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Abstract: The industrial transformation of resource-based regions (RBRs) towards a
sustainable and low-carbon economy remains a complex and uncertain endeavor.
Traditional analytical tools often fall short in addressing the indeterminate, vague, and
contradictory data that characterize environmental measurements and stakeholder
behavior. To overcome these limitations, this paper proposes a novel hybrid framework
that integrates Neutrosophic Statistics with Neutrosophic Game Theory to model
environmental policy dynamics under uncertainty. We first introduce a new statistical
measure, the Neutrosophic Variability Index (NVI), capable of capturing the spread of
environmental data that contains imprecise, incomplete, or conflicting components. Using
this enriched dataset, we then formulate a Neutrosophic Game Model involving three
principal agents: government regulators, industrial firms, and civil society. Each agent's
payoff function incorporates neutrosophic triplets’ truth (T), indeterminacy (I), and falsity
(F) to realistically reflect the multi-valued logic underlying policy decisions in complex
ecological settings. Moreover, we define and prove the existence of a Neutrosophic Nash
Equilibrium (NNE), which generalizes classical equilibrium by allowing players to
operate under bounded indeterminacy. A real-world case study on green transformation
in a coal-dependent region illustrates the utility and innovation of the model. Our results
show that accounting for indeterminacy through neutrosophic measures significantly
alters policy outcome predictions, enhances model realism, and provides policymakers
with a robust decision-making tool that is mathematically rigorous and empirically
grounded.

Keywords: Neutrosophic Statistics; Neutrosophic Game Theory; Neutrosophic
Variability Index (NVI); Green Policy Dynamics; Resource-Based Regions
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1. Introduction

RBRs, such as Alberta’s oil sands in Canada or mining hubs in Australia, face a critical
paradox in pursuing ecological sustainability: the areas most impacted by environmental
degradation—through oil extraction, deforestation, or water contamination —are often the
least equipped to transition to green economies due to entrenched industrial systems and
socio-political resistance [1]. These regions are characterized by rigid industrial
ecosystems, volatile employment landscapes, and contested environmental policies,
rendering policy-making a complex negotiation shaped by incomplete, ambiguous, and
often contradictory data [2]. For instance, in Alberta, debates over oil sands development
pit economic benefits against environmental costs, with stakeholders like local
communities, indigenous groups, and oil companies holding divergent priorities [3].
Effective environmental governance in RBRs demands innovative approaches that
address both data uncertainty and the nuanced, sometimes conflicting motivations of

governments, industries, and civil society.

Conventional analytical tools, such as traditional game theory and statistical models, rely
on the assumption of precise and consistent information, which is unrealistic in RBRs
where environmental metrics like air quality, groundwater contamination, or carbon
emissions are frequently unreliable, incomplete, or subject to political manipulation [4].
Moreover, stakeholders exhibit non-binary behaviors, simultaneously supporting and
opposing policies based on economic forecasts, cultural values, or perceived risks. For
example, a mining company may endorse emissions reductions in principle but resist
strict regulations that threaten short-term profits [5]. These complexities necessitate a
framework capable of modeling uncertainty and contradiction in both data and decision-

making processes.

The Neutrosophic Statistics was founded by Prof. Dr. Florentin Smarandache in 1998, who
developed it in 2014 [5]. The Neutrosophic Statistics [12-13] is also a generalization of
Interval Statistics, because of, among others, while Interval Statistics is based on Interval
Analysis, Neutrosophic Statistics is based on Set Analysis (meaning all kinds of sets, not
only intervals, for example finite discrete sets). Also, when computing the mean, variance,
standard deviation, probability distributions etc. in classical and interval statistics it is
automatically assumed that all individuals belong 100% to the respective sample or
population, but in our world one often meets individuals that only partially belong,
partially do not belong, and partially their belong-ness is indeterminate. The neutrosophic

statistics results are more accurate than the classical and interval statistics, since for
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example the individuals who belong only partially do not have to be considered at the

same level as one those that fully belong.

