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The involvement of wireless sensor networks in large-scale real-time applications is exponentially growing. These
applications can range from hazardous area supervision to military applications. In such critical contexts, the

simultaneous improvement of the quality of service and the network lifetime represents a big challenge.

multiple mobile sinks energy consumption

| 1. Introduction

WSN (Wireless Sensor Networks) is a special case of Ad hoc networks &, broadly used in various applications
such as environment monitoring, object tracking, military surveillance, traffic control, healthcare, etc. A WSN is a
collection of large numbers of sensor nodes (SN) distributed over a geographic area to monitor certain
phenomena. Each sensor node is limited in processing capability, wireless bandwidth, battery, and memory
capacity. Mostly, it is difficult, even impossible, to recharge or change the battery, making energy consumption a

significant constraint of WSNs lifetime 2],

WSNSs have many advantages, and they are widely used due to their low cost, wireless communication capability,

energy efficiency, and scalability, and they are suitable for Real-time monitoring applications.

The SNs can sense, process, and transmit data either via multi-hop transmission or directly to a base station (BS).
The BS sends the collected data to a remote-control station through radio networks or satellite connections. WSNs
have unique features like autonomy, self-organization, and Ad-hoc infrastructure, which makes them ideal for

healthcare, smart cities, and environmental surveillance 23],

Since wireless communication requires significantly more power than other tasks, energy conservation is important
while designing routing protocols for WSNs. The clustering approach is one of the best techniques for reducing the
energy consumption of nodes. Therefore, instead of each node sending its collected data individually, first, sensor
nodes organize themselves into clusters, and then an elected cluster head (CH) sends all aggregate data to the

sink.

Clustering is used in WSNs for several important reasons, as it offers several benefits that contribute to the efficient

and effective operation of these networks, such as:
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» Energy Efficiency: As sensor nodes, WSNs are usually powered by batteries with energy resources clustering,
which plays a role in evenly distributing energy-intensive tasks like data transmission and aggregation among
the nodes. By assigning nodes as Cluster Heads (CHs) for collecting and aggregating data, non-CH nodes can

conserve energy and extend the network lifespan by operating in low-power modes for longer periods.

e Reduced Communication Overhead: In clustered WSNSs, the sensor nodes within a cluster typically transmit
collected data to their respective CH. The CH, then. Forwards the data to the base station or sink node. This
approach reduces communication distances within the network since data does not need to be transmitted to
the base station. Consequently, reduced communication distances lead to energy consumption and alleviate

network congestion.

» Scalability: With clustered WSNs, new nodes can easily join existing clusters as the network expands while CHs
efficiently route data towards the Base Station (BS). This allows for network expansion without impacting its

performance.

» Load Balancing: Cluster Heads are vital in distributing data collection tasks among sensor nodes within their
cluster. This ensures that no single node becomes overwhelmed with the responsibilities of gathering data. This
load-balancing technique plays a role in avoiding failures of nodes caused by excessive energy usage.
Additionally, clustering enhances the fusion of data, allowing for aggregation at the CH level. As a result,
redundant information collected by nodes is minimized, leading to the transmission of precise and concise data

to the base station.

» Prolonged Network Lifetime: The combination of reduced energy consumption, efficient communication, and

optimized data routing achieved through clustering significantly extends the overall network lifetime.

In large-scale WSNSs, coverage is one of the most important QoS metrics, and it refers to how well the SNs in the
network can monitor or sense the region of interest. Coverage directly impacts the ability of a WSN to fulfill its
intended purpose, which could be environmental monitoring, surveillance, or any other sensitive application. In
such a context, the battery replacement of large amounts of nodes is a labor-consuming work. Although the life of
WSNs can be prolonged through energy-harvesting (EH) technology, it is necessary to design an energy-efficient
routing protocol for energy harvesting, as an important part of nodes would be unavailable in the energy harvesting
phase. In this phase, a certain number of unavailable nodes would cause a coverage hole, affecting the WSN’s

monitoring function of the target environment.

