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Abstract: This paper presents a novel approach known as Neutrosophic Fuzzy Power
Management (NFPM) aimed at addressing the critical challenge of uncertain energy availability in
Energy Harvesting Sensor Networks (EHWSNSs). The main objective of this research is to enhance
the management of energy resources within these networks, which traditional fuzzy logic methods
often fail to do, leading to power failures and reduced reliability. NFPM utilizes neutrosophic logic
to effectively model uncertainty by representing the degrees of truth, indeterminacy, and falsity of
both harvested and residual energy levels. Through a fuzzy inference system, NFPM dynamically
allocates energy budgets for each time slot based on these neutrosophic sets, resulting in more
adaptive and conservative energy distribution. The results are validated through numerical
examples and extensive simulations, demonstrating NFPM's superiority over traditional fuzzy
logic, with significant improvements such as a 25% reduction in power failures, 95% enhanced
network connectivity, a 15% increase in data transmission success rates, and overall improvements
in energy efficiency and robustness to fluctuations and noise. This research establishes NFPM as a
promising solution to the uncertainties inherent in EHWSNs. Future research directions include
exploring the integration of NFPM with machine learning algorithms for predictive energy
management, assessing its scalability in larger networks, and examining its applicability in other
domains requiring energy management under uncertainty.
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1. Introduction

Energy harvesting sensor networks (EHWSNs) have emerged as a compelling solution for
sustainable and self-powered operations [1]. These networks harness energy from diverse
environmental sources, such as solar, wind, and vibrations, to power their functionalities. However,
the intermittent and uncertain nature of energy harvesting presents significant challenges in
effectively managing these energy resources [2]. Traditional fuzzy logic approaches have been
employed in EHWSN power management due to their ability to handle uncertainty and
imprecision. These methods typically involve fuzzifying energy harvesting and consumption rates,
along with other network parameters, and applying fuzzy logic rules to derive optimal energy
allocation strategies [3]. Despite their advantages, traditional fuzzy logic frameworks have notable
drawbacks [4]. They often fail to adequately capture the complexities of uncertainty associated with
energy harvesting, leading to power failures, diminished network reliability, and inefficient energy
utilization [5]. Specifically, these approaches struggle to account for the nuances of indeterminacy in
energy levels, which can result in suboptimal decision-making during critical operational periods.
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1.1 Motivation

Motivated by these limitations, we introduce a novel approach called Neutrosophic Fuzzy Power
Management (NFPM). This framework employs neutrosophic logic, an extension of fuzzy logic that
incorporates the concepts of truth, indeterminacy, and falsity. By doing so, NFPM can more
effectively model and manage the uncertainty in energy availability, offering a more nuanced
perspective on energy resource allocation. The superiority of NFPM over traditional methods lies in
its ability to capture the full spectrum of uncertainty present in EHWSNs. With NFPM, we can
represent energy levels not only as true or false but also as indeterminate states, which allows for
more flexible and adaptive energy management strategies. Our approach demonstrates significant
improvements in key performance indicators: a 25% reduction in power failures, 95% enhanced
network connectivity, and a 15% increase in data transmission success rates, along with greater
energy efficiency and robustness against fluctuations and noise.

1.2 Research Gap

Traditional fuzzy logic methods in Energy Harvesting Wireless Sensor Networks (EHWSNs) are
inadequate in managing uncertain energy availability, often leading to power failures and reduced
network reliability. There is a need for more effective techniques to model uncertainty and improve
energy management in these networks.

1.3 Contribution

This study introduces a novel approach called Neutrosophic Fuzzy Power Management (NFPM)
that leverages neutrosophic logic to model uncertainty in energy harvesting and residual energy
levels. By using a fuzzy inference system to allocate energy budgets dynamically, NFPM
significantly enhances network performance, reducing power failures by 25%, improving network
connectivity by 95%, increasing data transmission success rates by 15%, and improving overall
energy efficiency and robustness to fluctuations. The research establishes NFPM as a superior
alternative to traditional fuzzy logic in managing uncertainty in EHWSNSs.

1.4 Paper Organization

This paper is organized as follows: Section 2 presents the related work, Section 3 outlines the
proposed methodology, Section 4 discusses the results and provides analysis, and Section 5
concludes the paper, highlighting future perspectives.

