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resentation of the ambiguous and often conflicting economic data prevalent in agricultural planning.
The proposed MVN-ARAS framework is presented with formal definitions, aggregation operators,
and a step-by-step decision-making procedure tailored for economic assessment. Its effectiveness
is demonstrated through an illustrative investment case and a real-world application to prioritize
and economically evaluate climate change adaptation strategies for smallholder olive growers in
Chile’s Coquimbo Region. Results show that drought-resistant olive cultivars and water-saving ir-
rigation technologies achieve the highest relative utility values, indicating their dominant role in
improving economic resilience under prolonged water scarcity. In contrast, diversification-oriented
measures — such as value-added olive products and rural ecotourism — rank lower but still contribute
to long-term income stability. These findings highlight the ability of the MVN-ARAS framework to de-
liver a structured economic evaluation, a robust ranking of alternatives based on cost-benefit and risk
criteria, and improved handling of conflicting expert opinions, offering decision-makers a transparent
and reliable tool for strategic investment and resource allocation to enhance economic resilience.
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1. Introduction

In today's rapidly changing world, decision-making in complex and uncertain environments
has become increasingly challenging. Information variability, global interconnectivity, geopo-
litical instability, and unpredictable outcomes all contribute to this difficulty.

These challenges are particularly pronounced in critical sectors. In the fields of medicine
and public health, the emergence of new diseases, recurrent pandemics, and growing antibi-
otic resistance have intensified systemic vulnerabilities (Morehead & Scarbrough, 2018; Salam
et al, 2023) demands innovative strategies and rapid responses. The COVID-19 pandemic
highlighted how swiftly infectious diseases can spread, causing widespread morbidity, mortal-
ity, and socioeconomic disruption (V. Mishra et al., 2021). In the economy, geopolitical shifts,
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digitization, and automation have introduced new layers of uncertainty to long- term plan-
ning (Zheng & Gong, 2024). At the same time, advances in Al and data science are reshap-
ing decision-making by optimizing resources and enhancing efficiency, while social media
accelerates information flows, influencing geopolitics and economic growth but also reduc-
ing productivity and shaping public opinion (Kamruzzaman, 2022). Agriculture faces equally
pressing challenges, as climate change drives extreme and unpredictable weather patterns
that disrupt water availability, alter production cycles, and threaten food security (Mirzabaev
et al, 2023). These disruptions lower crop yields and farm incomes, yet studies suggest
that strong climate action could mitigate such risks and even enhance global GDP by 2040.

Agriculture is a central pillar of Chile’s economy, contributing significantly to exports and
rural employment, yet it faces growing challenges from climate variability and water scarcity
(Fernandez et al.,, 2023). Prolonged droughts, declining river flows, and shifts in precipita-
tion patterns have reduced water availability for irrigation, threatening both productivity and
farmer livelihoods (Fuentes et al., 2021). These pressures are particularly acute in the coun-
try's arid and semi-arid regions, where irrigation is essential for sustaining crop production.

Within this context, olive cultivation stands out as a strategic activity, supplying both do-
mestic and international markets with high-quality olive oil and earning recognition in global
competitions (Herrera-Caceres et al., 2017). However, the sector is under mounting pressure
from prolonged droughts, erratic rainfall, and sustained declines in water availability — condi-
tions exacerbated by climate change (Mirzabaev et al., 2023). These adverse factors directly
affect irrigation management, reduce yields, and erode farmer incomes, making long-term
planning increasingly uncertain. In regions such as Coquimbo, irrigation is indispensable
for the commercial viability of olive groves, with recommended strategies including drip
and deficit irrigation, alongside the adoption of drought-tolerant cultivars like Coratina and
Leccino (Mora et al., 2007). Producers and policymakers are thus confronted with difficult
decisions among competing adaptation strategies — ranging from investing in water-saving
technologies to shifting toward drought-resistant varieties — often under conditions of in-
complete information and conflicting expert opinions. In such settings, where uncertainty is
high and multiple, sometimes contradictory, factors must be considered, structured analytical
approaches become essential to guide robust and effective decision-making. Multi-Criteria
Decision-Making (MCDM) methods provide such structure by offering systematic ways to
evaluate alternatives under diverse criteria. Classical approaches such as AHP (Saaty, 1987),
VIKOR (Opricovic & Tzeng, 2004), and TOPSIS (Hwang & Yoon, 1981) have proven effective
in many applications but often struggle when uncertainty is high. To address this limitation,
researchers have developed extensions that incorporate uncertainty modeling, particularly
through fuzzy numbers, which better capture vagueness in decision problems (Yager, 2016).
Methods like Fuzzy AHP (Demirel et al., 2008; Y. Liu et al, 2020; Ahmed & Kilic, 2019) and
Fuzzy TOPSIS (Nadaban et al., 2016; Palczewski & Satabun, 2019) improve decision accuracy
by representing imprecise information more effectively.

The foundation of these methods lies in fuzzy set theory, introduced by Zadeh (1965),
which used membership functions to handle linguistic uncertainty. Later, Atanassov (1986)
expanded this framework with Intuitionistic Fuzzy Sets (IFS), incorporating both membership
and non-membership functions. Subsequent advances included Interval-Valued Fuzzy Sets
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(IVFS) (Gorzatczany, 1987), Pythagorean Fuzzy Sets (PFS) (Yager, 2014), and Neutrosophic
Sets (NS) (Smarandache, 2004), which introduced three independent membership functions —
truth, indeterminacy, and falsity. These developments aimed to better capture ambiguity and
conflicting information in decision-making.

Further refinements include Single-Valued Neutrosophic Sets (SVNS) (H. Wang et al.,
2010), Quadripartitioned Single-Valued Neutrosophic Sets (QSVNS) (Chatterjee et al., 2016),
and, most recently, Multi-Valued Neutrosophic Numbers (MVNNs) (Peng & Wang, 2015).
MVNNs extend traditional neutrosophic sets by allowing truth, indeterminacy, and falsity
memberships to take multiple values, thereby improving their ability to represent conflicting
and imprecise information. This makes them especially valuable in domains such as risk
analysis (Peng et al., 2014; P. Liu et al., 2016) and medical diagnosis (Martina & Deepa, 2023),
where uncertainty is pervasive. Table 1 summarizes key differences between MVNNs and
other fuzzy set extensions.

In light of the increasing need for robust Fuzzy Multi-Criteria Decision-Making (FMCDM)
models in dynamic environments (Shahmohammad et al., 2024), MVNNs offer a richer
framework for handling uncertainty. Their integration into MCDM strengthens reliability and
adaptability, allowing for more realistic and effective assessments.

Given the limitations of conventional MCDM methods in highly uncertain settings like
Coquimbo’s olive sector, a method that is both robust to uncertainty and practically inter-
pretable is required. While MVNNSs provide the necessary robust framework for handling
indeterminacy and conflicting data, they lack an inherent, transparent ranking procedure.
This presents a critical methodological gap: the need to pair MVNNs' advanced uncertainty
modeling with a simple, interpretable decision-making structure for real-world application.
To bridge this gap, this study integrates MVNNs with the ARAS method. The ARAS method
is selected for its transparent additive structure and ease of interpretation, which are vital
for stakeholder engagement in agricultural planning (Thakkar, 2021). While standard ARAS
can struggle with high uncertainty, its framework integrates naturally with MVNN- based
modeling. This synergy is key: the MVNN component directly overcomes ARAS's limitations
in uncertain contexts by capturing a broader spectrum of expert opinions and ambiguity,
while ARAS provides the clear, systematic ranking procedure that MVNNSs lack. For these
reasons, the MVN-ARAS hybrid is better suited for evaluating climate-adaptation strategies
in the olive sector than other compensatory methods or a standalone fuzzy ARAS approach.

Accordingly, the objective of this article is to develop and validate this novel MVN-ARAS
model, providing a more reliable and uncertainty-resilient framework for selecting climate
change adaptation policies in Coquimbo’s olive farming sector.

The remainder of the article is structured as follows. Section 2 reviews MVNNSs, their
operators, and their integration with MCDM methods, as well as extensions of ARAS in
uncertain environments. Section 3 introduces the theoretical foundations of MVNNs, while
Section 4 presents the proposed MVN-ARAS framework. Section 5 illustrates the approach
through an example with sensitivity analysis, and Section 6 applies MVN-ARAS to evaluate
adaptation policies for olive farmers in Coquimbo. Section 7 discusses economic develop-
ment implications, while Section 8 discusses managerial and governance implications. Finally,
Section 9 summarizes the key findings and outlines directions for future research.
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Table 1. A comparative analysis of Multi-Valued Neutrosophic Sets (MVNSs) against other fuzzy set
extensions based on key characteristics. The comparison framework is adapted from (Borah & Dutta, 2024).

Multiple | g ;eapiiit
. . Membership Indeterminacy | Values Y
Approach [ Uncertainty Handling . . for Complex
Components Consideration | Represen- L. .
- Decision-Making
tation
FSs Handles vagueness Membership No explicit No Moderate
but not full function (u) representation
uncertainty
IFS Extends FSs by adding |p + v Indirectly No Moderate
a hesitation degree (Non-membership) | modeled
IVFSs Provides a range of Interval-valued p Not No Moderate
values to express un explicitly
certainty considered
PFSs Allows greater (W2 +v2 <) Not No Moderate
flexibility than IFSs explicitly
considered
NSs Handles Three independent | Explicitly No High
indeterminacy and components: T, /, modeled
inconsistency and F
SVNSs Simplified NSs where | T, I, F (Single Explicitly No High
T, I, and F assume values) modeled
single values
QSVNSs [ Further refines T, I (Contradiction |Provides a No High
indeterminacy & Ignorance), F clearer
handling by distinction of
partitioning indeterminacy
it into two
components
MVNNs [ Extends NSs by Multiple values for |Provides the Yes Very High
allowing multiple T, 1, and F most detailed
values per component modeling of
indeterminacy

2. Background

In this section, the study compiled and structured the fundamental theoretical contents and
concepts related to MVNNs and the ARAS method, with the purpose of addressing problems
involving uncertainty. This approach seeks to establish a solid theoretical basis for the article,
which will allow effective progress in the following stages of the research.