In [ authors propose an adaptive hierarchical clustering-based routing protocol for EH-WSNs (HCEH-UC) to
achieve uninterrupted coverage of the target region through the distributed adjustment of the data transmission.
The proposal balances the energy consumption of nodes. Then, a distributed alternation of working modes is
proposed to adaptively control the number of nodes in the energy-harvesting mode, which could lead to

uninterrupted target coverage. The simulation results show that the proposed HCEH-UC protocol can prolong the
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maximal lifetime coverage of WSNs compared with the conventional routing protocol and achieve uninterrupted

target coverage using energy-harvesting technology.

Despite this, numerous challenges such as Quality of Services (QoS), efficiency of used energy, mobility, and
lifetime restrict the use of WSN. The QoS and energy consumption are relevant metrics used to assess the quality

of paths in any designed routing protocol in WSNs.

The Quality of Service (QoS) is defined by the International Telecommunication Union regulations (ITU-T Supp. 9
of E.800 Series) & as the totality of characteristics of a telecommunications service that bear on its ability to satisfy
stated and implied needs of the user of the service. Also, the QoE (Quality of Experience) is defined as the degree

of delight or annoyance of the user of an application or service (8.

QoS in WSN refers to the ability of the network to provide certain guarantees regarding latency, throughput, packet
loss, and reliability for different types of traffic. Since WSNs are typically deployed in harsh environments where
resources are limited, providing QoS is a hard task to resolve. However, it is essential to meet the application

requirements, such as monitoring critical infrastructure, conserving energy, and collecting data.

QoS is a very challenging subject, one of the big defis is how to guarantee QoS. In &, a new method for QoE
parameters prediction in an overall telecommunication system consisting of users and a telecommunication
network, based on QoS indicators’ values prediction, are overviewed. The presented results show the advantages
of the proposed overall model normalization techniques towards adequate prediction and presentation of QOE in

conjunction with QoS in the overall telecommunication systems.

Besides, the small battery energy is a major constraint for WSNs. As these nodes are typically deployed in remote
and inaccessible locations, recharging them is not feasible. Therefore, the energy resources of the sensors must
be used efficiently to prolong the network’s lifespan BIE. If the network’s topology is not variable and the sink
remains fixed, the energy distribution will be increasingly uneven over time. The network’s longevity is a crucial
evaluation standard used to assess its performance, and it is typically measured by determining the period when
the first node dies. Over the years, numerous routing protocols and algorithms have been suggested for energy-
efficient WSNs, but many of these works suppose that the sink is static R3] |y routing protocols based on
multi-hop communications, nodes close to the sink play a crucial role in transmitting data to other sensors. As a

result, their energy resources tend to deplete faster, resulting in the hot spots issue 141,

Routing protocols using clustering help sensors sense and reassemble data from the environment and transmit it to
the sink with minimum costs. By grouping nodes, clustering algorithms enhanced the performance of nodes and
their ability to send data. In cluster-based routing protocols, even cluster heads (CHs) located far away from the
sink are more likely to exhaust their battery reserves than those nearby since the needed hops for sending data
increase with the square of the distance 1218l Node deaths can disrupt the network topology, reduce sensing
coverage, and potentially result in a network partition, isolation of nodes, and loss of data. Additionally, in real-time

WSN applications, such as military zone monitoring, enemy surveillance, natural disaster tracking (e.g., seismic
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activities), and exploration of inaccessible areas, stringent quality-of-service constraints are essential. These
constraints include high data reliability, throughput network, low data delivery latency, and high communication

efficiency, apart from efficient energy usage.

Clustering technology is crucial in reducing the consumed power by attributing sensors to clusters based on
specific rules. The cluster features a set of CHs that act as relay nodes for other members within the group.
Clustering simplifies the network topology and mitigates the need for sensor-sink communications. Moreover, CHs
can leverage data fusion techniques to eliminate repetitive data, thereby lessening the CHs burden. A prominent
example of a routing protocol which uses clustering is the “low-energy adaptive clustering algorithm” (LEACH).

However, selecting CH in the LEACH is not optimal, and research work is needed to refine the protocol.