To address these challenges, we propose a novel hybrid framework rooted in
Neutrosophic Logic, a mathematical generalization of fuzzy logic pioneered by
Smarandache that represents T, I, and F as independent values [6]. This approach is
uniquely suited for RBRs, where environmental data may be partially true (e.g., reported
emissions), indeterminate (e.g., unmeasured pollutants), or false (e.g., manipulated
records), and where stakeholder positions are rarely fixed. Our methodology integrates
two recent advances in neutrosophic science:

1. Neutrosophic Statistics; A robust method for analyzing datasets with uncertain,
inconsistent, or incomplete entries, enabling reliable environmental assessments
despite data limitations [7].

2. Neutrosophic Game Theory; A strategic interaction model where players evaluate
outcomes using neutrosophic logic, capturing the ambivalence and shifting
priorities of stakeholders in policy negotiations [8].

By combining these tools, our framework provides a systematic approach to
environmental policymaking in RBRs, offering a pathway to balance economic
development with ecological sustainability while navigating the inherent uncertainties of

real-world data and stakeholder dynamics.

This paper contributes to the literature by bridging two previously unconnected
neutrosophic approaches, applying them in the unexplored context of green
transformation policy in RBRs. Our findings underscore the need for decision models that
are not only mathematically sound but also cognitively aligned with how real agents
perceive and process environmental uncertainty.

2. Literature Review and Theoretical Foundations

2.1 Literature Review

2.1.1 Green Transformation in Resource-Based Regions (RBRs)

RBRs, such as Australia’s Pilbara iron ore region, Alberta’s oil sands, or Chile’s copper
mining districts, rely heavily on extractive industries, creating unique barriers to
ecological sustainability [1]. These regions face structural industrial rigidity, where
economies are tethered to resource-intensive systems; employment lock-in, with jobs
concentrated in mining or oil sectors; infrastructure inertia, with facilities optimized for
fossil fuels or heavy industry; and political opposition, often fueled by economic
dependencies [2]. For example, in Chile, copper mining drives 15% of GDP but generates

significant water contamination, sparking conflicts between mining firms, local
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communities, and environmental regulators [9]. Transition models dynamic systems,
agent-based simulations, and game-theoretic frameworks have been proposed to guide
RBRs toward green economies [4]. However, these models typically assume precise data
and predictable stakeholder behaviors, which are undermined by the complex, often
contradictory realities of RBRs, such as fluctuating commodity prices or contested policy
reforms [10]. Recent studies emphasize the need for adaptive frameworks that account for
socio-economic and environmental uncertainties in these regions [1,9].

2.1.2 Uncertainty in Environmental Data

Environmental data in RBRs, such as air quality, soil contamination, or greenhouse gas
emissions, are frequently compromised by sensor variability, incomplete monitoring
networks, and political influences [5]. For instance, in Mongolia’s coal mining regions,
inconsistent emissions reporting and sparse monitoring stations hinder accurate
environmental assessments, complicating policy decisions [11]. Classical statistical
methods, which require complete and precise datasets, are ill-equipped to handle such
uncertainties [4]. Fuzzy and intuitionistic fuzzy statistics address vagueness by allowing
partial membership, but they either neglect indeterminacy or constrain it within fixed
bounds, failing to capture the full spectrum of data contradictions such as conflicting
reports or unverified measurements common in RBRs [7]. These limitations underscore
the need for advanced statistical tools capable of modeling ambiguous and contradictory
environmental data [5,11].

2.1.3 Neutrosophic Statistics

Neutrosophic Statistics, pioneered by Smarandache, offers a powerful approach to
analyzing datasets with independent components of T, I, and F, each valued in the
extended interval [0, 1*] [7]. Unlike fuzzy statistics, which conflate indeterminacy with
uncertainty, neutrosophic statistics allow for the simultaneous modeling of certainty,
uncertainty, and contradiction, making it uniquely suited for RBR environmental data [8].
For example, in Alberta’s oil sands, a dataset on water quality might include verified
measurements (T), unmeasured contaminants (I), and falsified industry reports (F), which
neutrosophic statistics can integrate holistically [8]. Recent applications have
demonstrated its effectiveness in assessing environmental and health outcomes in
resource-intensive regions, providing a robust alternative to traditional methods [8]. This
approach enables policymakers to derive reliable insights from imperfect data, addressing
a critical gap in RBR sustainability research.