2.1. Overview of multi-valued neutrosophic numbers

Decision-making in complex and uncertain environments often requires advanced com-
putational techniques and structured evaluation frameworks. MVNNs have emerged as
a significant advancement in the field of MCDM, offering a robust framework for handling
uncertainty, indeterminacy, and inconsistency. Unlike traditional methods, MVNNs allow truth
membership, indeterminacy-membership, and falsity-membership functions to take on a set
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of crisp values between zero and one (Peng et al., 2014; Peng & Wang, 2015). This capability
makes MVNNs particularly suitable for addressing complex decision-making scenarios where
conventional approaches may fall short.

Recent research has focused on developing specialized operators and methods to enhance
the applicability of MVNNs in MCDM. For instance, Peng et al. (2018) introduced the multi-
valued neutrosophic geometric weighted Choquet integral Heronian mean (MVNGWCIHM)
operator, which combines the Heronian mean and Choquet integral for MVNNs. This opera-
tor is designed to handle cases with unknown criteria weights and has been validated through
illustrative examples, sensitivity analysis, and comparative studies. Similarly, P. Liu et al. (2016)
proposed Bonferroni mean operators for MVNNSs, including the Weighted Bonferroni Mean
(WBM) and Weighted Geometric Bonferroni Mean (WGBM) operators. They further extended
these to Multi-Valued Neutrosophic Weighted BONFERRONI Mean (MVNWBM) and Multi-
Valued Neutrosophic Weighted Geometric Bonferroni Mean (MVNWGBM) operators, dem-
onstrating their application in investment selection and analyzing the impact of parameter
choices on decision outcomes.

In the real of linguistic approaches, Yang and Li (2018) introduced Multi-Valued
Neutrosophic Linguistic Sets (MVNLSs) and defined operations for Multi-Valued Neutrosophic
Linguistic Numbers (MVNLNSs). They proposed two aggregation operators, the Multi-Valued
Neutrosophic Linguistic Power Weighted Average (MVNLPWA) and Multi-Valued Neutrosophic
Linguistic Power Weighted Geometric (MVNLPWG), and developed an MCDM method based
on these operators. Their approach was validated through an illustrative example, showcasing
its effectiveness. Building on this, Kamal et al. (2020) proposed a group decision-making
framework using the Multi-Valued Interval Neutrosophic Linguistic Set Weighted Arithmetic
Average (MVINLSWAA) and Multi-Valued Interval Neutrosophic Linguistic Set Weighted
Geometric Average (MVINLSWGA) operators. These operators, combined with a score func-
tion, enable the aggregation and ranking of multi-valued interval neutrosophic linguistic
information, facilitating the selection of optimal alternatives.

Correlation-based methods have also been explored to address challenges in MVNNs.
For example, Ye et al. (2020) proposed a method to transform MVNNs into Consistency
Single-Valued Neutrosophic Sets (CSVNSs) using average values and consistency degrees.
This transformation enables consistent operations across sequences of varying lengths. The
authors introduced two correlation coefficients for CSVNSs and developed a decision-making
approach within the MVNNS framework. The method's effectiveness and rationality were
demonstrated through illustrative examples and comparative analyses.

Despite these advancements, few studies have integrated MVNNs with established MCDM
approaches such as ELECTRE (Roy, 1968), QUALIFLEX (Paelinck, 1978), and MULTI- MOORA
(Brauers & Zavadskas, 2010). For instance, extensions of the ELECTRE method have been
proposed to incorporate MVNSs, enhancing its ability to manage multi-valued neutrosophic
information (Peng et al, 2017a). Similarly, the QUAL- IFLEX method has been adapted to
utilize MVNNSs, offering a flexible approach to MCDM problems (Peng & Tian, 2018; Peng
et al,, 2017b). In the work of Xiao et al. (2021) proposed an Improved Generalized Multi-
Valued Neutrosophic Weighted Heronian Mean (IGMVNWHM) operator to better handle
interactions among criteria, a new distance measure for deriving objective weights, and an
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improved MULTIMOORA method integrated with prospect theory to account for decision-
makers' bounded rationality.

The integration of MVNNs with these classical methods not only enriches the decision-
making toolkit but also provides a more nuanced understanding of decision criteria and
alternatives. These developments highlight the versatility and potential of MVNNs in ad-
dressing real-world problems, underscoring the need for further research to explore their
full capabilities.

2.2. Overview of ARAS method

The ARAS method has been extensively reviewed and applied across various fields, showcas-
ing its versatility. The ARAS method was initially developed to address the challenges posed
by qualitative and quantitative information in Multi-Attribute Decision-Making (MADM) prob-
lems, particularly those involving different measurement units. It has since been ex- tended to
various information environments and application fields, as highlighted in a comprehensive
review that discusses its theoretical development, application extensions, and future chal-
lenges (N. Liu & Xu, 2021).

In logistics, the ARAS method, specifically its grey version (ARAS-G), has been utilized to
evaluate the logistics performance of OECD (Stevi¢ et al., 2024). This application demonstrates
the method’s ability to handle time-series data and compare it with existing indices like the
World Bank's Logistics Performance Index, providing a robust alternative for performance
evaluation. Similarly, in mineral prospectivity mapping, a hybrid approach combining the
Best-Worst Method (BWM) and ARAS has been proposed, which effectively prioritizes and
ranks mineralization prospects, outperforming traditional methods like TOPSIS (Bahrami et al.,
2019).

The ARAS method, particularly when combined with fuzzy approaches, has been widely
applied across diverse decision-making scenarios. For instance, the Fermatean fuzzy approach
in food waste treatment technology selection demonstrates ARAS's ability to handle uncer-
tainty and qualitative information by incorporating Fermatean fuzzy numbers to manage
imprecision and strengthen decision-making robustness (Rani et al., 2021). In a similar vein,
the hesitant fuzzy linguistic approach used in smart watch evaluation highlights ARAS’s adapt-
ability in contexts where preferences are uncertain and expressed linguistically, integrating
hesitant fuzzy linguistic term sets to reflect the subjective nature of judgments (Blyuikdzkan
& Guler, 2020). Building on these advances, Hu et al. (2022) developed a g-rung orthopair
fuzzy SWARA-ARAS framework to assess loT risks in supply chain management, illustrating
ARAS's effectiveness in highly uncertain, information-intensive environments. By coupling
SWARA for criteria weighting with ARAS under g-rung orthopair fuzzy sets, their work em-
phasizes the method's flexibility in addressing complex technological and organizational risks.
Similarly, Liao et al. (2019) integrated the Best Worst Method (BWM) with ARAS under a hesi-
tant fuzzy linguistic setting to support digital supply chain finance supplier selection. This
HFL-BWM-ARAS framework demonstrates the method’s capacity to accommodate multiple
experts, ensuring both criteria weighting and alternative ranking capture hesitant linguistic
information. Extending ARAS's applicability to the economic and technological domains, Ecer
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(2018) proposed a Fuzzy AHP-ARAS model to evaluate mobile banking services, where FAHP
derived the criteria weights and ARAS ranked the alternatives. This integration underscores
ARAS's versatility in balancing qualitative perceptions, such as ease of use, risk, and system
quality, with quantitative performance indicators, reinforcing its robustness across complex
decision-making environments.

In the field of facilities management strategy selection, the ARAS method is combined
with fuzzy MCDM models to address the fuzzy nature of market situations and stakeholder
preferences. This integration allows for a comprehensive evaluation of management strategies
by considering cost-effectiveness and stakeholder priorities (Zavadskas et al.,, 2017). Further-
more, the interval-valued intuitionistic fuzzy environment extends the ARAS methodology
to digital supply chain management, facilitating supplier selection by incorporating deci-
sion- makers’ expertise and handling uncertainty in the evaluation process (Blylkdzkan &
Goger, 2018).

The interval-valued fuzzy extension of the ARAS method is also applied in the evalu-
ation of oil and gas well drilling projects, highlighting its utility in balancing sustainable
development goals with environmental and human well-being considerations. This approach
underscores the method'’s flexibility in addressing complex, multi-attribute decision-making
problems (Dahooie et al., 2018). Additionally, the fuzzy ARAS-H method, which incorporates
hierarchical criteria, exemplifies the method's ability to manage linguistic variables and ex-
pert judgments in a structured decision-making framework (Ghram & Frikha, 2022). The
ARAS method has also been extended in various directions. For instance, the in- tegration of
Z-numbers has led to the Z-ARAS method for FMEA applications, improving reliability under
uncertain risk evaluations (Adali & Tus, 2023). Other enhancements, such as A-ARAS1 and
A-ARAS2, were developed to address the rank reversal phenomenon and improve evaluation
accuracy in performance appraisal settings (Karimi & Nikkhah-Farkhani, 2022). Although rank
reversal can occasionally arise in compensatory methods, it is not a major threat in this study
because the set of alternatives remains fixed and no alternatives are added or removed
during analysis. For this reason, A-ARAS2 was not required; the standard ARAS formulation
is sufficient and methodologically consistent with MVNN integration while avoiding unneces-
sary model complexity.

