicts the sensor node residual energy vs number of rounds between 1 and 5000 in the network

Therefore, it is extremely appropriate for sparse and highly dense sensor networks for the SG. In SIRP, the data collection
mechanism has a very small communication overhead since prior knowledge about neighbor existence is required with
extremely low control message retransmission in the network. On the other hand, in EQSHC, the need for more data
collection control messages leading to more packets collisions and consequently more retransmissions. Consequently, the
event-related aggregated data are directly uploaded to the sink for user inspection through short-distance communication
by a relay sensor in the network. After transmitting information, the sent data are immediately removed from the sensor
node cache to free memory for new event recordings. The next data transfer deadline of the sensor node is immediately
updated periodically by considering the previous history in the network. This mechanism avoids the excessive data packets
loss that occurs due to sensor buffer overflow and minimizes the data packets forwarding delay since the receiver is aware
of receiving data packets in the network.

The designed scheme also takes the benefit of shortest path multihop routing and appoints the near-optimal number of
hops by taking into account the minimum and maximum coverage range values from the source toward the destination
in the SG. This avoids excessive multihop and data path looping in SIRP even in highly dense and sparse deployment
in the SG. The designed scheme, due to its self-learning–based routing mechanism, significantly reduces the data packet
collision, data path loops, and delay due to appointing an optimal or near the optimal narrow path routing architecture
between a source and destination in the network. Moreover, the low distance data transmission over a set of relay nodes
in greedy manner improves the overall network lifetime in the smart grid. Herein, the O (𝓃) and O (𝜇 ·𝓃) indicate the
overall computed time complexity of the routing table and designed scheme, respectively. On the other hand, the overall
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computed time complexity of the EQSHC routing scheme is found as O
(
𝜇 ·𝓃2) in the network. The routing algorithm

computational time complexity is linear to 𝜇. Herein, 𝓃 and 𝜇 are the number of sensors information stored in the routing
table and number of initializations, respectively. In the case of a route breakdown due to a single or multiple nodes failure,
a next-hop data forwarding relay sensor with a secondary high value in the routing table is selected to convey data packets
than EQSHC in the network. Thus, it significantly saves sensor node energy by reducing the impact of communication
overheads to increase network lifespan than all other routing mechanism in the SG.

7 CONCLUSION

Inspired by the fourth industrial revolution and growing day-to-day energy demand, the conventional power grids are
currently being transformed into SGs. To this end, IoT and IWSNs are envisioned as key promising communication tech-
nologies for numerous SG applications to empower the SGI 4.0. However, despite several benefits, they have several
unique challenges caused by fading, multipath effects, equipment noise, and electromagnetic interference at different
protocol stack layers when deploying for SG monitoring and control applications in SGI 4.0. This results in hamper-
ing the two-way QoS communication requirements for wireless sensor networks-based SG applications. To tackle these
challenges, this article proposed an innovative self-optimized intelligent butterfly mating optimization data gathering
multihop routing scheme for wireless sensor networks-based smart grid applications. The designed bio-inspired rout-
ing scheme offers highly reliable multihop communication network architecture for QoS-aware information gathering
for WSN-based SG applications in SGI 4.0. The simulations extensively performed through a network simulator called
EstiNet 9.0 have revealed that the proposed scheme accomplishes its defined goals compared with existing routing
scheme designed for WSN-based applications with the expense of data redundancy in the network. As a future work,
the researchers may introduce a novel communication framework to guarantee diverse QoS-aware data gathering with
least data redundancy for various WSN-based SG applications. In addition, the experimental evaluation of the proposed
protocols in WSN testbeds is an important future research direction.
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