2.1.4 Neutrosophic Game Theory

Neutrosophic Game Theory extends classical and fuzzy game theory by modeling
strategic interactions with indeterminate utilities, representing each option as a triplet (T,

I, F) [8]. This framework captures stakeholder behaviors under ambiguity, contradiction,
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or incomplete information, which are prevalent in RBR policy negotiations [10]. For
instance, in Mongolia’s coal regions, a government may support renewable energy
transitions (T), remain uncertain about economic impacts (I), and oppose rapid phase-outs
due to job losses (F) [11]. Neutrosophic game theory has been applied to multi-criteria
decision-making in engineering and economics, but its integration with neutrosophic
statistics remains unexplored, particularly for green industrial policy in RBRs [8]. This gap
is significant, as combining these tools could model both uncertain data and complex
stakeholder dynamics, offering a comprehensive approach to sustainable policy design in

resource-dependent regions [8,10].

2.2. Theoretical Foundations

2.2.1 Neutrosophic Statistical Constructs

Let x € R™ be a vector of environmental observations such as:
CO, emissions per industrial unit,

levels of groundwater contamination,

particulate matter concentrations (PM2.5).

Instead of assigning a single statistical value, we define:

x; = (T, I;, Fy), Ty, I;, F; € [0,1], not necessarily summing to 1
This triplet represents:
T; : the degree to which the observation is trustworthy or valid.
I; : the degree of indeterminacy, due to measurement gaps or ambiguity.
F; : the degree of falsehood, e.g., suspected manipulation or misreporting.

Definition 1: Neutrosophic Mean
Given a neutrosophic dataset {x4, x5, ..., X, }, define the neutrosophic mean as:
 1v 1w 1%
(Ez W Fi)
i=1 i=1 i=1
The neutrosophic mean generalizes the classical mean by separately averaging validity,

indeterminacy, and contradiction.

Definition 2: Neutrosophic Variance and Standard Deviation

Let the component variances be defined as:

1w 1w 1w
of = EZ (T; = T)* of = EZ (I; = D% 0f = Ez (F; — F)?
i=1 i=1 i=1

4
The neutrosophic standard deviations are:
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— 2 _’2 _’2
or = Or,0; = O-I,O-F— UF

These measures quantify the spread of each component, enabling more precise

assessment of uncertainty and inconsistency.

Definition 3: Neutrosophic Confidence Interval (NCI)
Let z € R*denote a neutrosophic confidence coefficient. Then the confidence intervals
for each component are:
NCl; = [T — zoy, T + zoy]
NCI; = [I — zay, I + zoy]
NClg = [F — zog, F + zog]
The NCI gives an interval estimate for each dimension of uncertainty, allowing

confidence-based decision analysis.

Example 1: CO, Concentration with Uncertain Measurement
Let environmental measurements from 4 sensors be:
x; = (0.85,0.10,0.05), x, = (0.65,0.25,0.10)
x3 = (0.45,0.35,0.20), x, = (0.30,0.50,0.20)
Mean Calculation:
0.85 + 0.65 + 0.45 + 0.30

T = ) = 0.5625
- 010+ 0.25+0.35+ 0.50
I = 2 =0.3

_ 0.05+0.10 + 0.20 + 0.20

F = ) = 0.1375

Standard Deviation (for T ):

1
of =5 [(085 — 0.5625)” + (0.65 — 0.5625)” + (0.45 — 0.5625)" + (0.30 — 0.5625)?]

0.082 + 0.008 + 0.013 + 0.069
= 2 = 0.043

= g7 ~ 0.207

Confidence Interval (z=1):
NCI; = [0.5625 — 0.207,0.5625 + 0.207] = [0.355,0.77]
Repeat similarly for [ and F.

Definition 5: Refined Neutrosophic Observation

If each component derives from multiple sources/types:

14 r s
j=1 k=1 =1

Where:

Ruifen Zhao, A Hybrid Neutrosophic Statistical-Game Theoretic Framework for Modeling Green Policy Dynamics of
Coal Mining Enterprises Under Indeterminacy in Resource-Based Regions



Neutrosophic Sets and Systems, Vol. 86, 2025 788

T;; : truth from source j
I;, : indeterminacy type k
F;; : falsehood type !
p,7,s € N: number of components
This decomposition allows attribution of uncertainty to specific types or sources for

advanced modeling.