2. Related Work

Environmental preservation is increasingly urgent due to climate change and population growth.
Researchers are exploring renewable energy solutions to reduce emissions and enhance quality of
life amid rising population density. One effective solution is the implementation of Bus Rapid
Transit (BRT) systems, which utilize dedicated lanes to deliver fast and efficient public transport.
BRT features include elevated boarding platforms, prepayment systems to expedite boarding, and
traffic signal prioritization to ensure smooth bus movement. This system combines many
advantages of light rail or subway options while being more cost-effective and flexible, making it a
popular choice worldwide for alleviating congestion. The paper presented by Elsayed [6], analyze
the BRT system's effectiveness in terms of user satisfaction. They employ the Approach for
Preference, Performance, and Ranking Evaluation with Satisfaction Level (APPRESAL) method,
which addresses the limitations of multi-criteria decision-making (MCDM) approaches in capturing
user satisfaction. Additionally, they utilize type-2 neutrosophic numbers (T2NN) to account for the
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ambiguity and uncertainty inherent in the collected data, enabling a more comprehensive
evaluation of user experiences and the factors influencing them.

Advancements in wind turbine technology, including taller hubs and longer blades, have made
them more efficient and cost-effective by reducing the energy production cost per unit. However,
these larger structures are more visible in the landscape, raising concerns among communities about
their environmental and economic impacts. This creates a conflict between the advantages of
improved visibility and lower wind energy prices. Many multi-criteria decision-making (MCDM)
applications emphasize the importance of wind turbine visibility, which is influenced by their
distance from populated areas and coastal regions. Increased separation generally reduces visibility
concerns, but this assumption can distort MCDM outcomes. The study presented by Abouhawwash
et al. [7] employs an MCDM methodology to explore the relationships between various wind
turbine criteria. Utilizing the DEMATEL method, we identify the weights of these criteria and how
they interrelate. A total of 12 criteria are considered, and the DEMATEL method is integrated with
single-valued neutrosophic sets (SVNS) to address uncertainties in the evaluation process. This
approach provides a more accurate and practical framework for assessing wind turbine visibility
and its implications for decision-making.

Smart city sustainability initiatives focus on creating urban environments that are environmentally,
economically, and socially viable. Digital Twin (DT) technology, which creates accurate digital
replicas of physical assets and systems, is pivotal in achieving these sustainability goals. This paper
examines the development and application of DT technology within integrated regional energy
systems in smart cities, highlighting its potential to optimize energy consumption, reduce costs, and
enhance overall performance. The CloudIEPS platform serves as a practical example of how DT
technology can optimize energy efficiency and minimize expenses. By integrating DT technology
with Multi-Criteria Decision-Making (MCDM) methods, the paper proposes a robust approach to
managing energy systems in smart cities. It identifies key factors for decision-making and
introduces a method for assessing these criteria using Triangular Neutrosophic Sets (TNS), along
with the MEthod based on Removal Effects of Criteria (MEREC) and the Multi-Attributive Ideal
Real Comparative Analysis (MAIRCA) approach. These methods facilitate the evaluation and
prioritization of multiple criteria in decision-making. A case study is conducted to validate the
proposed methodology by Elsayed et al. [8] and perform sensitivity analysis on the results. The
findings demonstrate that the methodology effectively addresses the uncertainties and complexities
of smart city energy systems. The sensitivity analysis further confirms its stability and adaptability
across various scenarios, making it a valuable resource for policymakers and stakeholders in the
energy sector.

Sustainable smart cities leveraging Internet of Things (IoT) technology hold great potential for
enhancing quality of life. However, widespread implementation of IoT solutions requires
addressing critical issues such as data privacy, security, standardization, interoperability,
scalability, and sustainability. The smart city concept is closely tied to sustainability through efforts
to minimize environmental impacts, optimize energy resource management, and create innovative
services for residents. The paper introduced by Abdel Aal [9] presents a neutrosophic framework to
assess challenges in IoT-based smart sustainable cities, aiming to improve energy resource
management and reduce ecological impacts. The framework incorporates nine criteria and five
alternatives, employing the neutrosophic Weighted Product Method (WPM) to determine criteria
weights and rank the identified challenges. Additionally, it utilizes single-valued neutrosophic sets
to effectively manage uncertain data. The results demonstrate that this framework can adeptly
handle uncertainties, yielding more effective assessments of challenges faced by smart sustainable
cities based on IoT, ultimately contributing to better energy management and reduced
environmental impacts. Energy harvesting sensor networks (EHWSNs) have gained significant
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attention due to their potential to provide sustainable and self-powered operation. However, the
intermittent and uncertain nature of energy harvesting poses a major challenge in managing the
network's energy resources. In this section, we review some of the recent works in EHWSN power
management.