A. R. Mishra and Rani (2021) proposed a novel framework integrating ARAS with g-Rung
Orthopair Fuzzy Sets (q-ROFSs) and information measures to evaluate Sustainable Recycling
Partners (SRPs), demonstrating its effectiveness in uncertain decision-making environments.
The study introduced new entropy and discrimination measures for g-ROFSs to determine
criteria weights, balancing subjective expert inputs with objective data. Through a case study
and sensitivity analysis, the framework’s robustness was validated, showing consistent re-
sults despite variations in criteria weights. However, the authors acknowledge limitations in
handling uncertain, imprecise, indeterminate, and inconsistent information, an area where
MVNNs could provide a promising solution.

In the context of drought management, Dehkordi et al. (2025) developed an integrated
model combining fuzzy Shannon entropy and the Fuzzy ARAS method. Unlike earlier works
that treated risk indicators separately, this study compiled a comprehensive set of factors
from the literature and applied them simultaneously to evaluate four management scenarios
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in Chaharmahal and Bakhtiari province. Using fuzzy Shannon entropy, volume reliability, vul-
nerability, and sustainability emerged as the most critical indicators, while fuzzy ARAS ranked
cropping pattern change as the top priority, followed by reducing agricultural demand and
improving irrigation systems. The study highlights how integrated fuzzy MCDM approaches
can strengthen decision-making in drought-prone regions by providing a structured and
risk-oriented framework for water resource management.

2.3. Overview of fuzzy ARAS in agriculture
under climate change uncertainty

Agricultural decision-making faces increasing complexity due to climate change impacts,
such as erratic rainfall, temperature variability, and extreme weather events. Fuzzy MCDM
methods, particularly the ARAS technique, have been employed to address uncertainty in
crop selection, irrigation planning, and sustainable farming adaptation.

The foundational work of Turskis and Zavadskas (2010) introduced ARAS as a robust
ranking tool, later extended to fuzzy environments Turskis et al. (2012) in the assessment of
construction site alternatives for a non-hazardous waste incineration plant. Recent studies
have applied Fuzzy ARAS to climate-resilient agriculture, such as Mardani et al. (2020), who
evaluated drought-resistant crop alternatives using fuzzy linguistic scales, and Mishra et al.
(2022), who integrated ARAS with interval-valued fuzzy sets to assess adaptive farming strate-
gies under climatic volatility.

Overall, the ARAS method’s adaptability to different contexts and its integration with
other decision-making frameworks underscore its utility in diverse applications, from logistics
and mineral mapping to risk assessment and performance appraisal. These reviews and ap-
plications highlight the method's potential for continued development and its capacity to
provide reliable decision-making support across various domains.

Although ARAS has been extended to different information environments, it applies the
ARAS method using triangular fuzzy sets, followed by gray sets. Some studies start with
linguistic variables, which are then converted into triangular fuzzy numbers, interval triangular
fuzzy numbers, hesitant triangular fuzzy numbers, or Z-numbers to enhance computability
(N. Liu & Xu, 2021). However, approaches along the lines of neutrosophic numbers and
MVNNs are not presented. MVNNs are highly effective in handling uncertainty and multi-
valued data but lack a structured decision-making framework. ARAS provides a transpar-
ent and systematic approach to MCDM but struggles with dynamic or uncertain. While the
integration of MVNNs and MCDM methods has shown promise, existing studies have not
explored the combination of MVNNs and ARAS.

This gap presents a significant opportunity for innovation. By integrating MVNNs with
ARAS, it is possible to develop a hybrid model that leverages the adaptive learning capabili-
ties of MVNNs and the structured evaluation framework of ARAS. Such a model could address
the limitations of both methods and provide a more robust solution for decision- making in
complex, uncertain environments.
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3. Preliminaries

In this section, the definitions and operators that will be used in the rest of the article are
established.

3.1. Neutrosophic set

Definition 3.1 (Smarandache, 2006). Let U be a universe of discourse. A neutrosophic set
A can be defined as:

A=y, a0, a0, Fa)) |y € U}, (1

where, TA(y), [4(¥), Fao(y): U=]1-0, 1[* define the degree of truth-membership, indeterminacy-
membership, and falsity-membership, respectively. There is no restriction on their sum:

0 < T0) + 140 + Faly) < 3. @

3.2. Single-valued neutrosophic set

Definition 3.2 (H. Wang et al., 2010). Let U be a universal set. A single-valued neutrosophic
set (SVNS) A over U is defined as:

A= {<y' TA(y)I IA(y)I FA(y)> |y cU }r (3)
where, for each y € U, we have T,(y), I4(), Faly) € [0, 1] and
0 < Ty + I4y) + Faly) < 3. 4)

3.3. Multi-valued neutrosophic set

Definition 3.3 (H. Wang et al., 2010). Let U be a space of points. A multi-valued neutrosophic
set (MVNS) A over U is defined as:

A= {<y' TA(y): IA(y)' FA(y)> |y € V) }l (5)

where:

aly) {T ﬁ(y . ~,TX(y)},
aly)={aly A
av) = {F ) B )RR )
and oST/g(y), /j\(y), F/§ (y)gw cu.
This extension of neutrosophic sets accounts for situations where an entity may have
multiple truth, indeterminacy, and falsity values rather than a single or interval-based value.

This is particularly useful in scenarios involving multiple decision-makers or systems collecting
input from multiple sources, such as multi-sensor fusion applications.

Definition 3.4. Let A= <a, a,a> be a multi-valued neutrosophic number. Then, the com-

plement set (AC) is defined as follows:
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Ac_<U{1v}' U{1-n} U{1E}>_

Y€, nely &cFy
Definition 3.5. To examine how variations in the weights influence the decision-making
process within our proposed framework, we compute the weights using the metric intro-
duced by (Biswas et al., 2015). Let [Aj = <T;{: lj;, F;{> represent the multi-valued neutrosophic

evaluation of the (jth) criterion provided by the expert. Then, the weight (Wj) of the (jth)
criterion is defined as:

. (1—y)2+r12+£2

W= U :
|

n

yeT/{,nelﬁ,EeFA{ U 1
Zk:1 VeTk nelk &efk
w,=1.
>

To evaluate the influence of different criteria in the decision-making process under the
proposed multi-valued neutrosophic framework, we adopt the weight computation metric
introduced by Biswas et al. (2015). Subsequently, the aggregation of the multi-valued neu-
trosophic evaluations is performed using the Multi-Valued Neutrosophic Number Weighted
Averaging (MVNNWA) operator proposed by Peng and Wang (2015).

() + () +(E)
3

subject to

Definition 3.6. Let A; :<T/\',/£,FA{> for j=12,...,n be a collection of Multi-Valued Neu-
trosophic Numbers (MVNNs). The Multi-Valued Neutrosophic Number Weighted Averaging
(MVNNWA) operator is defined as:

MVNNWA : MVNN" — MVNN,

and expressed by:

MVNNWA (A, A,,..., A Z} WA 6)
where, W = w,,w,,...,w, notes the weight vector, satisfying w; >0 and Z w;=1.
Jj=1
Given a collection of MVNNs A= Tj,lﬁ,@( for j=1,2,...,n, the aggregated result ob-
tained using the MVNNWA operator is also an MVNN and is given by:

MVNNWA (4, Ay.....A,) = (| {1—H:1(1—yj)wf}, th_[jp;v’} u{Hj1E:Vf} ,

yjeTAj njelAj EjeFAj
@)

where, W:(W1,W2,...,Wn) is the weight vector with w . 6[0 1] and Z w; =1.
Jj=1

The MVNNWA operator satisfies the following fundamental properties:
1. Idempotency: If all MVNNSs are identical, i.e., Aj = A for all j, then:
MVNNWA (A, Ay,.... A )= A



Technological and Economic Development of Economy, 2026, 32(2), 727-764 737

2. Boundedness: For Aj = <T;{: lj;, F;{>: the lower and upper bounds of the aggregation
are defined as: A~ = <minj Tj, max;; /i\, max Fj>, At = <maxj Tj,minj /{‘,minj Fj'>!
and the following inclusion relation holds:

A~ CMVNNWA (A, A,,..., A ) C A*.

Definition 3.7. Let A_<TA,IA,F >) be a MVNN, then the score function s(A), accuracy
function a(A), and certainty function C(A) of an MVNN are defined as follow (Peng &
Wang, 2015): ] g
_ 1 Yot 170 178
D M e e ®

Vi€TaM €lp & €Fy

a(A)=—— 3" (v ©

Ta Fa Y €T 44 EkeFA

1
C(A):/—Zweay[, (10)

Ta

where, y; eTN,r]j el;,&k GF, and ITA'I/ , denote the element numbers TA, I, and F
respectively.

The score function is an important index in ranking MVNNs. For an MVNN A, the greater
the truth- membershlp T, the greater the MVNN. Conversely, the lower the mdetermmacy—
membership IA, the greater the MVNN. Similarly, the lower the false-membership F, , the
greater the MVNN.

For the accuracy function, if the difference between truth and falsity is greater, then
the statement is more affirmative. That is, the larger the values of T, a, and a, the more
accurate the MVNN.

As for the certainty function, the greater the truth-membership T, the more certainty
in the MVNN.

