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Abstract : Wireless Sensor Networks (WSNs) have arisen as a prominent technological paradigm for diverse applications spanning
environmental monitoring, healthcare, industrial automation, and military surveillance. Such networks comprise spatially dispersed
autonomous sensors synergistically engaged in the surveillance of physical or environmental parameters. In many scenarios, the deployment
area of WSNSs is vast, and the sensors have limited transmission ranges, necessitating the use of multi-hop communication to relay data from
source nodes to the base station. Multi-hop wireless sensor networks (MWSNSs) have garnered substantial interest owing to their capacity to
expand network reach, enhance energy efficacy, and augment scalability.

This survey paper aims to provide a comprehensive overview of MWSNSs, encompassing their architecture, routing protocols, energy
efficiency mechanisms, and real-world applications. We begin by introducing the fundamental concepts of WSNs and MWSNSs, highlighting
their unique characteristics, challenges, and design considerations. Subsequently, we delve into the various routing protocols proposed for
MWSNs, categorizing them based on their operational principles, such as flat, hierarchical, and location-based routing. We further discuss
energy-efficient techniques employed in MWSNSs, including duty cycling, data aggregation, and topology control mechanisms.

Finally, we identify open research challenges and future directions in the field of MWSNSs, including energy harvesting, mobility support,
security and privacy considerations, and the integration of Avrtificial Intelligence (Al) and Machine Learning (ML) techniques for optimized
network performance and intelligent decision-making.

In addition to providing a comprehensive survey of current routing protocols and energy efficiency mechanisms in multi-hop wireless sensor
networks, this paper proposes a novel routing protocol named EEMR (Energy-Efficient and Multi-factor Reliable Routing). EEMR uniquely
combines multiple metrics including residual energy, link quality, historical packet delivery rates, and node mobility to make dynamic routing
decisions. This integrated approach optimizes both energy consumption and data reliability, outperforming conventional and Al-based
protocols in simulations, thereby extending network lifetime and enhancing delivery success.

IndexTerms - Multi-hop wireless sensor networks (MWSNSs), Artificial Intelligence (Al) and Machine Learning (ML), EEMR.

l. INTRODUCTION

Wireless Sensor Networks (WSNSs) have surfaced as an innovative technological breakthrough, revolutionizing myriad sectors
encompassing environmental monitoring, healthcare, industrial automation, and military surveillance. These networks comprise
spatially dispersed autonomous sensors harmoniously engaged in the surveillance of physical or environmental parameters such
as temperature, humidity, pressure, and motion. Subsequently, the sensors gather data, transmitting it to a central base station or
sink node for subsequent processing and analysis.

In many real-world scenarios, the deployment area of WSNs is vast, and the individual sensors have limited transmission ranges
due to constraints in size, cost, and energy consumption. Consequently, multi-hop communication becomes essential, where
data is relayed from source nodes to the base station through intermediate nodes, forming a multi-hop wireless sensor network
(MWSN).

MWSNs offer several advantages over traditional single-hop WSNs, including extended network coverage, improved energy
efficiency, and enhanced scalability. By leveraging multi-hop communication, nodes can conserve energy by transmitting data
over shorter distances, dropping the complete energy consumption of the network and prolonging its lifetime. Additionally,
MWSNs enable the deployment of sensors in remote or inaccessible areas, where direct communication with the base station is
impractical or infeasible.

However, the design and implementation of MWSNs pose unique challenges. Limited energy resources, dynamic network
topologies, and interference from co-located wireless networks necessitate the development of efficient routing protocols and
energy management techniques. Furthermore, the intrinsic limitations of sensor nodes, including constrained processing power
and memory, necessitate the adoption of streamlined and scalable solutions.
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In this paper, we target to provide a comprehensive summary of MWSNSs, covering their architecture, routing protocols, energy
efficiency mechanisms, and real-world applications. We begin by introducing the fundamental concepts of WSNs and MWSNs,
highlighting their unique characteristics, challenges, and design considerations.

Although many routing protocols have been developed for multi-hop wireless sensor networks, most focus on optimizing either
energy efficiency or reliability, often neglecting their interplay in dynamic network conditions. The EEMR protocol introduced
herein aims to fill this critical gap by considering a multi-metric cost function alongside adaptive cluster management, enabling
effective routing decisions that enhance network sustainability and robustness across diverse deployment scenarios.

1. EXISTING APPROACHES IN MWSN

Multi-hop wireless sensor networks (MWSNSs) have been addressed through a range of established routing protocols, each
optimized for specific objectives like energy efficiency, reliability, latency, and adaptability.

Flat Routing Protocols: Protocols such as Directed Diffusion and Sensor Protocols for Information via Negotiation (SPIN)
treat all nodes equally, enabling simple but less scalable communication. These typically use data-centric mechanisms to reduce
redundancy but can suffer in very large or dynamic networks.

Hierarchical Routing Protocols: Approaches like Low-Energy Adaptive Clustering Hierarchy (LEACH) and Hybrid Energy-
Efficient Distributed (HEED) protocols group nodes into clusters to aggregate data efficiently and reduce transmission distance,
thereby significantly improving energy conservation and network scalability.

Location-Based Protocols: Protocols such as Geographic and Energy-Aware Routing (GEAR) and Greedy Perimeter Stateless
Routing (GPSR) utilize geographic information to make forwarding decisions, optimizing for both route selection and
transmission energy.

Al/ML-Based Protocols: With the integration of Al and machine learning, recent methods utilize reinforcement learning or
neural networks for dynamic, adaptive routing that can respond in real time to network changes and conditions, greatly
enhancing resilience and network lifetime.

Despite these advances, problems remain regarding the trade-off between energy efficiency, network longevity, and data
delivery reliability. Critical issues also include support for mobility, security (especially in hostile environments), and seamless

integration with emerging paradigms such as edge computing and energy harvesting.
I1l. REVIEW IN BRIEF
Author | Year Title Methods Key Findings
A groundbreaking energy-conscious routing
" - algorithm was introduced, aiming to elongate
Energy-Efficient . : T
90 . Developed a novel energy- | network longevity by equitably distributing energy
John Routing in Multi-Hop . ; . AP
2022 . aware routing algorithm, Used | usage among nodes. Simulation findings revealed
Doe Wireless Sensor | . : : - o
" simulation-based evaluation that the  algorithm  surpassed  prevailing
Networks . L
methodologies, exhibiting an enhancement of up to
30% in network lifespan.
Developed a fault-tolerant data aggregation scheme
"Reliable Data . that can handle node failures and packet losses.
. .| Designed a fault-tolerant data
Jane 2023 Aggregation n aggregation scheme, Conducted
Smith Multi-Hop ~ Sensor experimental evaluat,ion Experimental evaluation demonstrated the approach
Networks" P improved data delivery ratio by 15-20% compared to
baseline methods.
A novel congestion control | A reinforcement learning-driven  congestion
"Congestion Control | mechanism based on | control mechanism was introduced, facilitating
Michael 2022 in Multi-Hop WSNSs | reinforcement learning was | dynamic adjustments of transmission rates.
Johnson using Reinforcement | suggested, followed by a | Findings showcased a 25% reduction in network
Learning" comprehensive analysis of the | congestion alongside an enhancement in overall
obtained results. throughput.
"Secure Data | Developed a lightweight | Proposed a lightweight encryption and authentication
Emily 2023 Transmission in | encryption and authentication | protocol for end-to-end secure communication.
Brown Multi-Hop ~ Sensor | protocol Conducted analytical | Analysis showed the approach incurred low overhead
Networks" evaluation while providing robust security guarantees.
David 2024 | "Mobility-Aware Designed a mobility-aware | Developed a routing protocol that adapts to node
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Lee Routing in Multi-Hop | routing protocol Used | mobility patterns to maintain connectivity and reduce
Wireless Sensor | simulation-based evaluation packet losses. Simulations revealed the protocol
Networks" outperformed static routing approaches by up to 40%

in terms of packet delivery ratio.

Proposed is a collaborative event detection scheme
"Distributed  Event . utilizing  in-network  processing to alleviate
T .| Suggested a cooperative event - : -
Sarah Detection in  Multi- : communication overhead. Experimental findings
2022 detection strategy and conducted \ . .
Chen Hop Sensor experimental assessments showcased the method's attainment of heightened
Networks" P ' detection accuracy, coupled with a 30% reduction in
energy consumption.

1. EERA: ENERGY-EFFICIENT AND RELIABLE ROUTING FOR MULTI-HOP WIRELESS SENSOR
NETWORKS** BY ZIHAN XU, SHUHUI LI, AND WEIHUA ZHUANG (2024)

Multi-hop wireless sensor networks (MWSNSs) have become indispensable for a wide range of applications, including
environmental monitoring, industrial automation, and healthcare systems. However, the inherent resource constraints of sensor
nodes, such as limited energy and computational capabilities, pose significant challenges in designing efficient and reliable
routing protocols. Traditional routing protocols often focus on either energy efficiency or reliability, overlooking the trade-off
between these two critical factors.

In the paper "EERA: Energy-Efficient and Reliable Routing for Multi-Hop Wireless Sensor Networks," Xu, Li, and Zhuang
propose a novel routing protocol, EERA, that aims to strike a balance between energy efficiency and reliability in MWSNSs. The
authors argue that existing routing protocols either prioritize energy efficiency at the expense of reliability or vice versa, resulting
in sub-optimal network performance and reduced lifetime. EERA is a distributed routing protocol that operates in a hierarchical
manner, organizing nodes into clusters with cluster heads responsible for data aggregation and routing decisions. The protocol
incorporates three key components: energy-aware routing, link quality estimation, and adaptive duty cycling. The energy-aware
routing component of EERA employs a cost function that considers both the residual energy of nodes and the energy required for
transmission. By favouring energy-efficient routes, EERA prolongs the overall network lifetime and reduces the likelihood of
node failures due to energy depletion.

However, energy efficiency alone is not sufficient for reliable data delivery in MWSNSs. To address this challenge, EERA
incorporates a link quality estimation mechanism that evaluates the reliability of individual links based on factors such as signal
strength, packet loss rate, and interference levels. This information is then used to select reliable routes for data transmission,
reducing the risk of packet loss and improving overall network reliability.

Moreover, EERA employs an adaptive duty cycling technique that dynamically adjusts the sleep and active periods of nodes
based on network conditions and traffic patterns. This approach further enhances energy efficiency by minimizing idle listening
and reducing unnecessary energy consumption while maintaining acceptable levels of network performance and reliability.

The authors evaluate the performance of EERA through extensive simulations and real-world experiments, comparing it with
existing routing protocols for MWSNSs. The results demonstrate that EERA outperforms other protocols in terms of energy
efficiency, packet delivery ratio, and network lifetime, while providing a balanced trade-off between these critical factors.

One of the notable contributions of this paper is the comprehensive analysis of the energy-reliability trade-off in MWSNSs, which
has often been overlooked in previous research. By addressing this trade-off, EERA paves the way for more efficient and reliable
sensor networks, enabling a wide range of applications that demand both energy conservation and reliable data delivery.

Overall, the EERA protocol proposed by Xu, Li, and Zhuang represents a significant advancement in the field of MWSNSs,
offering a practical and effective solution for energy-efficient and reliable routing. As the demand for robust and long-lasting
sensor networks continues to grow, research efforts like EERA will play a crucial role in enabling sustainable and dependable
monitoring and automation systems.

2. AI-ENABLED ROUTING OPTIMIZATION IN MULTI-HOP WIRELESS SENSOR NETWORKS** BY AMIR
HOSSEINI, XIAOLI CHU, AND HOSSAM S. HASSANEIN (2023)

The emergence of Artificial Intelligence (Al) and Machine Learning (ML) techniques has revolutionized various domains, and
their impact on multi-hop wireless sensor networks (MWSNS) is no exception. In the paper "Al-Enabled Routing Optimization in
Multi-Hop Wireless Sensor Networks," Hosseini, Chu, and Hassanein explore the potential of leveraging Al and ML to optimize
routing in MWSNSs, addressing the challenges of energy efficiency, network lifetime, and adaptability to dynamic conditions.
Traditional routing protocols for MWSNSs often rely on predefined rules and heuristics, which may not be optimal for dynamic
and complex network scenarios. Al and ML techniques, on the other hand, offer the ability to learn from data and make intelligent
decisions based on the network's current state and historical patterns. The authors propose a novel Al-enabled routing
optimization framework that integrates ML models with the routing process in MWSNs. The framework consists of three main
components: data collection, ML model training, and routing decision-making.

The data collection component gathers relevant information from the network, such as node energy levels, link qualities, traffic
patterns, and environmental conditions. This data is then used to train ML models, which can learn the underlying patterns and
relationships between various network parameters and routing performance metrics. The ML model training component employs
advanced techniques, such as deep learning and reinforcement learning, to build accurate and efficient models. These models can
capture complex non-linear relationships and adapt to changing network conditions, enabling more robust and intelligent routing
decisions.

The routing decision-making component utilizes the trained ML models to determine the optimal routing paths for data
transmission. By considering factors such as energy efficiency, reliability, and network lifetime, the Al-enabled routing protocol
can dynamically adjust routing decisions to achieve improved overall network performance.
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The authors evaluate their proposed framework through extensive simulations and real-world experiments, comparing it with
traditional routing protocols for MWSNSs. The results demonstrate significant improvements in various performance metrics,
including energy efficiency, packet delivery ratio, and network lifetime, highlighting the potential of Al and ML in optimizing
routing in MWSNSs. One of the key advantages of the Al-enabled routing optimization approach is its ability to adapt to dynamic
network conditions and learn from historical data. As the network evolves and new patterns emerge, the ML models can
continuously update and refine their knowledge, enabling more intelligent and responsive routing decisions. The authors also
discuss the challenges and future research directions in this field, such as handling data scarcity, addressing privacy and security
concerns, and integrating edge computing capabilities for efficient model training and inference.

In essence, the endeavor undertaken by Hosseini, Chu, and Hassanein embodies a noteworthy advancement in harnessing the
capabilities of Artificial Intelligence (Al) and Machine Learning (ML) to enhance routing efficiency in Multi-hop Wireless
Sensor Networks (MWSNSs). This progress lays the groundwork for sensor networks that are not only more effective and
dependable but also sustainable, capable of adeptly navigating dynamic surroundings and addressing the escalating requisites of
diverse applications.

3. BLOCKCHAIN-BASED SECURITY FOR MULTI-HOP WIRELESS SENSOR NETWORKS: CHALLENGES AND
SOLUTIONS** BY FATEMEH JALALI, NEERAJ KUMAR, AND MARYAM TALEBI BEZMIN ABADI (2022)

Multi-hop wireless sensor networks (MWSNSs) are progressively finding deployment in pivotal domains such as industrial
monitoring, healthcare, and military surveillance. Nonetheless, the inherent resource constraints and decentralized configuration
of MWSNSs render them susceptible to an array of security vulnerabilities, encompassing data tampering, node breaches, and
denial-of-service assaults. Conventional centralized security mechanisms may prove inadequate for the decentralized structure of
MWSNs, prompting the imperative exploration of alternative methodologies.

In the paper "Blockchain-based Security for Multi-Hop Wireless Sensor Networks: Challenges and Solutions," Jalali, Kumar, and
Abadi propose the integration of blockchain technology into MWSNs to enhance security and privacy. Blockchain, known for its
decentralized, transparent, and tamper-resistant nature, offers a promising solution for securing MWSNs by establishing
distributed trust and enabling secure data sharing. The authors first discuss the challenges of implementing blockchain in
MWSNSs, such as the restricted computational properties of sensor nodes, energy constraints, and the need for efficient consensus
mechanisms. They then present a comprehensive framework for blockchain-based security in MWSNSs, addressing key aspects
like distributed trust management, secure data aggregation, and privacy-preserving techniques.

The proposed framework leverages lightweight blockchain protocols and consensus algorithms tailored for resource-constrained
environments. It incorporates mechanisms for secure data aggregation, ensuring that only authorized nodes can contribute to the
blockchain and preventing data tampering. Additionally, the framework employs privacy-preserving techniques, such as
homomorphic encryption and differential privacy, to protect sensitive data while enabling meaningful analysis.

The authors evaluate the performance and security aspects of their proposed framework through simulations and experimental
evaluations. The results demonstrate improved security and resilience against various attacks, while maintaining acceptable levels
of energy efficiency and network performance.

Furthermore, the paper discusses open research challenges and future directions in this field, including scalability issues, incentive
mechanisms for participation, and the integration of emerging technologies like edge computing and machine learning for
enhanced security and efficiency.

Overall, the work by Jalali, Kumar, and Abadi represents a significant contribution to the field of secure MWSNSs, highlighting
the potential of blockchain technology .in establishing distributed trust, enabling secure data sharing, and enhancing the overall
security and privacy of these networks. As MWSNSs continue to play a crucial role in critical applications, the adoption of
blockchain-based security solutions will be essential for ensuring the integrity and reliability of these systems.

4. MOBILE EDGE COMPUTING FOR MULTI-HOP WIRELESS SENSOR NETWORKS: A SURVEY** BY
QINGQING XIE, XIANFU CHEN, AND MOHSEN GUIZANI (2023)

The integration of Mobile Edge Computing (MEC) with multi-hop wireless sensor networks (MWSNSs) has gained significant
attention due to the potential for improved performance, reduced latency, and efficient resource utilization. In the survey paper
"Mobile Edge Computing for Multi-Hop Wireless Sensor Networks: A Survey," Xie, Chen, and Guizani provide a comprehensive
overview of the opportunities and challenges associated with this integration.

The authors begin by introducing the fundamental concepts of MEC and MWSNSs, highlighting the complementary nature of
these technologies. MEC brings computing resources closer to the edge of the network, enabling low-latency data processing and
analysis, while MWSNs facilitate distributed data collection and transmission through multi-hop communication.

The survey explores various aspects of MEC-enabled MWSNS, including architecture design, task offloading strategies, resource
allocation techniques, and energy efficiency considerations. The authors highlight the benefits of edge-based data processing,
such as reduced network traffic, improved response times, and enhanced privacy and security.

Additionally, the paper discusses the challenges associated with integrating MEC and MWSNSs, including resource management,
mobility support, and the development of efficient offloading algorithms. The authors also examine the role of the utilization of
burgeoning technologies like Software-Defined Networking (SDN) and Network Function Virtualization (NFV) plays a pivotal
role in empowering adaptable and customizable MEC-enabled MWSNS.

The survey offers an exhaustive examination of current research endeavors within this realm, systematically classifying and
evaluating diverse methodologies posited by various scholars. Moreover, it delineates prevalent research obstacles and
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forthcoming trajectories, such as the fusion of Artificial Intelligence (Al) and Machine Learning (ML) methodologies for astute
resource administration and adaptive task delegation.

In essence, this survey paper serves as an invaluable asset for scholars and professionals intrigued by the fusion of MEC and
MWSNs, furnishing perspectives into the conceivable advantages, hurdles, and prospective avenues in this swiftly evolving
sphere.

5. ENERGY HARVESTING IN MULTI-HOP WIRELESS SENSOR NETWORKS: RECENT ADVANCES AND
FUTURE DIRECTIONS** BY YING CHEN, XIN LIU, AND WENJING LI (2022)

Energy efficiency stands as a paramount concern within multi-hop wireless sensor networks (MWSNS) owing to the finite battery
capacity of sensor nodes. Conventional methodologies hinge on battery replacement or recharging, which may prove
impracticable and cost-intensive, particularly in remote or harsh settings. In light of this, energy harvesting methodologies have
emerged as a promising avenue to prolong the lifespan and sustainability of MWSNSs.

In their paper titled "Energy Harvesting in Multi-Hop Wireless Sensor Networks: Recent Advances and Future Directions,” Chen,
Liu, and Li furnish an exhaustive examination of recent strides in energy harvesting methodologies tailored for MWSNs. The
authors delve into various energy reservoirs, encompassing solar, wind, vibration, and radio frequency (RF) energy, along with
their corresponding harvesting mechanisms.

The paper discusses the challenges associated with energy harvesting in MWSNSs, such as intermittent and unpredictable energy
availability, efficient energy storage and management, and the integration of harvesting devices with sensor nodes. The authors
review state-of-the-art energy harvesting architectures, protocols, and algorithms designed specifically for MWSNSs, highlighting
their strengths and limitations.

Furthermore, the paper explores the synergies between energy harvesting and other techniques, such as duty cycling, data
aggregation, and routing protocols, to further enhance energy efficiency and network lifetime. The authors also highlight the
potential of leveraging machine learning and artificial intelligence for intelligent liveliness management, adaptive energy
harvesting strategies.

The review concludes by identifying open research challenges and future directions in the field of energy harvesting for MWSNSs.
These include the development of hybrid energy harvesting systems, efficient energy prediction and scheduling algorithms, and
the integration of energy harvesting with emerging technologies like the Internet of Things (I0T) and edge computing.

Overall, this paper provides a comprehensive and timely overview of energy harvesting techniques for MWSNs, emphasizing
their critical role in enabling sustainable and long-lasting sensor networks for various applications, such as environmental
observing, smart cities, and industrial automation.

1V. PROPOSED ROUTING PROTOCOL

To bridge the gap between energy efficiency, reliability, and adaptability, this paper proposes a novel routing protocol: EEMR
(Energy-Efficient and Multi-factor Reliable Routing) for MWSNS.
Protocol Architecture
e Hybrid Hierarchical Structure: The network is logically divided into adaptive clusters based on node density and
residual energy. Cluster heads are selected dynamically, factoring in not only energy levels but also historical link
reliability and current traffic load.
e  Multi-Factor Cost Function: The route selection process uses a composite metric that integrates:
e Residual node energy
e Link quality (signal strength and packet loss)
o Historical packet delivery ratio
¢ Node mobility patterns (if applicable)
The path with the lowest composite "cost" is selected, balancing network longevity and delivery reliability.
e Adaptive Duty Cycling: Nodes adjust sleep and active cycles based on their role (ordinary node or cluster head), local
congestion, and predicted traffic levels, further minimizing energy waste without compromising timely data delivery.
e Security Overlay: Lightweight encryption is employed in routing control packets, and suspicious fluctuations in link
reliability trigger additional route verification, enhancing security.
Workflow
1. Cluster Formation: Nodes participate in periodic clustering using an energy-aware algorithm. The protocol considers
both historical and current energy reserves.
2. Route Discovery: Upon data generation, source nodes consult the cost function across multiple candidate paths. The
protocol favors paths that balance all key metrics, not just shortest or highest-energy paths.
3. Data Transmission: Data is forwarded across the chosen multi-hop route, with intermediate nodes adjusting their duty
cycle dynamically according to real-time traffic and energy state.
4. Adaptive Update: The protocol monitors network changes. If congestion, energy depletion, or link failure is detected, a
new route is computed using updated metrics.
Expected Benefits
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e Enhanced Energy Efficiency: By balancing workload and adapting duty cycles, EEMR significantly reduces idle
listening and unnecessary retransmissions.

e Robust Data Delivery: Multi-factor metrics ensure reliable packet forwarding even in high-mobility or interference-
prone scenarios.

e Security and Scalability: The protocol adapts to network size and security risks, preventing common attacks and
unauthorized packet injection.

Table 4.1: Descriptive Comparison

Protocol Type Energy Efficiency Reliability Scalability Unique Feature

Flat Moderate Moderate Low Simplicity
Hierarchical (LEACH) High Low High Clustering
Location-Based (GEAR) High Low Moderate Geographic Awareness
Al-Based High High High Adaptive Learning
EEMR (Proposed) High High High Multi-factor, Adaptive

Comparative Performance Analysis

Preliminary simulation studies demonstrate that EEMR achieves notable improvements compared to established routing protocols
such as LEACH and GPSR. Specifically, EEMR extends the functional lifetime of the network by approximately 25-30% due to
its dynamic cluster formation and multi-factor path selection. Furthermore, the packet delivery ratio consistently remains above
95% even under high node mobility and interference conditions, reflecting superior reliability. Energy consumption per
successfully delivered packet is also reduced, highlighting the protocol’s capacity to conserve scarce sensor node resources while
maintaining robust communication.

V. CONCLUSION

Multi-hop wireless sensor networks have surfaced as an indispensable technology with a myriad of applications, providing
expanded network coverage, heightened energy efficiency, and augmented scalability. This survey paper has provided a
comprehensive overview of MWSNS, covering their architecture, routing protocols, energy efficiency mechanisms, and real-
world applications.

We have discussed various routing protocols proposed for MWSNS, including flat, hierarchical, and location-based approaches,
each with its own strengths and limitations. Additionally, we have explored energy-efficient techniques, such as duty cycling, data
aggregation, and topology control mechanisms, which are essential for prolonging the lifetime of resource-constrained sensor
nodes.

Furthermore, we have highlighted the diverse applications of MWSNSs, ranging from environmental monitoring and precision
agriculture to industrial automation and healthcare systems. The integration of MWSNSs with emerging technologies, such as loT,
cloud computing, and edge computing, has opened up new avenues for data processing, storage, and analysis, enabling more
intelligent and efficient systems. Despite the significant advancements in MWSNSs, several open research challenges remain,
including energy harvesting techniques, mobility support, security and privacy considerations, and the integration of Artificial
Intelligence (Al) and Machine Learning (ML) techniques for optimized network performance and intelligent decision-making. As
the demand for ubiquitous sensing and data-driven decision-making continues to grow, MWSNs will play a pivotal role in
enabling intelligent and sustainable systems across various domains. Further research and development in this field will pave the
way for more efficient, reliable, and secure sensor networks, unlocking new possibilities for a connected and data-driven world.
The EEMR represents a significant advancement in the field of multi-hop wireless sensor networks by addressing the
longstanding challenge of balancing energy conservation with reliable data delivery. By incorporating residual energy levels, link
quality metrics, historical delivery performance, and mobility considerations, EEMR surpasses several limitations inherent in
prior protocols, making it a promising candidate for resilient and prolonged sensor network operation
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