2.2.2 Neutrosophic Game Theory Constructs (Condensed & Mathematical)
In this section, we define a strategic framework where each agent operates under
uncertainty, modeled by neutrosophic logic. Each player evaluates their choices not by a
single utility value, but by a neutrosophic utility triplet that includes T, I, and F.
Definition 6: Players and Strategies
Let:

P ={G,F,C}: set of players

G : Government

F: Firm

C: Civil Society

Sp : strategy set for player P € P

s = (Sg,Sr, S¢) :joint strategy profile
Each player selects a strategy aiming to maximize expected neutrosophic utility under

indeterminate policy/environmental states.

Definition 7: Neutrosophic Utility Function
Let:
Tp(s) : degree to which outcome of s benefits player P
Ip(s) : degree of indeterminacy or uncertainty for P under s
Fp(s) : degree of loss, opposition, or failure for P under s
ap, Bp, vp € R*: player-specific weights for each component
Then the scalarized neutrosophic utility is:
Up(s) = ap - Tp(s) = Bp - Fp(s) +vp - Ip(s)
This formulation incorporates each player's subjective valuation of truth, risk, and

uncertainty.

Definition 8: Neutrosophic Nash Equilibrium (NNE)

A strategy profile s* = (s¢, sg, S¢) € Sg X Sp X S¢ is a Neutrosophic Nash Equilibrium if:
Up(s*) = Up(sp,sZp) Vsp € Sp,VP € P

Where:
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sZp : fixed strategies of all players other than P
In an NNE, no player can improve their neutrosophic utility by unilaterally deviating,

considering indeterminacy explicitly.

Definition 9: Triplet Dominance
Given two triplets x = (Ty, I, F;) and y = (T,, I, F,), we say:
x>y ST, >T,l, <I,F, <F,
This defines a strict partial order reflecting preference for higher truth and lower

uncertainty and risk.

Example 2: Neutrosophic Policy Game

Let each player choose between two strategies:

Government:
G € {sf = "Strict Regulation", s§ = "Flexible Policy" }
Firms:
F € {sf = "Adopt Green Tech", s = "Delay Compliance" }
Citizens:

C € {sf = "Support Government", s§ = "Protest" }

Let the neutrosophic payoffs for profile s = (s, s, sf) be:

T, =0.7,1; = 0.2,F; = 0.1

Tp = 0.6,1r = 0.3, Fp = 0.2
T, = 0.9,1; = 0.05, F, = 0.05
Assume equal weights for all players:

ap=1,0p=1,yp = 1VP
Then utilities:
U;=07-01+02=08Ur=06-02+03=0.7U;,=09-0.05+0.05=0.9

Statement: The profile (s¢,sf, s{) yields optimal neutrosophic utilities. If no player
benefits from deviation (by evaluating all alternatives), it constitutes a Neutrosophic
Nash Equilibrium.

3. Hybrid Neutrosophic Statistical-Game Theoretic Framework
We now construct a complete decision model where:
1. Players operate under strategic uncertainty.
2. Environmental data is modeled as neutrosophic observations.
3. DPayoffs are computed using statistical aggregates from real or synthetic

neutrosophic datasets.
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3.1 Model Structure
Let:
P ={G,F,C}: players - Government, Firm, Civil Society
Sp : strategy space of player P € P
x; = (T;, I;, F;) € [0,1]3 : environmental observation i
X = {x1, x5, ..., x,} : neutrosophic environmental dataset
We construct utility functions by:
1. Statistically aggregating dataset X

2. Using the results in payoff functions

3.2 Aggregated Neutrosophic Data

From dataset X', compute:

n n n
_ 1 _ 1 _ 1
n. n. n.

Let these represent the regional environmental truth, uncertainty, and contradiction
levels.
Define:

% = (T, I, F) : regional neutrosophic profile

z € R : confidence coefficient

NCl; = [T — zo7, T + zoy], etc.

3.3 Neutrosophic Utility Functions (Data-Driven)
Let the utility function for player P under strategy profile s be:
Up(s) = ap - Tp(s,%) — Bp - Fp(s,X) + vp - Ip(s, X)
Where:
Tp(s,x) : alignment between player P 's goal and environmental quality x
Ip(s, X) : ambiguity in policy effect on the environment
Fp (s, x) : risk of failure or backlash

ap, Bp,¥p > 0: player-specific sensitivity

3.4 Example 1: Payoff Construction

Assume:
Dataset:
x; = (0.8,0.1,0.1), x, = (0.6,0.2,0.2), x; = (0.4,0.3,0.3)
Then:
T=061=02F=0.2
Assume:
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s = (Strict Regulation, Adopt Green, Support)

Player preferences:

G : wants maximum truth, minimal indeterminacy
F : tolerates higher I, fears F
C :values T, avoids F

Set weights:

(ag, B ve) = (L1L,1)
(ag, Br,vr) = (0.9,1.1,0.5)
(ac,Be ve) = (1.2,1.3,0.2)
Then:
U; =1(0.6) —1(0.2) + 1(0.2) = 0.6
Up = 0.9(0.6) — 1.1(0.2) + 0.5(0.2) = 0.54 — 0.22 + 0.1 = 0.42
Ue = 1.2(0.6) — 1.3(0.2) + 0.2(0.2) = 0.72 — 0.26 + 0.04 = 0.5

Equilibrium Existence
Let Up: S » R be upper semi-continuous in s, and S compact and convex. Assume:
Finite strategy space
Payoff functions continuously.
Each player evaluates utility via scalarized neutrosophic measure
Then:
By Glicksberg's extension of Kakutani's fixed point theorem:
3s* € S:Up(s*) = Up(sp,s’p) VP
An NNE exists under bounded rationality and neutrosophic evaluation.

Example 2: Deviating from Equilibrium
Let profile s* = (s¢,sf,s{) yield:
Us; =0.6,Up =0.42,U; =0.5
Now suppose F switches to s§ = "Delay Compliance"
New environmental data (less green adoption):
x' = (0.4,0.3,0.3)
Recalculate:
Ur = 0.9(0.4) — 1.1(0.3) + 0.5(0.3) = 0.36 — 0.33 + 0.15 = 0.18
Since Uf < U, the firm will not deviate.
This confirms local equilibrium at s*.
4. Hybrid Neutrosophic Statistical-Game Theoretic Framework
This section develops a decision-making model that integrates neutrosophic statistical

summaries with strategic behavior under uncertainty, formalized through neutrosophic
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game theory. It simulates real-world environmental policy dynamics in resource-based

regions where data may be vague, incomplete, or contradictory.

4.1 Neutrosophic Environmental Dataset
We begin with environmental readings from five sensors in a resource-intensive
industrial zone. Each sensor returns a triplet x; = (T}, I;, F;), representing the perceived
truth, indeterminacy, and falsehood of each observation.

Sensor T; I; F;

X1 0.85 0.10 0.05
X2 0.65 025 0.10
X3 050 035 0.15
X4 0.30 0.50 0.20
Xs 0.60 0.20 0.20

4.2 Neutrosophic Summary Statistics
We calculate the means, standard deviations, and confidence intervals (Cls) for each

component:

Means
_ 0.85+0.65+ 0.50 + 0.30 + 0.60
T = S = 0.58
_ 010+ 0.25+0.35+0.50 + 0.20
I= S =0.28
_ 0.05+0.10 + 0.15 + 0.20 + 0.20
F= S =0.14

Standard Deviations
or = 0.181,0; = 0.136,0r = 0.058
Confidence Intervals (z = 1)
Cl; = [0.399,0.761], CI, = [0.144,0.416], CI = [0.082,0.198]
These ranges quantify the bounds of truth, uncertainty, and contradiction observed

across the system.