The definitions and operators presented in this section form the theoretical foundation
for the proposed MVN-ARAS framework. They will be consistently applied throughout the
remainder of the article to model expert evaluations, aggregate multi-valued neutrosophic
information, compute weights, and rank alternatives in the decision-making process.

The score function is an important index in ranking MVNNs. For an MVNN A, the greater
the truth-membership f;, the greater the MVNN. Conversely, the lower the indeterminacy-
membership l;, the greater the MVNN. Similarly, the lower the false-membership F,, the
greater the MVNN.

For the accuracy function, if the difference between truth and falsity is greater, then
the statement is more affirmative. That is, the larger the values of T,, /,, and Ii, the more
accurate the MVNN.

As for the certainty function, the greater the truth-membership 7:, the more certainty in
the MVNN.

The definitions and operators presented in this section form the theoretical foundation
for the proposed MVN-ARAS framework. They will be consistently applied throughout the
remainder of the article to model expert evaluations, aggregate multi-valued neutrosophic
information, compute weights, and rank alternatives in the decision-making process.
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4. Multi-value Neutrosophic ARAS

This section presents a new integrated decision-making framework, called MVN-ARAS, de-
signed to address complex MCDM problems from the perspective of MVNNs. To this end,
key concepts of MVNNs are incorporated, including definitions, aggregation methods, and
expected values. The MVN-ARAS approach is based on a consistent comparison by weighted
summation of the criteria values, which allows determining the degree of optimality of each
alternative. The steps of the proposed approach are described below, and their graphical
representation is shown in Figure 1.

Assume there are n available alternatives, denoted as A = {01,02,...,0,,}, and m criteria,
represented as C = {q,cz,...,cm} . Each criterion ¢; is assigned a weight w, forming the weight
vector: w = (W1,W2,...,Wm), where w; >0 forall j=12,...,m, and the sum of the weights

Figure 1. Schematic diagram of the proposed methodology for integrating MVNNs into the ARAS
framework, illustrating the main stages from data collection and aggregation to the final ranking of
alternatives and comparative analysis.
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m

satisfies: w; = 1. Let R= - define the neutrosophic decision matrix, where each
Jj=1

criterion value a; is represented by a MVNN a; = (TU/UFU) where: T,-j denotes the degree of

truth membership, indicating how strongly alternative g; satisfies criterion ;. /; represents the
indeterminacy membership, reflecting the uncertainty in evaluating a; under c;. F; expresses
the falsity membership, showing the extent to which a; does not satisfy ¢;.

The following methodology is proposed to assess and rank the alternatives, ultimately
selecting the most suitable one(s).

The following methodology is proposed to assess and rank the alternatives, ultimately
selecting the most suitable one(s).

Step 1: Construct the initial decision matrix

= Define a neutrosophic decision-making matrix X where each alternative

mxn'

a;(i=1,2, ..., m)is evaluated based on criteria G G=12...,n).

= Each element of the matrix is represented as a MVNN:

%5 = Tyl Fy ).
where:

= T; represents the truth-membership;
= [; represents the indeterminacy-membership;
= Fj; represents the falsity-membership.

Step 2: Normalization of decision matrix

Normalize the decision information to obtain the standardized matrix considering both
benefit and cost criteria (J. Wang & Li, 2015). To ensure consistency across criteria, cost criteria
are typically transformed into benefit criteria using the following approach:

x§ for benefit criteria c;

k
(x§)© for cost criteriac;

k= (i=12,..m; j=12,...n),

—~\C - -
where (le) is the complement of x5 The decision matrix X = X, can be transformed into

a normalized decision matrix x¥ :( f) )
y mxn

The detailed normalization methods are shown as follows.
For the cost criteria, the normalization equation is:

£~ (k) = U t-viUbnpUb-¢) (11)

i ] - I E !
yjeTAj nje/j EjeFj

for the benefit criteria, is

B — rk — U v Ut U s .

yjeTAj qjelj EjeFj

Step 3: Aggregation of decision matrix
Given a set of MVNNSs, using the operator MVNNWA of the Equation (7) we can obtain
an individual value of the alternative g; (i = 1, 2, .., n).
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Step 4: Calculate the expected value of each alternative

Using the Eq. (8), a score s(A) is calculated for each alternative. The ARAS method is
well-suited for ranking alternatives based on their proportional benefit relative to the best
available option (Zavadskas & Turskis, 2010). Since each alternative g; has a single aggregated
value after the MVNN aggregation, ARAS can directly process this data.

Step 5: Normalize the aggregated scores
Each alternative a; has an aggregated value s(a;), which is normalized as:

S(ai)’:&‘ (12)

n

> sla)

Define the ideal alternative S* as the maximum normalized score:

Step 6: Identify the best alternative

s+ =max(s(q,)). (13)
This represents the best-performing alternative.
Step 7: Calculate the relative utility for each alternative
The relative utility of each alternative is calculated as:
S(a;)!
U = ( ’) , (14)
S+
where: U, represents the final ranking score for alternative a;. Higher U; values indicate better
alternatives.

Step 8: Rank the alternatives

The alternatives are ranked in descending order based on U, where the highest-ranked
alternative is the most suitable choice.

5. llustrative example

To verify the effectiveness of the proposed method in this paper, an example from (Ye, 2014)
is used for calculation, comparison, and analysis. An investment company is preparing to
invest a sum of money to achieve maximum benefits. There are four companies to choose
from: a; is an automobile company; a, is a food company; a; is a computer company; and
a, is an arms company. When making decisions, the investment company needs to consider
the following three criteria: C; is risk control capability; C, is growth potential; and C; is en-
vironmental impact. Among these, C; and C, are benefit-type criteria, while C; is a cost-type
criterion. The weight vector for the three criteria is w = (0.35, 0.25, 0.4). The decision-maker
provides the decision values in the form of multivalued neutrosophic numbers, and the de-
cision matrix X is as follows:
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Step 1: Construct the initial decision matrix

({0405}, 0.2}, {03}) ({04}, {0.2,0.3}, {0.3})
({0.6}, {0.1,02}, {0.2})  ({0.6}, {0.1}, {0.2})
(03,04}, {0.2}, {0.3})  ({0.5}, {0.2}, {0.3})
({0.7,{0.1,0.2}, {0.1})  ({0.6}, {0.1}, {0.2})

{0.2}, {0.2}, {0.5})

{0.5}, {0.2}, {0.1,0.2}) (15)
{0.5}, {0.2,0.3}, {0.2})

{0.4}, {0.3}, {0.2})

X=

o~ o~~~

Step 2: Normalization of decision matrix
. For

mxn
benefit-type criteria, the corresponding decision information does not need to be changed.

For cost-type criteria, take the complement of the decision information according to defini-
tion (3.4)),

({0.4,0.5), {0.2}, {0.3}) ({04}, {0.2,0.3}, {0.3})  ({0.2}, {0.2}, {0.5})
({0.6}, {0.1,0.2}, {0.2}))  ({0.6}, {0.1}, {0.2}) ({0.5}, {0.2}, {0.1,0.2})
(103,04}, {0.2}, {0.3))  ({0.5}, {0.2}, {0.3}) ({0.5}, {0.2,0.3}, {0.2})
({0.7}, {0.1,02}, {0.1})  ({0.6}, {0.1}, {0.2}) ({0.4}, {0.3}, {0.2})

Normalize the decision information to obtain the standardized matrix X' = [xij

X=

Step 3: Aggregation of decision matrix

Using definition 3.6, we agregated the MVNNS.

{0613}, {0.637}, {0.348, 0385}, {0.368}
{0.563}, {0.230, 0.293}, {0.365, 0.348}

MVNNWA (A1, A,, ..., A,)= (17)
{0.438, 0.467}, {0.348, 0.330}, {0.444}

{0.638}, {0.218, 0.278}, {0.273}

Step 4: Calculate the expected value of alternatives

To the matrix of alternatives MVNNWA, using Eq. (8), then we have:
s, = (0.630, 0.648, 0.556, 0.706). (18)

Step 5: Normalize the aggregated scores

Each alternative a; has an aggregate value s(a;), which is normalized according to the
Eq. (12), to ensure that all alternatives are compared proportionally. The results for each s(a;)’
are presented in Table 2.

Step 6: Identify the best alternative

We define the ideal alternative s* with the maximum normalized score s* = max(s), ac-
cording Eq. (13). Based on the normalized scores reported in Table 2., the highest value
corresponds to alternative a,

Step 7: Calculate the relative utility for each alternative

The relative utility U; of each alternative is calculated according to Eq. (14). The results
are presented in Table 2.
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Step 8: Rank the alternatives

The alternative with the highest value of U; is deemed the most suitable. The remaining
alternatives are ranked in descending order based on the results of their utility functions.
According to the results in Table 2, the ranking is as follows a4 > a, > a; > as.

Table 2. Optimality values s(ai), s(ai), Ui and ranking for alternatives

Alternative s(ay s(a) U; Ranking
a 0.630 0.248 0.893 3
a 0.648 0.255 0.918 2
as 0.556 0.219 0.788 4
a, 0.706 0.278 1 1

5.1. Comparison and sensitivity analysis

To verify the feasibility of the proposed decision-making approach based on MVN-ARAS,
a comparative analysis based on the same illustrative example is performed. Two papers are
considered which use the same case study. One article in comparison is the work of (J. Wang
& Li, 2015). In the paper assemble the TODIM method based in conjunction with MVNNs.
The other one is the article proposed by (Peng & Wang, 2015). In their work they develop an
approach for multi-criteria decision making by applying aggregation operators in MVNNs.