Moreover, mobile WSN (MWSN) is a novel variant of networks used in dynamic and mobile environments due to its
capacity for self-configuration. In large WSNs, the network can be logically portioned into sub-networks. Each one
has its mobile sink. Using mobile sinks is a highly effective approach for managing the imbalanced energy of
WSNs. WSNSs supporting mobile sinks typically deploy intelligent vehicles or robots to carry the sink, which can be
moved freely around the sensing field. The implementation of mobile sinks was suggested and evaluated to
address the imbalanced energy problem in WSNs [LZ[18][19][20][21][22][23]

Mobile sinks controlling region of interest (Rol) gather information from static sensors in one or multiple hops. A
significant advantage of multiple mobile sinks is that they can distribute the communication and computation load
across the network, reducing the burden on individual sensor nodes. This can significantly enhance the network
lifetime by mitigating the effects of energy depletion in specific nodes. Moreover, multiple mobile sinks can help
decrease data collection and transmission latency. By deploying sinks in different parts of the network, the time
taken to collect and transmit data from distant nodes can be significantly reduced. However, there are some
challenges in deploying mobile and multiple sinks. One such challenge is finding an optimal placement of sinks to
cover the entire network efficiently. Also, the synchronization of mobile and multiple sinks can be complex. In
conclusion, deploying multiple mobile sinks in a WSN is a promising approach for achieving better efficiency,
network lifetime, and data collection, but it requires careful deployment and synchronization to realize its full

benefits.

2. Multiple Mobile Sinks in Large-Scale Wireless Sensor
Networks

In 24 a scheme for maximizing the longevity of WSNs utilizing a movable sink was suggested to manage the
delays in delivering data. Each node has a range of tolerance for delay, within which it does not need to instantly
transmit data when it is available. Instead, the node can keep data in storage for a while and transfer it at the
appropriate time, i.e., when the mobile sink is at an optimal location to lengthen the network’s useful functioning

duration.
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Moving sink nodes is among the viable ways used to extend the lifetime of the network. As pointed out in 22, this
technique can significantly improve network durability. In 2827 the authors delve further into using numerous
mobile sinks to enhance energy efficiency and network longevity. In another study (28 a joint optimization
assessment to optimize the network lifetime using mobile sinks is performed by determining K-optimal trajectories

and scheduling of sojourn time per position while abiding by the given constraints by sensors and mobile sinks.

Hence, mobility is a prevalent approach for mitigating hotspots’ issues and extending the lifetime of multi-hop WSN
routing, as highlighted in 22, Other studies, such as %, highlight the impact of using mobile sinks on power usage
and longevity by selecting optimal sink node numbers and parking positions. In 21, a network restructuring process
is proposed by modifying the adjacent nodes of a sink to optimize the lifetime and balance the power usage among

sinks.

By ensuring that the total energy of the sink is below a specific threshold, only a set of selected nodes are
connected, which enhances the network lifespan. Research in 2 highlights the benefits of using mobile sinks to
prolong network life by randomly deploying nodes in a square area or pre-defined rectangular or hexagonal grids.

The hexagonal grid deployment strategy is particularly effective since it maintains coverage and connectivity.

In the previously discussed studies, authors highlight only the issues of energy consumption with multi-hop routing,
considering some fixed or mobile sinks to reduce energy and improve network lifetime. However, do not give
importance to ever-increasing QoS criteria, especially in real-time constraint applications. Since such routing
already suffers from an exhilarating node energy consumption and a huge data delivery delay due to the transfer of

data between nodes until reaching the BS in multi-hop traveling.

Recently, there has been a significant interest in the development of cluster-based and power-efficient mobile
protocols for routing. One such protocol, the “Energy-efficient Cluster-based Dynamic Routing Algorithm” (ECDRA)
331 involves deploying a mobile sink attached to a sensor that rotates circularly to dynamically change the topology
of the network in response to the sink’s position. However, LEACH 141 is a well-known hierarchical routing protocol
differentiating CHs from normal nodes (ONs). ONs transfer their data to the appropriate CHs, which collectively
transmit the data to BS. While LEACH is more effective than classical routing protocols at increasing network
lifetime, the random selection of CHs can result in uneven distribution and flow between the BS and the CHs,

leading to higher energy consumption.

In B4 a framework that enhances energy efficiency and the QoS for WSN is presented. The introduced hybrid
technique utilizes a fitness function that considers key performance indicators like the number of neighbors, the set
of sensors for each cluster, and how long each node remains the CH. This fitness is integrated with a probability
threshold function to influence the procedure of selecting CHs. Compared to previous homogeneous protocols
such as LEACH, the proposed method maintains optimal CH selection more stably throughout network operation.
Furthermore, compared with heterogeneous protocols like “Developed Distributive Energy-Efficient Clustering and
Enhanced Developed Distributive Energy-Efficient Clustering”, the proposed protocol displays superior

performance regarding the WSN lifetime, power usage, and throughput. However, this suggested routing algorithm
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should offer more privacy and security features. Moreover, to prove its consistency, this paradigm should be tested

in a real-world context.

The authors of 33 introduced an evaluation technique to compare the “Secure Mobile Sink Node Location Dynamic
Routing Protocol” (SMSNDRP) with another algorithm named “routing protocol with K-means for forming Data
Gathered Path” (KM-DGP). The application of these two algorithms was on networks with Mobile Sinks of various
sizes. QoS and power usage are used to assess the quality of routes and energy consumption patterns of both
routing protocols on small (with single and multiple mobile Sinks) and large networks. The proposed evaluation
technique is implemented on NS3 using five different scenarios. The findings suggest that compared with KM-DGP,
SMSNDRP shows improved network energy consumption on small, single networks. In contrast, for larger
networks with sixteen mobile Sink nodes or more, KM-DGP displays comparatively better network energy

consumption than SMSNDRP with four mobile sink nodes.

The study in B8l introduces a new high-performance communication protocol for routing packets using multiple
mobile nodes. The protocol relies on four main features: assessment of packet delays, independent control of link
guality and choosing active neighbors of the nodes. Simulation studies on this protocol show that the latter

improves the packet forwarding rates, reduces power usage, and shortens average delays.

The authors in 7 presented a clustering paradigm for MWSN. Their technique involves introducing super cluster
heads (SCH) that are static and efficient sensors within the MWSN to gather CH data from CHs. Combining SCHs
with the “Minimum Transmission Energy” (MTE) protocol reduces the distance required to transfer data from CH to
BS, ultimately improving energy efficiency. Under this approach, data is first transmitted from CH to SCH and then

forwarded to BS. This new technique promises to enhance the network performance further.

Another study in B8] introduces a new energy-efficient routing system that employs clustering and sink mobility
techniques. The authors propose a two-step approach that involves classifying the region of interest (Rol) into
sectors and selecting a CH for each sector based on the weight of each node member. Afterwards, each member
calculates the power usage of numerous routing paths and selects the most energy-efficient option. Finally, CHs
are linked in a chain via a greedy strategy for inter-cluster connectivity. The findings show, as demonstrated
through simulations that this new routing strategy is better than similar approaches, like “Cluster-Chain Mobile
Agent Routing” (CCMAR) and “Energy-efficient Cluster-based Dynamic Routing Algorithm” (ECDRA).

According to a recent study B2, an auto-schedule routing algorithm relying on 10T connections was introduced to
enhance the power usage of Software-defined networking (SDN) controlled embedded networks. The algorithm
starts by constructing the “Neighbor Distance Discovery Protocol”, which identifies the “minimum depletion path” by
locating the closest node to the BS. Next, the algorithm executes the “Multipath Cooperative Self-Scheduling
Protocol” to establish a non-traffic route. Additionally, the algorithm involves the routing communications of each
0T object in building the routing medium. It computes the average packet loss rate, node response rate, energy
consumption, sensor absorption rate, and transmission delay. Finally, the algorithm employs the “Lifetime Duty

Cycled Energy Efficient Protocol” to determine the network threshold latency and energy limits.
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The research discussed in 9 explores the latest routing algorithms used in sensor networks and proposes
strategies for their development. This study highlights recent advances in the strategy used to reduce the energy
required for information transmission. One key concern for I0T, which has gained much attention, is the energy
requirements to extend the lifespan of 0T networks. One of the approaches that has gained traction is the design

of routing protocols that minimize energy consumption during data transmission.

In recent studies, optimization paradigms have been utilized to address the energy issues in WSNs by means of an

energy-efficient multi-objective criterion as follows:

The proposed clustering and optimization-based routing approach in 41l is used to improve the power efficiency
and prolong the lifespan. The selection of CH is achieved in parallel with the minimization of power usage, which
effectively reduces dead sensor nodes. The use of the “Sailfish optimizer algorithm” for optimal path selection also
enhances the energy efficiency of data transmission between CH and BS. However, the study does not consider
the node mobility in the proposed approach. In WSNs, nodes can move frequently due to environmental conditions
or other factors. Hence, the network’s topology varies, which may affect the performance of routing algorithms.
Future research could address this limitation by incorporating mobility models into the proposed approach to

improve its adaptability to dynamic network conditions.