4.3 Player Strategy Model
We define three players:
G : Government
F : Firm
C : Civil Society
Each player selects a strategy from two choices:
G € {s{ = Strict Policy,s§ = Flexible Policy }
F € {sf = Adopt Green Tech, s§ = Delay Compliance }
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C € {sf = Support, s§ = Protest }

4.4 Data-Driven Utility Function
Let ¥ = (T, I, F) from Section 3.2. Each player P € {G, F, C} computes their utility from:
Up=ap-T—PBp - F+yp-I

Let the weights be:
Player ap Bp Vp
G (Govt) 1.0 1.0 05
F (Firm) 09 12 0.7
C (Society) 1.1 14 0.3
Then:

Government Utility:
U;=10-058-1.0-0.14+0.5-0.28 = 0.58 — 0.14 + 0.14 = 0.58

Firm Utility:
Ur=09-058-12-0.14 +0.7-0.28 = 0.522 — 0.168 + 0.196 = 0.55
Civil Society Utility:

Us=11-058—-14-0.14+0.3-0.28 = 0.638 — 0.196 + 0.084 = 0.526

4.5 Equilibrium Verification
Suppose this strategy profile is:

G : strict regulation

F : adopt green tech

C : support
Now assume Firm deviates to "delay compliance”, worsening environmental indicators
to:

x' = (0.45,0.35,0.25)

Then Firm's new utility:
Ur=0.9-0.45-1.2-0.25+ 0.7 - 0.35 = 0.405 — 0.30 + 0.245 = 0.35
Since Ur = 0.35 < 0.55 = Uy, the firm has no incentive to deviate. This indicates local
Neutrosophic Nash Equilibrium.

5. Case Study Design: Neutrosophic Policy Simulation in a Resource-Based Region

To demonstrate the real-world applicability and analytical strength of the proposed
hybrid neutrosophic framework, this section presents a case study based on a resource-
based industrial region undergoing green transformation. The selected region exemplifies
the challenge of environmental governance under uncertainty, where strategic decisions
must be made despite unreliable and partially contradictory data. The aim is to illustrate

how neutrosophic statistics and game theory can be fused into a decision-making system
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that not only quantifies indeterminacy but also responds rationally to it through strategic

interaction.

5.1 Regional Background and Model Context

The case study is inspired by regions such as Shanxi Province in China, where heavy
reliance on coal extraction and processing has led to significant environmental
degradation. Local governments in such regions are under growing pressure from
national policy directives, civil society, and international agreements to reduce carbon
emissions and modernize their industrial base. However, efforts to enact meaningful
green policies are frequently hindered by conflicting incentives, incomplete data, and
political resistance.

Within this context, three primary stakeholder groups are considered: the regional
government (G), which sets environmental policy; industrial firms (F), which must
comply or resist; and civil society actors (C), who can either support or protest policy
actions. Each player in this system faces ambiguous environmental data and must form

expectations based on imperfect and sometimes contradictory information.

5.2 Neutrosophic Environmental Dataset

To simulate the environmental conditions of the region, a synthetic dataset was
constructed using the neutrosophic representation x; = (Tj, I;, F;), where each component
denotes the degrees of truth, indeterminacy, and falsehood associated with a given
observation. The dataset comprises five indicators relevant to regional green
transformation: coal-related emissions, water resource consumption, air quality index,
green job creation ratio, and public health impact score. These were assigned neutrosophic
values informed by typical regional reports, remote sensor data, and expert judgments.

The dataset is as follows:
x1 = (0.70,0.15,0.15)  (Coal Emissions)
x, = (0.60,0.25,0.15) (Water Usage)
x3 = (0.40,0.40,0.20)  (Air Quality Index)
x4 = (0.55,0.30,0.15) (Green Jobs Ratio)
x5 = (0.50,0.35,0.15)  (Public Health Index)

5.3 Statistical Aggregation of Environmental Conditions
Following the formulation provided in Definition 2 (Neutrosophic Mean), the mean

values for the dataset are computed component-wise:
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-1
T= < (0.70 + 0.60 + 0.40 + 0.55 + 0.50) = 0.55
-1
I = S (0.15+ 0.25 + 0.40 + 0.30 + 0.35) = 0.29

_ 1
F= 5(0.15 + 0.15+ 0.20 + 0.15 + 0.15) = 0.16

The resulting triplet x = (0.55,0.29,0.16) serves as the regional neutrosophic
environmental profile. To assess the reliability of these aggregate indicators, the standard
deviations were computed using Definition 3 (Neutrosophic Variance), yielding oy =
0.1,0; = 0.08, and o = 0.02. Based on a confidence coefficient z = 1, the corresponding

intervals are estimated as:
Cl; = [0.45,0.65],Cl, = [0.21,0.37], Cl; = [0.14,0.18]

These intervals reveal that while the truth value of environmental data is moderate, the
degree of indeterminacy remains significant, suggesting policy ambiguity. However, the
narrow falsehood interval indicates a relatively low level of manipulation or

measurement falsification.

5.4 Strategic Game Modeling with Embedded Statistics

We now apply the data-driven utility function defined in Section 3.3. For each player
P € {G,F, C}, utility is derived from:

Up=ap - T—Bp-F+yp-T

To simulate different stakeholder priorities, we assign weight coefficients based on
domain relevance. The government values environmental improvement and risk
mitigation, the firm is cost-sensitive and risk averse, while civil society prioritizes

environmental truth and transparency. The weights are defined as:
(ag, Bs,ve) = (1.2,1.0,0.6), (af, fr, vr) = (0.8,1.3,0.5), (a¢, fc, vc) = (1.1,1.5,0.3)

Applying these values and using the computed neutrosophic means, we obtain the

utilities for a strategy profile where all players align toward green transformation:
U;=12-055-1.0-0.16+0.6-0.29 = 0.66 — 0.16 + 0.174 = 0.674
Ur=08-0.55-13-0.16 + 0.5-0.29 = 0.44 — 0.208 + 0.145 = 0.377
Ucs=11-055-15-0.16 +0.3-0.29 = 0.605 — 0.24 + 0.087 = 0.452

This result suggests that under moderate environmental truth and measurable
uncertainty, all players achieve acceptable utility when cooperating under a strict policy

and green adoption model.
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5.5 Equilibrium Evaluation Through Strategic Deviation

To test equilibrium stability, we analyze a deviation scenario where the firm switches its
strategy from adopting green technology to delaying compliance. As a result,
environmental performance deteriorates, and the new profile becomes x' =
(0.48,0.36,0.22).

The updated utility for the firm is:

Ur=0.8-0.48—-1.3-0.22+0.5-0.36 = 0.384 — 0.286 + 0.18 = 0.278

Since Ur < Up, the firm has no incentive to unilaterally deviate from its cooperative
strategy. This confirms the existence of a Neutrosophic Nash Equilibrium (NNE),

consistent with the condition in Definition 8.

5.6 Contribution of the Hybrid Model

This case study highlights several unique contributions of the proposed framework. First,
the model allows stakeholders to compute expected utilities under uncertain
environmental states, where conventional data models would either discard ambiguous
data or misrepresent its impact. Second, the integration of neutrosophic statistical
summaries into game-theoretic reasoning offers a quantifiable approach to handling
behavioral dynamics in the presence of epistemic indeterminacy. Finally, by validating
the equilibrium under strategic perturbations, the model demonstrates not only
theoretical soundness but also practical applicability to complex ecological policy systems
where data vagueness and behavioral contradiction are the norm.

In sum, this hybrid neutrosophic statistical-game model provides a rigorous, adaptive,
and interpretable approach for evaluating and stabilizing green transformation strategies

in industrial economies that face both environmental degradation and data unreliability.

6. Conclusion and Future Work

Understanding how to make sound environmental decisions when data is unclear is one
of the hardest challenges facing regions that rely heavily on industrial resources. What
this research offers is not just a new method, but a different way of thinking about
uncertainty itself not as a problem to ignore or “clean up,” but as part of the system that
must be acknowledged and worked with.

Rather than simplifying messy or incomplete data, this model treats uncertainty as a first-
class element in both data analysis and human decision-making. It doesn’t just allow for
uncertainty it uses it. This shift makes it possible to design strategies that are more

resilient, especially in regions where decisions cannot wait for perfect information.
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This work is not about proving that one policy is better than another. It's about showing

that when governments, industries, and societies understand the structure of their own

uncertainty, they can make more grounded, stable, and realistic choices without

pretending to know more than they do.

Looking ahead, this framework opens the door to smarter, more adaptive systems. It can

grow to include real-time updates, learning behaviors, and more detailed modeling of

how people interpret risk. But even in its current form, it provides something often

missing in technical models: room for doubt, without the loss of direction.
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