Table 3. The compared results utilizing the different methods with MVNNs

Methods The final ranking The best alternative(s) | The worst alternative(s)
J. Wang and Li (2015) az > a, > a, > as ay as
Peng and Wang (2015) a, > a, > as > ay ay ay
The proposed method a4 > 0, > a; > a3 ay as

Each methodology offers distinct computational and philosophical contributions. TODIM,
as used by (J. Wang & Li, 2015), is based on prospect theory, which makes it particularly
useful for capturing the risk attitudes and psychological biases of decision makers. However,
it can be computationally intensive and very sensitive to variations in input data. In contrast,
(Peng & Wang, 2015)’s approach focuses on aggregation functions, which provide a robust
way to synthesize information. The proposed MVN-ARAS method adopts a compensatory
perspective, evaluating alternatives based on their total utility for a transparent ranking pro-
cess. In terms of computational demand, MVN-ARAS involves more intricate operations than
classical fuzzy ARAS due to its handling of value sets, yet it remains computationally feasible
for strategic-scale problems like the one presented here. Table 3 shows that while all three
approaches identify a4 as the best alternative, their intermediate rankings differ slightly. These
differences indicate that the proposed ARAS-based MVNN approach is more in line with the
aggregation-based method, while TODIM offers a unique behavior-based alternative. The
MVN-ARAS approach is particularly suitable when a trade-off between criteria needs to be
explicitly evaluated and when a ranking based on total utility is preferred.
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To assess the robustness of the proposed MVNN-ARAS method, a comprehensive sensi-
tivity analysis was conducted by systematically varying the criteria weights. Table 4 presents
the results of ten different weight configurations, demonstrating the stability of the ranking
results.

Table 4. Sensitivity analysis: ranking stability under different weight configurations

Weight Configuration ranking C1 c2 c3

Original 035 0.25 0.40
a, > a, > a; > a;

Case 1 030 0.40 030
a, > a, > a; > a;

Case 2 0.20 0.40 0.40
a, > ay > a; > a;

Case 3 0.20 0.30 050
a, > a; > a, > a;

Case 4 0.10 0.40 0.50
a, > a, > a; > as

Case 5 0.40 0.20 040
as > a, > a; > a3

Case 6 0.25 0.50 025
a, > ay > a; > as

Case 7 0.50 0.25 025
as > a, > d; > a3

Case 8 0.25 0.25 0.50
a, > a, > a, > as

Case 9 0333 0333 0333
as > a, > d; > a3

5.1.1. Key findings

Ranking stability: a, remains the optimal alternative in all weight configurations;

Robustness: 8 out of 10 cases maintain the original ranking a, > a, > a; > as,

Sensitivity points: Only when C3 weight increases significantly (cases 3 and 8) does a; and
a, swap positions;

Equal weights: The equal weight case (0.333 each) confirms the original ranking;
Implications: The sensitivity analysis demonstrates that the MVNN-ARAS method produces
stable and reliable rankings across a wide range of weight preferences. The consistent iden-
tification of a, as the best alternative, despite substantial weight variations, confirms the
robustness of the proposed approach for multi-criteria decision-making under uncertainty.

6. Selection of climate change adaptation strategies
for smallholder olive growers in the Coquimbo region

This case study applies the proposed MVN-ARAS model to the prioritization of climate
change adaptation strategies for small-scale olive producers in the arid and semi-arid zones
of Chile’s Coquimbo Region. The olive sector is a core economic and cultural activity in the
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area; however, prolonged droughts, water scarcity, and increasing climate variability threaten
both productivity and long-term viability (Mora et al., 2007). These challenges are particularly
acute for smallholder farmers, who often operate with limited financial resources, restricted
access to irrigation infrastructure, and constrained technical support. As a result, selecting
feasible and cost-effective adaptation measures is a critical policy and management need.

In this context, the MVN-ARAS model is used not only as a mathematical tool but as
a structured decision-support mechanism to translate expert knowledge into actionable pri-
orities for farmers and local agencies. The method helps evaluate diverse adaptation options
by integrating uncertainty in expert judgments and capturing trade-offs across agronomic,
economic, and social dimensions. The evaluation focuses on identifying strategies that are
both technically attainable for small producers and aligned with local resource constraints.
Four domain experts familiar with olive production and regional climatic challenges were
consulted. Their profiles, summarized in Table 5, include gender, years of experience, and
educational background. These experts assessed each adaptation alternative with respect to
six practical criteria:

Table 5. Profile of the experts involved in the evaluation

Attribute Category Number of Experts
Gender Male 4

Female

Years of experience 4-8 years

8-12 years

Educational background Ph. D.

Master

== o

Bachelor

These experts assessed each adaptation alternative with respect to six practical criteria:
Economic Viability (CT) — Cost-effectiveness, investment requirements, and expected returns;
Environmental Sustainability (C2) — Impact on soil, water, and biodiversity;

Social Acceptability (C3) — Alignment with local traditions and farmer willingness;
Technical Feasibility (C4) — Ease of implementation and required technical knowledge;
Resilience Improvement (C5) — Contribution to reducing climate-related risks;

Market Potential (C6) — Opportunities for new income streams or market access.

The experts’ evaluations were compiled using linguistic variables, which were transformed
into MVNN for quantitative analysis (see Table 6). The experts' responses regarding the rela-
tive importance of each criterion are presented in Table 7. Subsequently, these assessments
were aggregated using the MVNNWA operator (see Definition 3.6).

Once the aggregated weights were obtained in MVNN format, the definition 3.5 was ap-
plied to calculate the final crisp weights. The results of this process, including the aggregated
values and the final weights associated with each criterion, are summarized in Table 8.
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Table 6. Linguistic variables and their corresponding representations using MVNNs. The numerical
mappings are adapted from the work of (Martina & Deepa, 2023)

Linguistic Variable MVNN Representation
Very Low (VL) ({0, 0.1}, {0.9, 1}, {1}
Low (L) ({0.2}, {0.8}, {0.9, 1})
Medium Low (ML) {{0.3,0.4}, {0.6, 0.7}, {0.8})
Fair (F) {{0.5},{0.5}, {0.5})
Medium High (MH) {0.6,0.7},{0.3,0.4}, {0.2})
High (H) ({0.8}, {0.2}, {0, 0.1})
Very High (VH) ({0.9, 13, {0, 0.1}, {0}

Table 7. Expert evaluations using linguistic terms and their MVNN representations

Criterion Expert 1 Expert 2 Expert 3 Expert 4
c1 VH - ({0.9, 1},{0, 0.1}, {0}) VH - ({0.9, 1},{0, 0.1}, {O}) VH - ({0.9, 1},{0, 0.1}, {0}) VH - ({0.9, 1},{0,0.1}, {O})
c2 MH - ({0.6,0.7},{0.3,0.4},{0.2})] VH - ({0.9,1},{0, 0.1}, {0}) VH - ({0.9, 1},{0, 0.1}, {O}) H - ({0.8},{0.2},{0,0.1})
Cc3 ML - ({0.3,0.4},{0.6,0.7},{0.8}) H - ({0.8},{0.2},{0,0.1}) F — ({0.5},{0.5},{0.5}) H - ({0.8},{0.2},{0,0.1})
Cc4 H - ({0.8},{0.2},{0,0.1}) H - ({0.8},{0.2},{0,0.1}) H — ({0.8},{0.2},{0,0.1}) VH - ({0.9, 1},{0, 0.1}, {O})
Cc5 VH - ({0.9, 1},{0, 0.1}, {0}) VH - ({0.9,1},{0,0.1}, {0}) F — ({0.5},{0.5},{0.5}) H - ({0.8},{0.2},{0,0.1})
@3 F — ({0.5},{0.5},{0.5}) F — ({0.5},{0.5},{0.5}) MH - ({0.6,0.7},{0.3,0.4},{0.2})] VH - ({0.9,1},{0, 0.1}, {0})

Average MVNN components:
C1 = (0.95, 0.05, 0),

C2 = (0915, 0, 0),

C3 = (0.665, 0.335, 0.125),

C4 = (0.915, 0.085, 0) C5 = (0.915, 0.09, 0) C6 = (0.84, 0.16, 0).

Compute and normalize weights:

w, = 3 [Total sum of numerators = 5.524]. (19)

Numerator,
n=1

Table 8. Calculation of weights for each criterion

Criterion Numerator Weight (w,)
C1 0.977 0.177
c2 0.951 0.172
c3 0.784 0.142
c4 0.951 0.172
C5 0.948 0.172
@9 0913 0.165
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The weights are obtained by dividing each numerator by the total sum (5.524), ensuring
Yw, =1

The ten strategies described in the Table 9 were selected for their potential to mitigate
the most pressing challenges in the Coquimbo region: water scarcity, soil degradation, and
economic vulnerability. Each strategy is supported by evidence in the literature and has
demonstrated applicability in contexts facing similar climatic and socioeconomic conditions.
Collectively, they offer practical and scalable pathways for smallholders, balancing immedi-
ate adaptive needs with the long-term goal of resilience. Techniques such as water-efficient
irrigation and drought-tolerant cultivars directly target climate-induced water stress, while
measures like soil amendments and agroforestry address land degradation. At the same
time, diversification strategies — ranging from value-added products to rural ecotourism —
enhance farmers’ income stability and reduce dependence on a single commodity. Table 10
presents a summary of the experts’ verbal evaluations of the proposed strategies across all
assessment criteria. The detailed questionnaire used to collect these responses is provided
in the Appendix.