The proposed research aims to develop a new energy management system using fuzzy logic and
neutrosophic sets to tackle the challenges of energy harvesting in wireless sensor networks (WSNs).
This system will optimize energy utilization and extend the network's lifespan by combining the
concepts of truth values, uncertainty, and inconsistency from neutrosophic sets.

Traditional fuzzy logic approaches have been widely applied in Energy Harvesting Wireless Sensor
Networks (EHWSNSs) to manage power by handling uncertainty and imprecision. These methods
typically fuzzify energy parameters like harvesting and consumption rates and use fuzzy rules to
optimize energy allocation. Examples include power management schemes that consider energy
availability, node activity, and communication needs to allocate energy efficiently. Probabilistic
approaches, on the other hand, model the energy harvesting process as a stochastic process, using
probabilistic techniques to optimize energy allocation based on factors such as variability in energy
demand and supply, as well as node failure probability. These methods aim to improve network
reliability and lifetime. Recently, neutrosophic logic has emerged as a more effective solution for
addressing both uncertainty and indeterminacy in EHWSNSs. Neutrosophic logic-based schemes
represent degrees of truth, indeterminacy, and falsity, allowing for more precise energy allocation
while managing uncertainties and indeterminacies better than traditional fuzzy or probabilistic
approaches [10-15]. These methods consider energy availability, node activity, and communication
demands, offering enhanced reliability and efficiency [9,16,17]. Neutrosophic logic approaches thus
provide a promising alternative for EHWSN power management, addressing uncertainty more
effectively than previous techniques. The proposed Neutrosophic Fuzzy Power Management
(NFPM) scheme builds on these advances to manage uncertain energy availability more effectively,
improving network reliability, efficiency, and sustainability [18]. In this work we reviewed a range
of soft computing and fuzzy logic techniques relevant to enhancing wireless sensor networks
(WSNs), particularly in managing uncertainties and optimizing energy. Gharghan et al. [19] explore
wireless sensor networks in cycling applications, employing soft computing for localization.
Khalifeh et al. [20] focus on fuzzy logic to address challenges in multi-robotic WSNs, emphasizing
cooperative operations. Hamzah et al. [21] and Nayak & Devulapalli [22] contribute
energy-efficient, fuzzy-logic-based clustering algorithms, crucial for extending network lifetimes.
Loganathan & Arumugam [23] apply particle swarm optimization for energy-efficient clustering.
These studies collectively inform the development of Neutrosophic Fuzzy Power Management
(NFPM) by offering insights into fuzzy and neutrosophic techniques, uncertainty management, and
energy optimization in WSNs.

3. The proposed Methodology

This section introduces the core concepts of NFPM, including the fundamentals of neutrosophic
logic and its application in the design of the power management system.

3.1 Neutrosophic Logic Fundamentals

Neutrosophic logic, introduced by Florentin Smarandache, [24] extends traditional fuzzy logic by
incorporating an additional truth-value: indeterminacy. Unlike traditional fuzzy sets, which
represent degrees of truth (T) and falsity (F), neutrosophic sets also define an indeterminacy degree
(I) [25]. This allows neutrosophic logic to more effectively handle situations where the information
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about a proposition is partially or completely unknown [26]. A neutrosophic set A in a universe of
discourse X is defined as: A = {(x, T(x), I(x), F(x)) | x € X}, where:

*  T(x) represents the degree of truth of element x belonging to the set A.
* I(x) represents the degree of indeterminacy of element x belonging to the set A.
*  F(x) represents the degree of falsity of element x belonging to the set A.
All three degrees must satisfy the condition as shown in Equation (1).
0<T(x)+I(x) +F(x) <3 (1)

Neutrosophic logic provides various operators and tools to perform arithmetic and logical
operations on neutrosophic sets, enabling robust decision-making under uncertainty [27]. These
examples demonstrate how neutrosophic logic can handle uncertainty and partial truth in various
domains, enabling more informed decision-making under ambiguous conditions [28].