Moreover, some studies have attempted to enhance the network power usage and its lifespan via various
optimization algorithms such as the PSO algorithm 2 bio-inspired ant colony 43, etc. Another research 44

introduced a hybrid ACO-PSO routing paradigm that employs mobile sinks to reduce overall power usage.
Hence, the research gap can be summarized as follows:

Despite the potential benefits of using multiple mobile sinks in WSNs, research gaps should be addressed in this
domain. One of the significant gaps is the establishment of performant and robust routing paradigms for multiple
mobile sinks since routing protocols determine the efficiency of WSNs. The challenge of multiple mobile sinks is to
design a routing protocol to handle the changing positions of sinks and ensure efficient data delivery. Current
routing protocols used for multiple mobile sinks are based on centralized approaches, which can lead to scalability
issues and network congestion. Another research gap is related to the synchronization of mobile multiple sinks.
When multiple sinks move in the Rol, it can be challenging to ensure that they are synchronized in terms of their
locations and data collection schedules. Synchronization is essential to avoid collisions and ensure efficient data

collection.

Furthermore, the deployment methodology of multiple mobile sinks is another area where research is needed.
Identifying an optimal number of mobile sinks, their placement, and their trajectories requires sophisticated
algorithms and optimization techniques. Overall, the research gaps regarding using multiple mobile sinks in WSNs
include establishing scalable and high-performance routing protocols, synchronization techniques, and optimal

deployment methods that can enable efficient and reliable data collection in large-scale WSNSs.
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QoS in WSNs has been an interesting research topic in recent years. Many WSN real-time-based applications
require the support of QoS. However, the development of sensor networks needs to consider various factors such
as fault Tolerance, resource allocation, adaptive routing, data reliability, Real-time communication, scalability, and

energy efficiency 42]146],

Addressing these QoS challenges in WSNs often involves a combination of hardware and software solutions,
including efficient protocols, energy-efficient algorithms, and adaptive strategies suitable to the specific application
requirements. Researchers continue to develop innovative approaches to overcome these challenges and enhance

the performance of WSNs in various domains [4Z148],

Data aggregation is a method to effectively reduce the data transmission volume and improve network lifetime.
However, the data waiting for processing in the queue are subject to an extra delay. In Ref. 44 the authors
propose an Adaptive Aggregation Routing (AAR) scheme to avoid this problem by dynamically changing the
forwarding node according to the length of the data queue and balancing the aggregating and data-sending load.
Simulation results demonstrate that compared with the existing schemes, the proposed scheme reduces the delay

by 14.91%, improves the lifetime by 30.91%, and increases energy efficiency by 76.40%.

Coverage is a fundamental QoS metric in WSNs that assesses the ability of the network to adequately monitor a
target area. It involves careful node deployment sensing range configuration and may require adaptation strategies
to maintain coverage over time. In 48, authors propose an energy-efficient clustering routing protocol based on a
high-QoS node deployment with an inter-cluster routing mechanism (EECRP-HQSND-ICRM) in WSNs. The new
protocol introduces a node deployment strategy based on twofold coverage. The proposed strategy divides the
monitoring area into four small areas centered on the base station (BS), and the CHs are selected in the respective
cells to satisfy the uniformity of the CHs distribution. The simulation results show that, compared with the general
node deployment strategies, the deployment strategy of the proposed protocol has higher information integrity and

validity and lower redundancy.

One of the important challenges is the uncertainty of the service of requests. Recently, intuitionistic fuzzy
estimations of the QoS have been proposed, such as in this work 9 where three intuitionistic fuzzy
characterizations of virtual service devices are specified: intuitionistic fuzzy traffic estimation, intuitionistic fuzzy
flow estimation and intuitionistic fuzzy estimation about probability. Six intuitionistic fuzzy estimations of the
uncertainty of comprise service devices are proposed. The proposed uncertainty estimations allow for the definition
of new Quality of Service (QoS) indicators. They can determine the quality-of-service compositions across a wide

range of service systems.
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