Using Table 6, the linguistic terms for the alternatives and attributes in Table 10 are first
converted into MVNNs. Following Step 1, the multi-valued neutrosophic decision matrix is
constructed. In Step 2, this matrix would normally be normalized; however, since all criteria
are of the benefit type, normalization is not required.

Once these conversions are completed, the aggregated neutrosophic decision matrix is
generated. This matrix is computed for each alternative and criterion by aggregating the
responses of all decision makers.

To illustrate the procedure, consider alternative a; evaluated solely under criterion ¢4, with
an associated weight of w; = 0.177. The assessments provided by the four decision makers
(DMs) are:

DMy: ({0.9, 1}, {0, 0.1}, {O}),

DM;: ({0.9, 1}, {0, 0.1}, {0}),

DMs: ({0.8}, {0.2}, {0, 0.1}),
DM,: ({0.9, 1}, {0, 0.1}, {O}),

Table 9. Climate adaptation strategies for olive cultivation

Adaptation strategy (Detailed description) Key benefit / Rationale

1. Drip or sprinkler irrigation systems Enhances water-use efficiency by
Installation of pressure-regulated drip lines or pivot/sprinkler | minimizing losses (Dehkordi et al.,
systems to deliver water directly to the root zone, reducing |2025)

evaporation, runoff, and deep percolation losses.

2. Drought-resistant olive cultivars Better suited to arid conditions and
Replacement of traditional cultivars with varieties such as climate variability (Mora et al., 2007)
'Arbequina’, ‘Koroneiki’, or local drought-tolerant genotypes
that maintain yields under water scarcity.

3. Rainwater harvesting and micro-reservoirs Stores rainfall for supplemental
Construction of small on-farm reservoirs, lined ponds, or irrigation (Abdalla, 2025)
storage tanks to capture winter rainfall for use during critical
growth stages
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End of Table 9

Adaptation strategy (Detailed description)

Key benefit / Rationale

4. Agroforestry with olive-compatible species

Integration of legumes, aromatic shrubs (e.g., rosemary,
lavender), or shade trees between rows to reduce erosion,
improve biodiversity, and increase soil organic matter

Improves soil stability and ecosystem
resilience (Mora et al.,, 2007)

5. Organic soil amendments and compost Application

of compost, manure, biochar, or mulches to increase
water-holding capacity, enhance soil structure, and supply
slow-release nutrients

Boosts moisture retention and fertility
(Chehab et al., 2020)

6. Solar-powered irrigation pumps

Replacement of diesel or electric pumps with photovoltaic-
powered pumping systems, reducing operational costs and
greenhouse-gas emissions

Lowers energy costs and sup- ports
clean energy transition (van de Loo
et al.,, 2024; Campana et al,, 2022)

7. Olive oil value-added products

Processing olives into premium or niche products such as
cold-pressed extra virgin oil, olive-based cosmetics, cured
table olives, soap, and artisanal gourmet items to diversify
revenue streams.

Increases income through higher-value
goods (Gullén et al., 2020)

8. Community-managed water-sharing systems

Locally coordinated systems where farmers share irrigation
turns, maintain shared canals or wells, and allocate water
during drought through collective rules

Ensures equitable and reliable water
distribution (Ghorbani et al., 2021)

9. Beekeeping for pollination and income

Placement of beehives on olive farms to enhance pollination
(especially in mixed cropping systems) while producing
honey, propolis, and wax for added revenue.

Supports yields and generates
additional income (Abro et al,, 2022)

10. Rural ecotourism linked to olive farms

Development of farm-based tourism activities such as olive
oil tastings, harvest participation, guided orchard visits, and
cultural experiences tied to local traditions.

Diversifies income and reinforces
cultural heritage (Lin et al., 2025)

Table 10. Expert assessments of adaptation strategies (linguistic evaluations)

Alternative D.M G G G Cy Cs Ce
1 VH ML L H H VH
a,
2 VH VH F H VLH VH
3 H VH H MH H MH
4 H VH MH H VH
o 1 H VH ML ML H VH
2 VH VH L H VH VH
3 VH H H L L MH
4 VH MH H H VH VH
1 F H H H L H
as
2 VH H F F VH VH
3 L VH VH MH H H
4 VH H MH VH VH VH
o 1 F F H H
2 H VH VL L VH H
3 H H H H H H
4 VH VH H H H VH




748 F. Montenegro-Dos Santos, S. Hashemkhani Zolfani. A multi-valued neutrosophic ARAS model for economic resilience ...

End of Table 10

Alternative DM G (&) G Cy Cs Ce
1 H F H H L F
as
2 VH VH F L VH H
3 F F F L L F
4 H VH VH H H VH
1 F H H L F F
ds
2 VH H L H VH H
3 H H H MH H H
4 H H H H MH MH
1 VH L F H F VH
az
2 VH VH F H VH F
3 MH MH H MH MH MH
4 VH H MH VH MH VH
o 1 F F F F L L
2 VH H F H H H
3 MH H H F F F
4 VH VH VH MH H H
1 H H F F H H
dg
2 VH H VL L H H
3 H H H MH H H
4 VH VH MH MH H VH
o 1 VH VH VH F F H
10
2 VH VH VH H VH H
3 F L H L L F
4 VH MH VH F H VH

Applying the MVNNWA operator (Equation (7)) yields the following aggregated results:

1. Truth-membership aggregation
Using the combination {0.9, 0.9, 0.8, 0.9}:

T* = 1—H:71 (1 _Tk>W1 _ 1_{(,] _0.9)0-177 (1_0.9)0,177 (1_0.8)0.177 (1_0.9)0_177

~ 0.779. (20)

A second combination {1, 1, 0.8, 1} yields

T %1_[(1_1)0.177 (1_1)0.177 (1—0.8)0'177 (1_1)0.177 1 1)
Thus, the aggregated truth-membership set is
T" ={0.779, 1}. (22)

2. Indeterminacy-membership aggregation
Using {0, 0, 0.2, O}:

I = 00.177 ,00.177 _0.20.177 ,00.177 =0. (23)
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A second combination {0.1, 0.1, 0.2, 0.1} gives

" =0.10177.0,10177..0 20177 .0 10177 x 0.221; (24)
I" =10, 0.221}. (25)
3. Falsity-membership aggregation
For {0, O, O, O}
F* — 00177 ..0.177 .g0.177 . 90177 _ . (26)
For {0, 0, 0.1, O}
F* _ 00.177 ‘00.177 .0.10.177 ,004177 — 0,. (27)
F™ = {0} (28)
Final Aggregated MVNN
MVNNWA = ({0.779, 1}, {0, 0.221}, {0}). (29)

Once aggregation at the decision-maker level has been completed, with the aim of ob-
taining a representative value for their evaluations, the same procedure is applied to perform
aggregation at the criterion level, in accordance with Step 3. The corresponding results are
presented in Table 11.

Table 11. Aggregation value for ach alternative

Alternative T / F
as {0.670, 1} {0,0.330} {0}
a, {0.782, 1} {0} {0}
as {0.654, 1} {0,0.346} {0}
a, {0.635, 1} {0} {0}
as {0.577, 1} {0} {0}
ag {0.598, 1} {0,0.399} {0}
a; {0.623, 1} {0,0.377} {0}
ag {0.567, 1} {0} {0}
dg {0.627, 1} {0,0.373} {0}

Following Step 4, the expected value (s(a;)) of each alternative is calculated. The results
corresponding to Steps 5 to 8, including the expected value (s(a;)), the normalized score
(s(@)), the relative utility (U), and the final ranking of the alternatives, are presented in
Figure 2. Based on these results, the ranking of the alternatives from most to least preferred
is as follows:

Gy > Ay > a3 > 0y > Ay = dg > A7 > Gg > A5 > Qg

where a, achieves the highest score (s(a,) = 0.927) and ag the lowest (s(ag) = 0.856).
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6.1. Discussion and recommendations

The evaluation of adaptation strategies using the MVN-ARAS method provides a structured
and transparent framework for prioritizing actions under uncertainty. The results summarized
in Figure 2 reveal clear differences in the performance of the ten proposed alternatives. The
highest-ranked alternative is a, (Drought-resistant olive cultivars), achieving an expected score
of s(a,) = 0.927 and a relative utility of U, = 1.000. This strategy directly addresses the most
critical climate-related risks for smallholder farmers in the Coquimbo region, as it enhances
long-term resilience to water scarcity with moderate technical requirements and high ac-
ceptance among experts (Tugendhaft et al., 2016; Adi et al., 2025).

The second-best alternative, a; (Drip or sprinkler irrigation systems), follows closely with
s(aq) = 0.890. This strategy is highly effective in improving water-use efficiency and reducing

Figure 2. Comprehensive multi-metric analysis of alternatives using radial bar chart visualization. The

plot displays four key metrics simultaneously for each alternative: (1) Ranking (inner ring, inverted scale

where taller bars indicate better rank), (2) Expected Value s(aj) (second ring), (3) Normalized Score s(ai)’

(third ring), and (4) Relative Utility U; (outer ring). Alternatives are arranged circularly with consistent color

coding. The visualization clearly shows that alternative a2 (Rank 1) performs best across all metrics, while
a8 (Rank 10) is the worst performer. Values are annotated above each bar segment for clarity
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losses; however, its initial investment costs and technical requirements may limit adoption
for farmers with lower financial capacity (Bhavsar et al., 2023).