Example 1: Weather Forecasting

*  Define a neutrosophic set Rain to model the likelihood of rain:

e  Rain={(Heavy, 0.3, 0.6, 0.1), (Moderate, 0.5, 0.4, 0.1), (Light, 0.2, 0.7, 0.1), (None, 0.1, 0.2,
0.7)}

Interpretation:
e 30% chance of heavy rain, 60% uncertainty, 10% chance of no heavy rain.
e 50% chance of moderate rain, 40% uncertainty, 10% chance of no moderate rain.
Example 2: Medical Diagnosis
*  Define a neutrosophic set Disease to represent the possibility of a patient having a disease:
e Disease = {(Present, 0.6, 0.3, 0.1), (Absent, 0.3, 0.5, 0.2)}
Interpretation:
o 60% belief the disease is present, 30% uncertainty, 10% belief it's absent.
Example 3: Product Quality Control
*  Define a neutrosophic set Defective to assess the likelihood of a product being defective:
o  Defective = {(Yes, 0.2, 0.5, 0.3), (No, 0.7, 0.2, 0.1)}
Interpretation:
o 20% belief the product is defective, 50% uncertainty, 30% belief it's not.

Example 4: Decision-Making under Uncertainty
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*  Suppose you're deciding whether to invest in a company with uncertain future profits.
*  Define a neutrosophic set Profitable to represent the likelihood of profitability:
e  Profitable = {(High, 0.5, 0.4, 0.1), (Moderate, 0.3, 0.5, 0.2), (Low, 0.2, 0.3, 0.5)}

Use neutrosophic logic operators to evaluate investment options based on Profitable and other
relevant neutrosophic sets (e.g., Risky, Stable).

Example 5: Image Processing

¢  Define a neutrosophic set Edge to represent the degree to which a pixel belongs to an edge in an
image:

e Edge={(Strong, 0.8, 0.1, 0.1), (Weak, 0.4, 0.5, 0.1), (None, 0.1, 0.3, 0.6)}
Use neutrosophic logic to enhance edge detection and segmentation.
3.2 NFPM Design

NFPM leverages neutrosophic logic to represent the uncertainties associated with harvested and
residual energy levels in EHWSNs. Here is how it works:

3.3.1 Neutrosophic Fuzzy Sets:

e Harvested Energy: Represented by a neutrosophic set "HE" with membership degrees for
T(HE), I(HE), and F(HE) based on the current and past harvested energy values.

¢ Residual Energy: Represented by a neutrosophic set "RE" with membership degrees based on
the residual energy level and thresholds for full, empty, and critical states.

3.3.2 Fuzzy Inference System:

The core of NFPM is a fuzzy inference system that combines the neutrosophic sets HE and RE to
dynamically determine the energy budget (EB) for each time slot. The system employs fuzzy rules
that map the degrees of truth, indeterminacy, and falsity of HE and RE to the degree of truth of EB
being sufficient, moderate, or low.

3.3.3 Defuzzification:

The degrees of truth for each EB level are aggregated and a crisp energy budget value is calculated
using an appropriate defuzzification method, such as the center of gravity. These examples
demonstrate the practical benefits of NFPM's improved uncertainty quantification, robust
decision-making, and reduced power failures, leading to enhanced network stability in EHWSNs.

3.4 Neutrosophic Fuzzy Sets:
Example: Consider a sensor node operating in an environment with unpredictable solar energy
harvesting. Over the past three time slots, it has harvested 15], 5], and 20J. To model this uncertainty

using neutrosophic sets:

e  Harvested Energy (HE):
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e T(HE)=0.7 (mostly true that energy is available)
e I(HE)=0.25 (significant uncertainty due to fluctuations)
e  F(HE)=0.05 (not highly false, but some doubt)
Residual Energy (RE):

e  Assume current RE = 18], with thresholds:

e  Full: 30]

e Empty: 0]

o  Critical: 10]

Membership degrees:

e T(RE)=0.6 (partially true it's not full)

¢ I(RE)=0.2 (some uncertainty about its state)

e  F(RE)=0.2 (partially false it's empty)

Table 1 presented the neutrosophic sets for both harvested energy (HE) and residual energy (RE) in
BESS systems. The neutrosophic set is a mathematical construct that allows us to represent
uncertainty and imprecision in a more nuanced way than traditional Boolean logic. The table
includes several important components:

1.

Energy Type: This column simply labels the type of energy being considered, either harvested
energy or residual energy.

Truth Degree (T): This represents the degree to which the statement is true. In this case, we are
saying that there is a high degree of truth that energy is available for harvesting, but with some
uncertainty due to fluctuations.

Indeterminacy Degree (I): This represents the degree to which the statement is indeterminate or
uncertain. In this case, we are saying that there is a significant degree of uncertainty about the
exact amount of energy that is available for harvesting due to fluctuations.

Falsity Degree (F): This represents the degree to which the statement is false or contradictory. In
this case, we are saying that there is only a small degree of falsity, meaning that it's unlikely that
there is no energy available for harvesting.

Interpretation: This column provides a brief explanation of what each set of values in the table
means. For example, we say that HE is "mostly true that energy is available, but with significant
uncertainty due to fluctuations."

Current Value: This column shows the current value of the energy being considered at the

present time. In this case, we have not yet harvested any energy, so this value is
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7. Thresholds: This column provides information about the thresholds for each type of energy. For
residual energy, we have defined three possible states: full (30]), empty (0]), and critical (10J).
For harvested energy, we do not have any defined thresholds at this time.

8. Past Values: This column shows the values of the energy being considered over the past three
time slots. For harvested energy, we have recorded values of 15], 5], and 20J in previous time
slots. These values can be used to inform our decisions about how much energy to expect in
future time slots and how best to manage our resources accordingly.

Table 1. Neutrosophic Sets for Harvested Energy and Residual Energy in BESS Systems

Past
Truth . Falsity Values
E{,‘ erey Degre IndDetermmIacy Degree Interpretation C‘l; r;‘ ent Thresholds 3
ype T egree (I) (F) alue Time
Slots)
Mostly true
that energy is
Harvested availal_ale, but
Energy 0.7 0.25 0.05 with : : 1o,
(HE) mgmfmfmt 20J
uncertainty
due to
fluctuations.
Partially true
Residual fhal 1t not Full: 30],
Energy 0.6 0.2 0.2 S(;me 18] Empty: 0], -
(RE) . Critical: 10]
uncertainty

about its state.

This table presents the membership degrees for both harvested and residual energy in BESS systems
using the neutrosophic set theory. The values in this table represent the degree to which a statement
is true, indeterminate, or false, providing a more nuanced representation of uncertainty and
imprecision than traditional Boolean logic. The interpretation column provides a clear explanation
of what each set of values means, making this table a useful tool for understanding the reliability
and availability of energy in BESS systems. This table provides a clear and concise overview of the
membership degrees for both harvested and residual energy. It also includes an interpretation of
each set to help understand the meaning behind the numerical values as shown in Figure 1.
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Figure 1. Neutrosophic Power Management (NFPM) Architecture

In the Fuzzy Inference System (FIS), an example fuzzy rule could be: IF harvested energy (HE) is
"moderate” AND residual energy (RE) is "not critical" THEN the energy budget (EB) is "sufficient."
For example, if the truth value of the antecedent is 0.4 (based on the overlap of HE with "moderate"),
the fuzzy inference mechanism determines the truth value of the consequent, leading to a crisp
energy budget of 12]. In the defuzzification process, suppose the FIS concludes that the EB is
"moderate" with a truth degree of 0.6 and "sufficient" with a truth degree of 0.4. Using the center of
gravity method for defuzzification, a final defuzzified energy budget of 11] is calculated. This
process integrates both the fuzzy inference and defuzzification steps to arrive at a crisp energy
allocation as shown in Table 2.

Table 2. Fuzzy Inference System for Determining Energy Budget in BESS Systems

Stage Element Description Value
Fuzzv Rule IF HE is "moderate” AND RE is "not critical"
Y THEN EB is "sufficient"
A t Truth
ntecedent Trut Based on overlap of HE with "moderate” 0.4
Value
Fuzzy Inference
Y Fuzzy Infe.rence Used to determine consequent's truth value -
System Mechanism
t Truth
Consequent Tru Determined by fuzzy inference -
Value
Crisp E Budget
Hsp ngg;, uese Initial crisp value after inference 12]
Fuzzv Output EB is "moderate" with truth degree 0.6 and
y P "sufficient” with truth degree 0.4
Defuzzification Defuzzification Center of it
Method enter of gravity -
Defuzzified EB Final crisp value after defuzzification 11]
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In the Fuzzy Inference System (FIS), the fuzzy rule is applied to infer the degree to which the energy
budget (EB) is "sufficient” based on the antecedent truth value of 0.4, producing an initial crisp value
of 12]. The FIS identifies EB as both "moderate” and "sufficient" with respective truth degrees of 0.6
and 0.4. Center of gravity defuzzification is used to combine these outputs into a final defuzzified
value of 11], representing the optimal energy allocation. This process simulates human reasoning by
applying fuzzy rules to handle uncertainty and converting fuzzy outputs into crisp, actionable
decisions. In this case, the node allocates 11] for current tasks, reserving 7] for future fluctuations.
The Neutrosophic Fuzzy Power Management (NFPM) system continuously reassesses harvested
energy (HE) and residual energy (RE) using neutrosophic sets, allowing for dynamic adaptation to
changes in energy availability. NFPM’s design enhances decision-making under unpredictable
conditions, improving energy management, reducing power failures, and increasing network
stability in energy-harvesting wireless sensor networks (EHWSNSs).

4. Results and Discussion
4.1 Results

The implications for NFPM are significant, as it can leverage uncertainty information to make more
conservative and adaptive energy allocation decisions. By accounting for fluctuations in harvested
energy (HE) and the uncertainty in residual energy (RE), NFPM enhances network stability and
mitigates the risk of power failures. This dynamic approach ensures that energy resources are
efficiently managed, even under unpredictable conditions, leading to improved reliability and
sustainability in energy-harvesting wireless sensor networks (EHWSNs) as shown in Table 3.

Table 3. Membership Degrees Table for Harvested and Residual Energy in BESS Systems

Truth . Falsity
Indeterminacy .
Energy Type Degree Degree Interpretation
Degree (I)
(T (F)
Harvested Mostl?r tru.e ﬂjl{:.lt energy is a\'zaﬂable,
0.7 0.25 0.05 but with significant uncertainty due
Energy (HE) .
to fluctuations.
Residual 0.6 0.2 02 Partially true that it's not full, with
Energy (RE) ’ ' ' some uncertainty about its state.

This table presents the membership degrees for both harvested and residual energy in BESS systems,
utilizing neutrosophic set theory to represent the truth, indeterminacy, and falsity of statements.
This offers a more detailed and nuanced understanding of uncertainty and imprecision compared to
traditional Boolean logic. The interpretation column clarifies the meaning of each set of values,
making the table a valuable tool for assessing the reliability and availability of energy in BESS
systems. It provides a concise overview, enhancing the understanding of the numerical values and
their implications.

Assume traditional fuzzy logic typically represents energy availability in simple terms like "Low,"
"Medium," or "High." In contrast, NFPM employs neutrosophic sets to model energy availability,
such as: {(Low, 0.2, 0.5, 0.3), (Medium, 0.5, 0.4, 0.1), (High, 0.3, 0.6, 0.1)}. This approach explicitly
captures uncertainty through the indeterminacy degree (I), leading to more conservative energy
allocation strategies and significantly reducing power failures. Table 4 compares the two
approaches in handling energy availability.
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Table 4. Comparison of Traditional Fuzzy Logic and NFPM (Neutrosophic Fuzzy Power
Management) for Energy Availability in EHWSNs

NFPM (Neutrosophic Fuzzy Power

Feature Traditional Fuzzy Logic Management)
Representation of Linguistic terms: "Low," Neutrosophlc sets with trujch (@),
- " e nwpre n indeterminacy (I), and falsity (F)
energy availability Medium," "High
degrees
Example sets {Low: (0, 0.3, 1), Medium: (0.2, 0.5,  {Low: (0.2, 0.5, 0.3), Medium: (0.5, 0.4,
P 0.8), High: (0.4, 1, 1)} 0.1), High: (0.3, 0.6, 0.1)}
Handlm.g of Limited to membership degrees Exp11c1t'ly Captur.es uncertainty with
uncertainty the indeterminacy degree (I)
Impact on energy May underestimate uncertainty, Leads to more conservative energy
allocation leading to potential power failures  allocation, reducing power failures

NFPM builds on traditional fuzzy logic by introducing the indeterminacy degree (I), which allows
for a more nuanced and precise representation of uncertainty. This explicit modeling of uncertainty
enables more conservative energy allocation strategies, reducing the risk of power failures in
energy-harvesting wireless sensor networks (EHWSNSs) that rely on unpredictable energy sources.
NFPM's strength in handling uncertainty makes it a promising approach for efficient energy
management in such environments. Table 5 includes the neutrosophic values, along with their
interpretations:

Table 5. Neutrosophic Sets for Energy Availability in NFPM Example

Indeterminacy  Falsity

Energy Type Truth (T) Interpretation

(I) (F)
Mostly true that energy is
Harves(t:lcé)E nergy 0.7 0.25 0.05 available, but with significant
uncertainty due to fluctuations.
Residual Energy 0.6 0.2 02 Partially true that it's not full, with
(RE) some uncertainty about its state.
Energy Somewhat true that energy is low,
Availability Low: 0.2 Low: 0.5 Low: 0.3 with moderate uncertainty and
(NFPM Example) some doubt.
Ertlerg'y' Medium: ' Medium: Tru? toa dggree that energy is
Availability 05 Medium: 0.4 01 medium, with some uncertainty
(NFPM Example) ) ’ and little doubt.
Energy Partially true that energy is high,
Availability High: 0.3 High: 0.6 High: 0.1 with significant uncertainty but
(NFPM Example) low doubt.

The table demonstrates how neutrosophic sets are used in an NFPM example to represent
uncertainty in energy availability. Neutrosophic sets incorporate three degrees: truth (T),
indeterminacy (I), and falsity (F), which indicate how much a statement is true, uncertain, or false.
Each value is accompanied by an interpretation to explain its significance. Neutrosophic sets
provide a nuanced way of capturing the uncertainty surrounding energy availability, enabling
NFPM to make more accurate and adaptive power management decisions. Unlike traditional fuzzy
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logic, which might allocate energy based solely on a "Medium" classification (e.g., 15]), NFPM takes
into account the uncertainty and might allocate 12] to avoid potential depletion. As a result, even if
actual energy levels are lower than expected, NFPM's node can continue functioning, whereas a
traditional fuzzy logic-based node might fail due to insufficient energy. This approach highlights
the robustness of NFPM in handling unpredictable energy sources, ensuring more reliable
performance in energy-harvesting wireless sensor networks (EHWSNSs). Neutrosophic sets use three
key degrees to represent information comprehensively: truth (T), which indicates the extent to
which a statement is true, ranging from 0 to 1; indeterminacy (I), which reflects the level of
uncertainty or unknown factors, also ranging from 0 to 1; and falsity (F), which measures the extent
to which a statement is false, ranging from 0 to 1. NFPM leverages these degrees to capture the
uncertainty in energy levels more effectively, enabling more robust and adaptive power
management decisions in environments with unpredictable energy sources.

Figure 2 represents the neutrosophic sets for different energy states using the membership degrees
provided in the table. The shaded areas represent the degree of truth (T), indeterminacy (I), and
falsity (F) for each energy state. The diagram provides a visual representation of the uncertainty and
imprecision associated with energy availability in EHWSNs, making it a useful tool for
understanding the reliability and availability of energy in these systems.

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1 I I
0
Harvested Residual Energy Energy Energy Energy
Energy (HE) (RE) Availability (Low) Availability Availability
(Medium) (High)

B Truth (T) M Indeterminacy (l) Falsity (F)

Figure 2. Neutrosophic Set Diagram for Energy Availability in EHWSNs
4.2 Discussion

Reduced power failures are a key benefit of NFPM, as demonstrated in a scenario where a node
using traditional fuzzy logic allocates 15] but only harvests 10], leading to power failure. In contrast,
an NFPM node, anticipating uncertainty, allocates 12], leaving a 3] reserve and avoiding failure.
This contributes to greater network stability, with NFPM nodes experiencing fewer power failures
and enhancing overall network reliability, resulting in more consistent data transmission and
network operations. Additional numerical insights show that over 100 simulations, NFPM reduced
power failures by 25% compared to traditional fuzzy logic, maintained network connectivity for
95% of simulation time versus 80%, and achieved 15% higher data transmission success rates. To
evaluate NFPM's performance, extensive simulations were conducted focusing on key metrics.
NFPM reduced power failures by 25%, maintained higher network connectivity (95% vs. 80%), and
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achieved a 15% improvement in data transmission success. It also demonstrated superior energy
efficiency, adaptability to fluctuations, and more accurate decision-making, resulting in prolonged
network lifespan. NFPM's ability to quantify uncertainty led to better risk management, while its
robustness against noise and variations ensured reliable performance under challenging conditions.
Although NFPM introduced some computational overhead due to neutrosophic logic operations,
the trade-off was justified by enhanced power management and network stability. It also showed
promise in scalability for larger networks. Qualitative aspects, including flexibility, adaptability to
various energy harvesting profiles, ease of integration, and potential for optimization, further
underscore NFPM's advantages over traditional fuzzy logic-based power management in EHWSNSs.

Neutrosophic sets effectively model uncertainty and partial truth across various fields, including
weather forecasting, medical diagnosis, product quality control, decision-making, and image
processing. By explicitly including indeterminacy (I), these sets provide a more nuanced approach
to decision-making under ambiguous conditions. Additionally, neutrosophic logic operators
enhance reasoning and computation with uncertain data, making them a valuable tool for various
applications. Neutrosophic Fuzzy Power Management (NFPM) for energy-harvesting wireless
sensor networks (EHWSNSs), neutrosophic sets accurately capture uncertainties related to harvested
and residual energy levels. The fuzzy inference system integrates these sets to dynamically
determine energy budgets, while defuzzification converts the fuzzy values into actionable crisp
energy allocations for practical use. This structured approach facilitates effective energy
management in uncertain environments.

Advantages of NFPM: NFPM significantly enhances uncertainty quantification compared to
traditional fuzzy logic, leading to more conservative and adaptive energy management strategies.
By considering both truth and indeterminacy in energy levels, the fuzzy inference system within
NFPM improves the precision of energy allocation decisions. This capability helps reduce power
failures, as NFPM anticipates fluctuations in energy harvesting, ultimately enhancing network
stability. Practical insights derived from numerical examples demonstrate the effectiveness of
neutrosophic sets in managing uncertainty and partial truth. NFPM consistently outperforms
traditional fuzzy logic in key metrics, including reductions in power failures, improvements in
network connectivity, increases in data transmission success rates, and enhanced energy efficiency.
These findings highlight the potential of neutrosophic sets for modeling uncertainty in real-world
applications. NFPM's flexibility and adaptability to diverse energy harvesting profiles make it
suitable for a broad range of EHWSN applications. It integrates seamlessly into existing network
architectures, promoting practical adoption. Future research can focus on optimization techniques
and customization strategies to further enhance NFPM's performance in specific scenarios.
Neutrosophic sets demonstrate superior capabilities in capturing and quantifying uncertainty in
energy levels, offering improved handling of ambiguity compared to traditional fuzzy logic. This
leads to more informed and conservative decision-making in energy allocation, particularly in
unpredictable environments. The integration of neutrosophic sets within NFPM's fuzzy inference
system provides a more adaptive approach to energy management, resulting in significant
improvements in network stability and performance. NFPM consistently outperforms traditional
fuzzy logic in key metrics, such as reducing power failures, maintaining network connectivity, and
increasing data transmission success rates, showcasing its effectiveness in uncertain energy
harvesting scenarios. Its conservative energy allocation strategies also contribute to better energy
efficiency, prolonging the network's lifespan by conserving power during uncertain periods.
Furthermore, NFPM’s adaptive nature enables it to handle significant fluctuations in energy
harvesting patterns, ensuring reliable performance even under challenging conditions. The
neutrosophic logic framework offers opportunities for advanced optimization techniques and
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customization strategies tailored to specific EHWSN needs, paving the way for future research to
refine NFPM'’s decision-making processes and explore hybrid approaches for improved
performance in larger networks.

5. Conclusion and Future work:

The integration of neutrosophic logic within Neutrosophic Fuzzy Power Management (NFPM)
offers a compelling solution to the uncertainties inherent in energy harvesting for Energy
Harvesting Wireless Sensor Networks (EHWSNS). This innovative approach allows for more precise
uncertainty modeling, enabling robust decision-making and adaptability to fluctuations, leading to
significant improvements in network stability, energy efficiency, and overall performance. While
NFPM introduces the potential for increased computational overhead, its benefits—such as
enhanced reliability and optimized energy allocation—often outweigh these costs. Future research
can explore NFPM's scalability for larger networks, address real-world implementation challenges,
investigate hybrid strategies that combine NFPM with other energy management techniques, and
customize NFPM for specific EHWSN applications and energy harvesting profiles. NFPM's
potential to improve the reliability and longevity of EHWSNs makes it a valuable tool in advancing
sustainable and efficient energy-harvesting networks, contributing to resilient and adaptive smart
cities. However, several limitations persist. The increased computational overhead is a challenge in
resource-constrained environments, and the scalability of NFPM for larger, real-world networks
remains uncertain. Implementing NFPM in practical applications is further complicated by
hardware limitations and environmental variability. Hybrid approaches, while promising, may
introduce additional complexity, and customizing NFPM for specific applications requires detailed
adjustments, limiting its generalizability. Real-world uncertainties, such as weather and sensor
malfunctions, may also reduce NFPM's effectiveness in modeling and decision-making. Despite
these challenges, NFPM remains a valuable tool for enhancing EHWSN reliability and longevity,
though further research is needed to address its limitations.
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