At the opposite end of the ranking, ag (Community-managed water-sharing systems) is the
least preferred option, with s(ag) = 0.856. Although these systems promote equitable distribu-
tion and social participation in water governance (Raina & Longino, 2025), their practical
limitations may explain the lower preference observed. Empirical studies in semi-arid regions
of Latin America and South Asia show that community-based water management often faces
difficulties in sustaining long-term cooperation, especially where social trust and institutional
capacity are weak. The effectiveness of such systems relies on consistent participation, trans-
parent rule enforcement, and external technical or financial support — conditions that are
not always met in practice. In addition, when water demand intensifies or climatic variability
increases, community-based systems may struggle to allocate water efficiently, leading to
disputes and inequities among users. Another limitation frequently reported is their narrow
operational scope: these initiatives typically prioritize agricultural users, excluding domestic
and industrial stakeholders, which can exacerbate local tensions. Hence, despite their social
and environmental appeal, the empirical evidence suggests that community-managed water-
sharing schemes are less effective or sustainable under conditions of resource scarcity or
institutional fragility.

6.1.1. Recommendations for decision-makers

In this study, “decision-makers” refers to agricultural authorities, water governance agencies,
extension services, and smallholder olive producers. These actors are responsible for planning,
financing, and implementing adaptation measures.

1. Prioritize high-performing strategies: Allocate immediate support to a, and a, due to

their strong resilience benefits.

2. Integrate technical and financial tools: Combine subsidies or low-interest credit with

targeted training, especially for irrigation technologies.

3. Complement with diversification strategies: Although a; and a,q are not core resilience

measures, they provide valuable income diversification.

4. Reconsider social strategies: Options such as ag and as may be strengthened through

community programs or pilot initiatives.

High-ranked strategies such as drought-resistant cultivars (a,) and drip irrigation (a4)
strengthen climate resilience while helping stabilize farm income. Lower-ranked options
(e.g., ag) provide important social benefits but yield less consistent financial returns, whereas
diversification-oriented alternatives such as value-added products (a;) and rural ecotourism
(aq0) contribute to long-term income security. Overall, these results guide decision-makers
in allocating resources toward measures that balance technical feasibility, resilience improve-
ment, and economic viability. To address the need for more actionable guidance, we also
include a concise workflow and supporting tools that illustrate how practitioners and policy-
makers can apply the MVN-ARAS method in practice (see Figure 3).
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[ Step 1: Identify relevant adaptation strategies ]

\J

Step 2: Select evaluation criteria
(economic, technical, social, environmental)

[ Step 3: Gather expert judgments using linguistic terms ]

y
‘ Step 4: Convert linguistic inputs to MVNNs ]

(using Table 6)

y
Step 5: Apply the MVN-ARAS method to
compute utilities and ranking

y

[ Step 6: Translate results into priority actions ]

Figure 3. Step-by-step workflow for applying the MVN-ARAS method

7. Economic development implications

The results of this study have significant implications for farm business and agricultural
governance, but also for broader economic development in semi-arid regions. Climate
change adaptation in agriculture should not be viewed as an environmental or technical
challenge, but rather as a primary driver of rural economic viability and competitiveness. In
the Coquimbo region, for example, olive production is a key sector with direct implications for
family livelihoods, rural incomes, and local social GDP. The decisions on adaptation strategies
thus have spillover effects on local economies, value chains, and export markets.

7.1. Economic resilience, competitiveness, and diversification

The MVN-ARAS model identifies drought-resistant varieties and water-saving irrigation
techniques as the most impactful measures for enhancing economic resilience. In this study,
economic resilience refers to the capacity of olive producers to sustain stable production,
maintain income levels, and remain competitive despite climatic variability, water scarcity, and
market uncertainty. The selected strategies reinforce this resilience by reducing vulnerability
to drought, stabilizing yields, and mitigating financial risks. In doing so, they provide both
immediate and long-term benefits, helping to preserve Chile's reputation as a producer of
high-quality olive oil while supporting employment across related processing, packaging,
and distribution industries. Furthermore, the model highlights lower-ranked plans, such as
rural ecotourism and value-added olive oil products, as vital channels for economic diver-
sification. In regions highly vulnerable to climatic shocks like Coquimbo, developing these
complementary activities builds resilience by creating new income sources. Initiatives like
producing artisanal olive-based cosmetics or promoting heritage tourism contribute to
value- added growth in the local GDP and generate employment in the hospitality, service,
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and creative sectors. This strategic diversification aligns with Chile’s broader policy goals of
reducing the exposure of rural economies to commodity price risks and climatic variability.
To operationalize these high-impact strategies, it is essential to articulate the specific policy
mechanisms and institutional arrangements that can support their adoption. Regional and
national authorities could introduce targeted subsidy schemes to reduce the financial barriers
associated with drought-resistant varieties or the installation of advanced irrigation systems.
Likewise, cooperative-based training and extension programs can foster knowledge transfer
among smallholders, enabling the diffusion of best practices identified by the MVN-ARAS
model. Partnerships with NGOs and private-sector actors can further strengthen implemen-
tation, particularly by mobilizing technical assistance and community- level engagement.
Additionally, pilot initiatives in selected olive-producing areas of Coquimbo can serve as
testing grounds for adaptation packages, allowing stakeholders to evaluate performance
under real operational conditions before scaling up. These concrete path- ways increase the
practical relevance of the findings and provide actionable guidance for policymakers and
practitioners.

7.2. Employment and income distribution

Rural economic development is not only measured in cumulative growth but also in benefit
distribution. The adaptive choices promoted by MVN-ARAS also have significant implica-
tions for income equity. Technologies such as drip irrigation, with the promotion of focused
subsidies or credit programs, can be adopted by small farms without economic polarization
between the poor and the affluent resource controllers. In addition, adoption schemes under
cooperative frameworks, where smallholders cooperate to pool resources to invest in technol-
ogy or joint marketing, enable economic benefits to be distributed more evenly across farm
communities. This approach reduces the probability of rural exodus and guarantees social
stability, both of which are prerequisites for sustainable economic development.

7.3. Policy and investment implications

Adaptation planning must be incorporated in overall rural development plans, as suggested
by the economic results of this study to policymakers. Government expenditure on infra-
structure (e.g., irrigation systems, solar power for pumping stations) reduces the unit price
of adaptation technology, which is made cheaper for small-scale farmers. Similarly, merging
climate adaptation with financial instruments such as microcredit, crop insurance, or green
bonds speeds up adoption while spreading the financial risk. Macro-economically, these
interventions strengthen Chile’s agricultural export potential and reduce the economic risk
of climate shocks to national accounts.

Worldwide, the case study demonstrates how decision-making tools like MVN-ARAS can
inform development agencies and multilateral organizations in designing investment pro-
grams. For instance, regional development banks and the Food and Agriculture Organization
(FAO) are increasingly emphasizing climate-smart agriculture as a means not only to protect
livelihoods but also to drive inclusive economic growth. By demonstrating a transparent and
inclusive ranking of strategies, MVN-ARAS presents a replicable model to analyze investment
priorities in other semi-arid agricultural economies.
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7.4. Regional competitiveness and sustainable development

At the regional level, the integration of economic feasibility into adaptation decisions rais-
es competitiveness in the long term. Coquimbo’s olive production competes with other
Mediterranean producers such as Spain, Italy, and Greece. In the competitive export market,
the integration of efficient, resistant, and market-oriented approaches ensures that Chilean
products maintain their niche position in high-end export markets. Additionally, diversification
seeking, as low as they rank on the resilience scale, supports the agenda of sustainable
development in the region by situating agriculture within a diversified rural economy. This
fosters synergies between agriculture, tourism, services, and manufacturing that transcend
farm-level benefits.

7.5. Contribution to national economic development

Finally, the economic aspect of this research stresses that agricultural climate adaptation can-
not be divorced from national development planning. The Chilean government’s emphasis on
regional competitiveness, equity, and sustainability finds explicit endorsement in the findings
of this study. By prioritizing successful adaptation interventions, policymakers not only protect
a precarious sector but also enjoy earnings on foreign exchange, rural employment, and
food security. Moreover, by triggering diversification of value-added products and tourism,
adaptation sparks innovation and entrepreneurship, the driving forces of long-term economic
transformation.

Briefly, the MVN-ARAS method offers decision-makers more than a technical ranking
tool; it offers them actionable data on adaptation’s economic trade-offs and opportuni-
ties. By explicitly linking adaptation policies to income security, employment generation,
diversification, and competitiveness, this research brings agricultural adaptation within the
scope of agricultural development as a tool for sustainable economic growth. Results show
that adaptation planning, in light of good decision-support practices, can not only enhance
resilience but also contribute to broader local, regional, and national economic change.

7.6. Extended economic perspectives

While Sections 7.1-7.6 highlight the direct consequences of adaptation for development
and competitiveness, further examination of economic dimensions strengthens the analytical
coverage and increases the policy contribution of the MVN-ARAS findings.

Cost-benefit and return on investment. Adaptation measures differ in their costliness and
payback periods. Drip irrigation schemes, for instance, require high investment but provide
measurable water savings and yield stability with investment return normally repayable within
a medium-term horizon. Drought-tolerant crop varieties, on the other hand, entail moderate
replanting expenses but ensure long-term stability with relatively low maintenance costs.
Integration of such cost-benefit assessments into policy-making enables policymakers to
balance technical feasibility with fiscal realism.

Macroeconomic linkages and balance of trade. Macroeconomic stability from olive produc-
tion shields export revenues, anchors rural incomes, and sustains regional GDP shares. The
spillovers extend down the value chain, generating employment and incomes in processing,
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packaging, transportation, and export services. These multiplier responses ensure that adap-
tation investments yield spillover effects through the broader economy.

Risk economics under uncertainty. Adaptation measures can be defined as real options,
which enable farmers to cope with the loss of finance during adverse climate shocks. Without
adaptation, climate shocks would result in high year-to-year income uncertainty, while the
use of resilient technologies reduces exposure to yield loss and improves predictability in
incomes. Through this perspective, adaptation is consistent with financial risk management
strategies.

Financing and incentive mechanisms. The efficient utilization of adaptation also hinges on
the availability of funds. Frameworks such as microcredit programs, cooperative in- vestment
frameworks, green bonds, and carbon credits tied to climate-resilient action can facilitate
adoption barriers. Their integration into adaptation policy frameworks not only increases
viability to smallholders but also leverages private capital for climate-resilient agriculture.

Distributional and equity effects. Economic resilience must encompass welfare distribution.
In the absence of protection, larger producers may dominate newer technologies, making
inequality worse. Policies connecting subsidies, cooperative pooling, and technical support
ensure inclusive adaptation and prevent smallholders from being marginalized. This reduces
rural-urban migration pressures and sustains rural solidarity.

International benchmarking. Experience from Mediterranean producers such as Spain, Italy,
and Tunisia establishes the potential of diversification into agrotourism and value- added
olive products as alternative income sources. Positioning the olive industry of Coquimbo
within this global frame of reference highlights both strengths, including niche branding
and organic certification, and weaknesses, including scale disadvantages, to be mobilized to
improve competitiveness.

Dynamic long-term impacts. Finally, the adaptation period is also a very important factor.
Procrastination results in cumulative costs, including forgone yields, higher irrigation fees,
and lower export competitiveness. Early investment, however, raises compound advantages,
sustaining growth trends and stabilizing Coquimbo’s olive sector as a consistent driver of
regional and national development.

8. Managerial and governance implications

The outcomes of this research provide concrete implications for olive farm managers, as-
sociations, and policymakers in Chile’s Coquimbo region. For managers and associations, the
MVN-ARAS model serves as a critical decision-support tool. It reduces uncertainty in allocat-
ing scarce resources amidst a severe, multi-decadal drought. For instance, the model’s rank-
ings can guide collaborative procurement of drought-resistant varieties like Arbequina or
Arbosana, which are better suited to the region’s arid conditions than traditional Picual (J.-W.
Wang et al.,, 2018). Furthermore, the model can help managers justify investments in specific
irrigation technologies — such as localized subsurface drip irrigation — by quantifying their
resilience payoff, thereby strengthening their negotiations with providers and applications for
support from INDAP's (Instituto de Desarrollo Agropecuario) Programa de Riego Intrapredial.

For policy actors, the study underscores the necessity of moving from generic support
to evidence-based, targeted interventions. Public agencies, notably INDAP and the Comisién
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Nacional de Riego (CNR), can utilize the MVN-ARAS framework to design and justify policies
specific to the olive sector. For example, the model can directly inform the prioritization
criteria within the CNR's Ley N° 18.450 de Fomento a la Inversién Privada en Obras de Riego
y Drenaje (Congress of Chile, 1985), ensuring subsidies are directed towards the irrigation
efficiency strategies (e.g., precision irrigation, soil moisture sensors) that the model ranks
highest for resilience. The methodology’s inclusion of pluralistic expert views aligns perfectly
with the participatory governance mandated by Chile’'s Ley N° 20477 (Congress of Chile,
2010) that created the Ministry of the Environment and its regional secretariats, ensuring that
policies balance productivity with the Environmental Integrity of fragile semi-arid ecosystems
like the Coquimbo Region. This evidence-based approach enhances accountability, a critical
factor in a region where water allocation, governed by the Cédigo de Aguas (Congress of
Chile, 1981), is often politically contentious.

On a broader scale, the results are directly tied to enhancing the competitiveness of the
olive oil sector in the Coquimbo Region as a whole. Building climate resilience is a strategic
economic imperative for a region known for its premium, early-harvest oils. While the model
may rank foundational measures like irrigation efficiency and drought-resistant varieties
highest, it also provides a transparent method to evaluate complementary diversification
strategies. For instance, lower-ranked but viable options like developing value-added olive
oil-based cosmetics or integrating olive groves into rural ecotourism routes — such as those
promoted by regional initiatives — can be strategically supported by CORFO (Corporacién de
Fomento de la Produccién) programs. This holistic approach helps diversify income, create
jobs in rural areas of the Limari and Choapa provinces, and ultimately enhance the socio-
economic resilience of the entire regional olive value chain.

By merging state-of-the-art decision science with the specific managerial and policy land-
scape of Chilean olive cultivation, the proposed MVN-ARAS methodology offers a scalable
framework for semi-arid and arid economies worldwide. It is not only methodologically robust
but also yields actionable governance suggestions, rendering adaptation planning a worth-
while investment that pays dividends in both social stability and economic resilience.

9. Conclusions

This study introduced and validated a novel hybrid method, MVN-ARAS, which integrates
Multi-Valued Neutrosophic Numbers (MVNNs) with the Additive Ratio Assessment (ARAS)
approach. This integration directly addresses a critical gap in the literature: the lack of rigor-
ously developed ARAS extensions capable of handling multi-valued indeterminacy. The result
is a robust framework for efficient decision-making under profound uncertainty.

By systematically incorporating expert judgments, the model offers a structured and
transparent means to evaluate adaptation alternatives in the face of highly variable cli-
matic, agronomic, and economic conditions. Application of the model consistently identified
drought-resistant cultivars and water-saving irrigation technologies as the most effective
measures for enhancing economic resilience. These high-priority strategies stabilize yields,
reduce vulnerability to climatic stress, and safeguard the competitiveness of regional ol-
ive production. In contrast, lower-ranked diversification strategies — such as ecotourism or
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value- added olive products — were shown to offer complementary, long-term benefits by
expanding income streams and mitigating systemic economic risk.

The implications of these findings extend beyond individual farms to broader governance
and policy. The rankings generated by MVN-ARAS can inform targeted subsidy programs,
guide cooperative investments, and shape public-private initiatives for technological modern-
ization. By pinpointing the measures with the highest resilience returns, the model provides
an evidence-based foundation for prioritizing regional irrigation policies and agricultural
development programs.

To further enhance the scope and scalability of this research, several future directions are
proposed:

Dynamic scenario analysis: Integrating MVN-ARAS with climate projection models would
enable the evaluation of adaptation pathways under various future scenarios of temperature,
precipitation, and drought.

Digital twin integration: Linking the framework to digital replicas of olive farms could
facilitate real-time simulations of water use, crop performance, and economic outcomes.

loT and real-time data: Coupling the model with loT platforms (e.g., soil moisture sensors,
remote sensing) would allow for continuous, data-driven updates to criteria weights and
performance scores.

Machine learning enhancement: Incorporating machine learning could refine expert input
and autonomously identify emerging patterns of risk and performance.

In conclusion, this work establishes MVN-ARAS not merely as a robust decision-support
tool, but as a scalable foundation for next-generation agricultural planning. By explicitly
embracing uncertainty and delivering clear, defensible priorities, the approach makes a sub-
stantive contribution toward building climate resilience, ensuring economic stability, and
promoting sustainable development in the world’s vulnerable semi-arid agricultural regions.
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APPENDIX

A. Expert evaluation questionnaire

Objective: To assess climate change adaptation strategies for smallholder olive farmers in the
Coquimbo Region using expert judgment on economic, environmental, social, and technical
criteria.

Instructions: Please evaluate each adaptation strategy based on the criteria below using the
following linguistic scale (Table A1). Also, please assign the importance (weight) of each
criterion using the same scale.

Table A1. Linguistic terms and their meanings for contribution/importance assessment

Linguistic term Meaning
Very Low (VL) Very negative or negligible contribution / importance
Low (L) Limited or below-average contribution / importance
Medium Low (ML) Slightly below average contribution / importance
Fair (F) Average or neutral contribution / importance
Medium High (MH) Slightly above average contribution / importance
High (H) Significant contribution / importance
Very High (VH) Excellent or transformative contribution / importance

B. Criteria and weight assignment

Please indicate the importance of each criterion by selecting one of the linguistic terms (VL,
L, ML, F, MH, H, VH).

Table B1. Criterion weights using the linguistic scale

Criterion Assigned weight (VL-VH)

C1. Economic viability

C2. Environmental sustainability

C3. Social acceptability

C4. Technical feasibility

C5. Resilience improvement

C6. Market potential
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C. Adaptation strategies for olive growers

Please rate each strategy against the criteria using the same linguistic terms (VL, L, ML, F,
MH, H, VH).

Table C1. Evaluation of the strategy against criteria

Strategy 1 2 3 Cc4 5 Ccé

Implementation of drip or sprinkler irrigation systems

Crop substitution with drought-resistant olive cultivars

Rainwater harvesting and micro-reservoirs

Agroforestry with olive-compatible species

Use of organic soil amendments and compost

Solar-powered irrigation pumps

Diversification through olive oil value-added
products (e.g., cosmetics, artisanal oil)

Community-managed water-sharing systems

Beekeeping for pollination services and income

Participation in rural ecotourism linked to
olive farms

Comments or Suggestions:

Name of Expert:

Date:




