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Abstract. Managing sustainability in modern supply chains requires decision-making tools that can accommodate
conflicting criteria, uncertain data, and evaluations that involve both positive and negative impacts. To address these
challenges, this study develops a new decision-making framework based on bipolar complex Pythagorean fuzzy sets
(BCPFSs). The model integrates bipolarity, complex-valued membership degrees, and Pythagorean structures to cap-
ture the nuanced interplay of economic, environmental, and social considerations. On this foundation, two aggregation
operators—the bipolar complex Pythagorean fuzzy weighted averaging (BCPFWA) and weighted geometric (BCPFWG)
operators—are introduced to synthesize multidimensional information while preserving uncertainty and dual evalu-
ations. The applicability of the framework is demonstrated through a case study on green supply chain management
(GSCM). Six supplier strategies, ranging from cost-oriented to fully balanced sustainability-focused approaches, are
assessed against eight attributes including cost efficiency, product quality, carbon emissions, waste management, tech-
nological integration, and social responsibility. The analysis reveals that the balanced sustainability supplier emerges
as the most effective choice, consistently ranked highest by both operators. Comparative results with conventional
fuzzy aggregation approaches show that the proposed operators provide richer, more stable, and more interpretable
rankings, especially when trade-offs between cost and sustainability are present. This research contributes to both
theory and practice: it extends the scope of fuzzy decision-making by unifying multiple existing models as special
cases, and it offers a practical toolset for organizations seeking resilient and environmentally responsible supply chain
solutions. The findings demonstrate that BCPF-based aggregation can enhance strategic decision-making in contexts

where sustainability and uncertainty are inseparably linked.
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1. INTRODUCTION

Fuzzy set (FS) theory, introduced by Zadeh [1], fundamentally transformed classical set theory
by allowing elements to possess degrees of membership ranging from 0 to 1, thereby enabling the
representation of uncertainty and imprecision beyond binary inclusion or exclusion. To overcome
limitations in expressing hesitation and partial knowledge, Atanassov [2] proposed intuitionistic
fuzzy sets (IFSs), which incorporate both membership and non-membership functions while intro-
ducing an implicit hesitation degree, improving the modeling of uncertainty in decision-making,
expert systems, and computational intelligence. Yager [3] further extended this concept with
Pythagorean fuzzy sets (PFSs), relaxing the constraints of IFSs by allowing the squared sum of
membership and non-membership degrees to be bounded by one, thereby offering a wider range
of admissible membership pairs and enhancing the flexibility in capturing expert judgments under
uncertainty. Complementing these developments, Ramot et al. [4] introduced complex fuzzy sets
(CFSs), where membership functions are represented as complex numbers, combining magnitude
and phase information, which is particularly effective in modeling oscillatory, cyclical, or time-
dependent phenomena. This idea was expanded by Alkouri and Salleh [5] in complex intuitionistic
fuzzy sets (CIFSs), which incorporate both complex membership and non-membership functions
to handle multi-factor, phase-dependent uncertainty, and further generalized by Ullah et al. [6]
through complex Pythagorean fuzzy sets (CPFSs), which integrate Pythagorean constraints within
the complex domain, allowing a broader and more flexible representation of uncertain information.
Alongside these complex extensions, bipolar fuzzy sets (BFSs), initially proposed by Zhang [7, 8],
introduced dual membership functions—positive and negative—to capture both favorable and un-
favorable evaluations simultaneously, which were later extended into bipolar intuitionistic fuzzy
sets (BIFSs) [9] and bipolar Pythagorean fuzzy sets (BPFSs) [10], enabling richer and more nuanced
representations of dual-sided uncertainty in multi-criteria decision-making contexts. Collectively,
these advancements in fuzzy set theory, including intuitionistic, Pythagorean, complex, and bipo-
lar frameworks, have significantly enhanced the mathematical tools available for representing and
analyzing imprecise, uncertain, and multi-dimensional information, forming a robust foundation
for developing sophisticated aggregation operators and decision-support methodologies in di-
verse application domains such as artificial intelligence, pattern recognition, and computational
intelligence.

Bipolar complex fuzzy sets (BCFSs) represent a significant evolution of both bipolar fuzzy
sets and complex fuzzy sets by combining the dual nature of positive and negative membership
functions with complex-valued representations. This hybridization allows for a more detailed
and nuanced modeling of uncertainty, capturing both the magnitude and phase information of
positive and negative evaluations simultaneously. Alkouri et al. [12] investigated the theoretical
properties and practical applications of bipolar CFSs, demonstrating their effectiveness in repre-

senting uncertainty in dynamic, oscillatory, and time-dependent systems. Similarly, Al-Husban
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et al. [13] explored foundational properties of these sets, establishing their relevance for decision-
making and cognitive modeling under complex uncertainty. Gulistan et al. [14] extended the
practical application of bipolar complex fuzzy sets to real-world domains, such as transportation
management, highlighting their capacity to capture evolving positive and negative influences
over time. Mahmood and Ur Rehman [15] introduced innovative approaches for incorporating
bipolar CFSs into similarity measures, broadening their applicability to pattern recognition, sys-
tem optimization, and multi-criteria decision analysis. Building upon this framework, bipolar
complex intuitionistic fuzzy sets (BCIFSs) further enhance modeling flexibility by integrating both
membership and non-membership as complex numbers. Al-Husban [16] formally introduced
bipolar BCIFSs, describing their properties, while Alkouri and Alshboul [17] proposed alterna-
tive formulations, demonstrating their suitability for representing environmental impact data and
supporting multi-criteria evaluation in sustainability-focused decision problems. These exten-
sions offer a more versatile tool for managing uncertainties with dual characteristics compared
to traditional intuitionistic fuzzy sets. Further innovations by Nandhinii and Amsaveni [18] ex-
panded these concepts into bipolar complex intuitionistic fuzzy graphs, facilitating applications
in network analysis, multi-agent systems, and dynamic decision-making contexts. The incorpora-
tion of Pythagorean constraints into this structure—forming bipolar complex Pythagorean fuzzy
sets (BCPFSs)—introduces an even richer uncertainty representation by enforcing a squared sum
relationship between membership and non-membership degrees. Nandhinii and Amsaveni [19]
emphasized the potential of bipolar CPF graphs for mathematical analysis and computational
intelligence applications. Overall, BCPFSs provide a powerful and flexible framework for model-
ing complex, dual-phase uncertainties in multi-criteria decision-making, pattern recognition, and
other advanced computational intelligence scenarios, enabling more comprehensive and refined
evaluation of real-world problems.

Multi-attribute decision-making (MADM) serves as a core methodology for tackling problems
where alternatives must be evaluated across multiple, often conflicting criteria. Traditional MADM
techniques, while foundational, face limitations when confronted with uncertain, imprecise, or
dual-natured information common in real-world scenarios. To address these challenges, re-
searchers have progressively extended classical MADM frameworks through the integration of
fuzzy set theory, enabling more nuanced representations of uncertainty and preference. CFSs and
BESs, along with their hybrid formulations such as bipolar CFSs, have emerged as particularly
effective tools, as they can simultaneously model positive and negative evaluations while account-
ing for magnitude and phase variations. Recent innovations have included the development
of fuzzy Ostrowski integral inequalities for convex fuzzy-valued mappings [20], and fuzzy N-
bipolar soft sets tailored for multi-criteria decision-making applications [21], providing advanced
mathematical foundations for uncertainty modeling. On the aggregation side, operators such

as complex T-spherical fuzzy aggregation [22] and Aczel-Alsina power-based aggregation [23]
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have been proposed to handle complex and high-dimensional data, including applications ex-
tending to quantum computing. Similarly, specialized operators like bipolar complex Maclaurin
symmetric mean and Hamy mean operators [24,25] have enhanced the precision and robustness
of decision support systems by capturing intricate relationships among criteria. Building upon
these advances, CIFSs, bipolar IFSs, and bipolar CIFSs allow even richer representations by in-
corporating both membership and non-membership degrees along with hesitation, supporting
methodologies such as Aczel-Alsina aggregation [26], medical diagnostic decision models [27],
and TOPSIS-based ranking systems [28]. Furthermore, CPFSs, and bipolar PFSs introduce higher-
order flexibility, accommodating more expressive uncertainty in multi-attribute evaluations, with
practical implementations demonstrated through Aczel-Alsina-based aggregation methods [29]

and supplier selection scenarios [30].

1.1. Motivation. In contemporary decision-making scenarios, particularly within sustainability-
driven domains, decision-makers often encounter highly complex environments characterized by
multidimensional uncertainty, conflicting objectives, and both positive and negative evaluations.
Conventional decision-making approaches, based on classical set theory and deterministic mod-
els, frequently fall short in capturing the nuanced interplay of hesitation, bipolar preferences,
and interdependent or phase-dependent criteria. To address these gaps, extensions of fuzzy set
theory—including intuitionistic, Pythagorean, complex, and bipolar fuzzy sets—have been devel-
oped to model uncertainty more comprehensively. While Pythagorean fuzzy sets allow for richer
representation of hesitation, bipolar fuzzy sets incorporate dual-sided positive and negative as-
sessments, and complex fuzzy sets introduce magnitude-phase components, relying on any single
framework often remains insufficient to capture the full spectrum of dynamic, conflicting, and
oscillatory information present in real-world decision problems.

In the context of green supply chain management, organizations face the critical task of se-
lecting suppliers that balance economic efficiency, product quality, environmental responsibility,
technological integration, and social impact. Classical approaches, including cost-benefit analy-
sis, life-cycle assessment, and traditional multi-criteria decision-making methods such as analytic
hierarchy process (AHP), technique for order preference by similarity to ideal solution (TOPSIS),
and vlseKriterijumska optimizacija i kompromisno resenje (VIKOR), provide structured evalua-
tion and analytical clarity. However, these techniques generally assume precise and deterministic
input data, limiting their ability to capture uncertainty, stakeholder heterogeneity, and the complex
trade-offs inherent in modern supply chains. Recent studies in sustainable supply chain and re-
source management have highlighted that conventional methods often fail to reflect the dynamic,
multi-dimensional, and uncertain nature of supplier performance and sustainability criteria [31].

To overcome these limitations, bipolar complex Pythagorean fuzzy sets offer a unified frame-
work that simultaneously integrates dual (positive-negative) information, hesitation, and complex-

valued uncertainty. This framework is particularly suitable for MADM problems where supplier
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alternatives must be evaluated across cost, quality, environmental, technological, and social di-
mensions, and where assessments may include both supportive and opposing perspectives. The
use of BCPFS-based aggregation operators—specifically BCPFWA and BCPFWG—facilitates a
systematic evaluation of supplier alternatives, including cost-oriented, quality-driven, socially
responsible, environmentally responsible, technologically advanced, and balanced sustainability
suppliers. By incorporating uncertainty, bipolar evaluations, and interdependent criteria, the pro-
posed methodology enhances decision reliability, improves ranking stability, and supports the
robust selection of suppliers that optimize both sustainability and performance objectives. Con-
sequently, this research bridges theoretical developments in fuzzy-based MADM with practical
applications in sustainable supply chain management, offering a versatile and computationally
implementable decision-support framework for organizations aiming to achieve long-term envi-

ronmental, economic, and social goals.

1.2. Significant Contributions. This study presents several notable contributions to the advance-

ment of MADM under uncertainty:

(1) A novel fuzzy framework, BCPFSs, is proposed by integrating the strengths of BPFSs and
CPFSs. By incorporating real and complex membership and non-membership degrees
along with bipolar and Pythagorean structures, BCPFSs provide an enhanced ability to
capture both qualitative and quantitative uncertainties. The paper formalizes the founda-
tional mathematical properties of BCPFSs and validates them through illustrative numerical
examples, demonstrating robustness and interpretability in practical scenarios.

(2) Two new aggregation operators—the BCPFWA and BCPFWG operators—are developed.
These operators effectively synthesize multi-criteria information while preserving the in-
herent bipolarity and complex characteristics of decision data, supporting nuanced evalu-
ations.

(38) The proposed BCPFS-based MADM framework is applied to GSCM within a circular
economy context, evaluating diverse supplier alternatives. Results show enhanced ranking
stability, flexible handling of uncertainty, and more reliable decision-making for sustainable
supplier selection and resource management.

(4) Comparative analyses with existing fuzzy MADM methods confirm the superiority of the
proposed framework, highlighting improved accuracy, robustness, and the capacity to
model complex interdependencies among multiple criteria in real-world decision environ-
ments.

(5) Graphical representations of the BCPFWA and BCPFWG operators illustrate their compu-
tational behavior, providing intuitive insights into their effectiveness in aggregating bipolar
complex information for practical decision-making.

(6) By combining bipolarity, Pythagorean fuzziness, and complex membership structures, this
study significantly enriches the theoretical foundations of fuzzy MADM and introduces a

flexible tool capable of handling complex, uncertain, and conflicting decision problems.
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(7) The framework establishes a foundation for future enhancements, including scalability to
large-scale decision problems, extension to dynamic and time-varying decision contexts,
integration with machine learning and optimization algorithms, and potential applica-
tions in areas such as financial risk analysis, healthcare decision-making, and engineering
optimization.

In summary, this research positions BCPFSs and the associated aggregation operators as a
comprehensive, flexible, and computationally implementable framework, substantially advanc-
ing MADM methodologies for complex, uncertain, and sustainability-oriented decision-making
challenges.

1.3. Paper organization. The structure of this paper is organized as follows:

e Section 1 reviews the pertinent literature, identifying existing research gaps and motivating
the development of the proposed framework.

e Section 2 provides the theoretical foundations, including detailed explanations of CIFSs,
CPFSs, BIFSs, BPESs, and the integrated BCPFSs.

e Section 3 formalizes the core definitions and mathematical properties of BCPFSs. It also
establishes new operational laws for BCPF numbers (BCPFNSs), laying the groundwork for
the development of aggregation techniques.

e Section 4 introduces the newly proposed BCPFWA and BCPFWG aggregation operators,
highlighting their theoretical properties and demonstrating their suitability for complex
multi-criteria evaluations.

e Section 5 presents a structured MADM framework utilizing these operators and illustrates
its practical applicability through a real-world GSCM case study.

e Section 6 offers a comparative analysis between the proposed methodology and existing
fuzzy MADM approaches, emphasizing improvements in ranking reliability, computa-
tional robustness, and decision-making flexibility.

e Section 7 concludes the paper by summarizing the key contributions and suggesting po-

tential directions for future research and applications.

2. PRELIMINARIES

This section presents the essential groundwork for the research.

Definition 2.1. Let D be a universal set. We define the set 8 as follows:
B = {(c,mR(c),nR(c)): c € D},
wheremR : D > 31: 31 €B,|31/ <1and
R :D — 3o 32 € B,|32] < 1 satisfy the conditions:
mR(c) = 31 =h +ift, nR(c) =32 =h+ifz,
These functions are represented in polar form as follows:

mR(c) = mRy (¢)e?™3 ), and nR(¢) = nRy (¢)e2™33(<),
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Here, mRg, nRy, mIg, 13y € [0, 1], withi = V1. Then, ¥ is called a:

(1) CIFS [5]if 0 < mRy(c) + Ry (c) <1, and 0 < mIg(¢) +nIgp(c) < 1.
(2) CPFS[6]if 0 < mR(c) +nRy(c) <1,and 0 < mIF () +nd(c) < L.

Definition 2.2. Consider a universal set ©. We then define the corresponding set ‘B as:

B = {(c,mR (<), nRE (c), mRG (<), Ry () : ¢ € D).
Then, B is called a:

(1) BIFS[9]if 0 < miR;; + 1Ry <1, and =1 < mRy +nRy < 0.

(2) BPFS[10,30]if 0 < (m%)* + (nRy)? < 1, and 0 < (mRy)* + (n%y)? < 1.

Definition 2.3. Take D to be a universal set. Then,
+

P = {<g, miR%(g)eimS‘B(C),niR%'(g)eiﬁ%(g),mi){;s(g)eim%(g),ni}i;}(g)ei"%(g)> ice D} is considered a
BCPFS [19] if:

0< (mRy(c)*+ (R (c)? <1, 0< (mIG(c))* + (n3g(c))* < 27,
and
—1 < —-[(mRG())?* 4+ (RG (<)) <0, 0= (mIG(c))?+ (nIy(¢))? < 2m.
where
miR%(g), nﬂ{;g(g) €[0,1], mRy(c), MRy (c) € [-1,0],
and

m3$(g),nﬁ$(g),mﬁ%(g), 13y (c) € [0,27].

Itis well known that the cartesian form of a complex number can be expressed as 3; = mR +imJ
and 3> = nR + inJ, where the real and imaginary parts represent amplitude-related components.
Alternatively, in the polar form, the complex number 3; is written as 31 = a1, where a7 =
1311 = VmR? + m3I? denotes the modulus (amplitude) and ; = tan~! (%) is the phase angle.
Similarly, for 3,, the polar form is given by 3, = ae2, where ay = |32] = VinR? +n3? and
B2 = tan™1 (%) From these representations, it is evident that both a1 and a» are non-negative real
numbers, that is, a1, a; > 0, as the modulus of a complex number cannot be negative. However,
in the definition of BCPFS introduced in [19], the amplitude terms associated with the negative
membership and non-membership degrees, namely mRy and nR;, are allowed to take values
within the closed interval [-1,0]. This creates a contradiction with the standard polar form, where
amplitudes must be non-negative. To resolve this inconsistency, we propose a revised definition

for BCPFS, as outlined in the following section.

3. BrroLArR CoMPLEX PYTHAGOREAN Fuzzy SETS

This section provides a detailed overview of the fundamental concepts and essential operations

associated with bipolar complex PFS.
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Definition 3.1. Within a given universe of discourse ©, a BCPFS, denoted by 8, is formally defined

as:
B = {(c, mRE () + imI (), nR (¢) + I (<),
mRy (c) +imIg(c), nRy (c) + inS,i(g)> ig € @}
where
miR% (¢), n‘.R;g(g) €[0,1] (real positive components),
mTS;g (¢), nS;; (¢) €]0,1] (imaginary positive components),
with
0< (mRY(c))? + (R (c))? <1, 0< (mIF(c))* + (n35(c))* < 1;
and
mRy (), MRy (c) € [-1,0]  (real negative components),
m3Ig(¢), 135 (c) € [-1,0]  (imaginary negative components),
with

0 < [mRg (c)P + MR ()P <1, 0 < mIG(c)P + Iy (<) < 1.

The value of ¢ is evaluated as
— + e 3 + ot - X - X
P = <miRgB + znw%,niRSB + znd%,m‘ﬁqj + znwﬂs,n‘}{\B + anq;}
which defines the BCPF number.

Figure 1 depicts the graded space of bipolar complex Pythagorean fuzzy values, emphasizing
the interplay between real and imaginary components for both positive and negative dimensions.
The illustration is structured to reveal the distinct characteristics of these components within the
bipolar complex domain, thereby facilitating a clearer understanding of their interrelationships

and inherent constraints.

Feasible Region (BCIFS) Feasible Region (BCPFS)

—0.25 A —0.25

—0.50 4 —0.50 4

Real and imaginary non-membership *
Real and imaginary non-membership *

=0.75 4 =0.75 4

-1.00 T T T T T T T -1.00 T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 100 -1.00 -075 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Real and imaginary membership * Real and imaginary membership £

Ficure 1. Graded space illustrating the feasible regions of BCIF [17] and BCPF values.
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Definition 3.2. Given two BCPFNs, define them as:

_ + ot + ot - - - .~
P = <miR\131 + zm\s%,n‘ﬁ% + mdml,mﬂ%%l + 1111\5131,11‘.1L131 + m\S\Bl> and

— + .
Pr = <m“R‘Bz +im3

+ it - e - o= .
i}z,n‘ﬁmz + zn\s%,nﬁf{i32 + 1111\5952,11‘]{\132 + zn\sa32>. Then:

(1) By € P, if and only if
mRE < miR;g2, mRy > mR nRE > nRE Ry < Ry

B — Ba” B = Bo’ B2
for real terms
and m3% <m3F, m3I5 >m3IL, nIL >nIF, w35 < nS;
B = By’ B = By’ B = Bo/ Py = B2

for imaginary terms.
(2) By = P if and only if

m%$l = miR;gz, mRy, = mRy , n‘)%flgl = nﬂi%z, Ry, =Ry,

mi‘sflgl = m3$2, m3y, = m3g, “3;51 = n?s;gz, n3y, =3y,
B) P = (nﬂ{;gl + ini”s%l,mi}i%'l + imi”s;gl,—m%%ll + i(—|n5%1|),—|miR§;1| + i(—lm&ill)).
‘JIEU miRjgz} + imin{mS%l, mS%Z},
max{n‘R;g] , ni}i’;gz} + imax{nSL, n3$2 1,
max{m‘RfBl, m‘Ri}z} + imax{m&il, mSi;z},

(min{mR
4) B1NPy =

min{niR;31 , niR;BZ} + imin{ni”sigl, n&iz D.
+ + : ~+ ~+
(max{miR;Bl, mi}{%} + 1max{m\§$1, md$2},
: + + st et
(5) By U By — mm{niRgBl,niR%}+zm1n{n\5$1,n\s$z},

min{mi}iggl, mSRi}z} + imin{m&il, mS%Z},

max{nRy ,nRy, }+imax{n3Ig ,nIg 1.

Example 3.1. Let the set be defined as © = {c1, ¢2, ¢c3}. For the sake of conciseness and to ensure

uniformity in numerical notation, all decimal values within the open interval (-1,1) are repre-

sented without a leading zero. Accordingly, the set ‘B can be expressed as:

P =19 (c2,3+ (1), 5+ (1)i,—.1+ (-.1)i,—.1+ (=.2)i),

Likewise, ¥, can be expressed as:

PBa =12 (co, 5+ (1)i, 3+ (1)i, =1+ (=4)i,—.1+ (-

(c1,.7+ (1)i, 6+ (1)i, =1 + (=.1)i, -6 + (=.1)i),

(c3,2+ (:2)i,.7+ (1)i,=5+ (=.1)i,—4 + (=.1)i)

(c1, .6+ (1)i,.7+ (1)i,—.6 + (-2)i,—1 4 (—4)i),
2)i),
(c3,.5+ ()i, 4+ (1)i, =7 + (—.2)i, =2 + (—.4)i)

Since both B and ‘B, are BCPFNS, it follows that

(c1,6+ (1)i,. 7+ (1)i,—.6 + (=1)i, =1+ (=.1)i),
1) P& =1 (c2, 5+ (1)i, 3+ (.1)i, .14 (=.2)i, =1 + (-.1)i),
(c3,. 74 (1)i, 2+ (2)i,—4 + (=.1)i, =5+ (=.1)i)

(—4)i)
@) P1NPa =1 (e, 34 (1)i, 5+ (1)i, =1+ (=.1)i, -1+ (-.2)i)
(—4)i)
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(c1,.74+ ()i, .6+ (1)i,—.6 + (=.2)i,—.1 + (=.1)i)
(3) P1UPB2 =1 (c2,.5+ (.1)i, 34 (1)i,—.1+ (—4)i,—.1+ (-.2)i)
(c3,.5+ ()i, 4+ ((1)i,=.7 + (=2)i, =2 + (=.1)i)

Theorem 3.1. Consider a BCPFN

P = (MR + imSg, nRY +in3g, MRy + imIy, nRy, +in3y ).

In a similar fashion, define the BCPFNs

P = <miR$1 + imfs%l,niﬂ%l + in5$l,mi}i§;l + iqu}l,niR%l + inSq}l> and
3 _ + st + Lot
Lo = <miR(B2 + zm\SgBZ,niRq32 + m3y,
(1) B¢ is a BCPEN, and taking the complement twice gives (*P¢)¢ = .

(2) Both P71 U B, and P N P, are also BCPEN.

mRg, +imIy, Ry, + in3%2> . Thus,

Proof. (1) Since
0< (mRH)* + (nRY)* <1,
0< (m35)*+ (n33)* <1,
) )
0 < |mRy|" + [nRy[ <1,
and
0 < [m3IG2 4+ nIGP <1
then
0.< (RG> + (mRY)? = (mRG)* + (nRy)* < 1,
0< (n3$)2 + (mi‘sg)z = (m5$)2 + (n3$)2 <1,
112 112 12 _12
0 < [ [t |[" -+ |= [mRG[[” = [motg |+ oty < 1,
and
~— 2 ~— 2 ~— ~—
0 < |=SGI[" + [-mSGI|" = ImIGP + I < 1.
Hence, B¢ is a BCPEN, and it is evident that
()¢ = (R + inS, mRE + imSL, Ry |+ i(~nSg)), ~ImRg| + i(—[mIy))¢

= (mil%$ + imi‘s%‘,n‘ﬁ% + iﬂ5$,—| — [mRGl + i (=] = Im3Igll), =1 = MR + (=] = InSg )
= <miR;g + imfssig,n‘ﬁflg + inﬁg,m%% + im3y, Ry + inJy),
where

4

mqu_3 = - |m‘ﬁ§§ , nERi; = - |n‘)”1’{3

m3y = —|mIg|,and 13 = - |nIg].

(2) As the following inequalities are valid:

Fon3t o<1,

bk +oat opt st
< .
0= mm‘Bl'm\S‘Bl'mm‘Bz’ m\S‘Bz’ nm‘B]'n\s‘Bl’nm‘Bz' P2

and

0 < [miy |, I |, IRy, |, Mg, |, g, |, S |, nky |, ndg[ < 1,
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it is clear that the following conditions are satisfied:

0= max it v+ (i fong o)) <

~

0< (max {mﬁgl,mﬁgz})q + (min {nﬁfﬁl,nﬁgz})q <1,
0 < (min {[m%g |, jm9ig, 1})" + (max {nsg; | g, 1) <1,
and
0 < (max{n3g |, 35, 1})" + (min {lm35 1, mg, 1))’ < 1.
Hence, B; U P, is a BCPEN. A similar argument can be employed to demonstrate that
B1 NP, is likewise a BCPFN.

Theorem 3.2. Let f = (m‘R$ + imS;g,nER;g + inﬁig,m‘ﬁgs + im3g, Ry + i3y, B =
(mile;1 + im3$1’nm$1 + in3$1,m%§31 +im3y Ry 4 Iy ), and Py = (mm$2 + imﬁ%ﬂn‘ﬁigz +
inSflgz, mRy 4 im3Ig, , nRG + inJg; ) be BCPFNs. Then:

(1) B2 NP1 = P1 N Po.

(2) B2 UP1 = P U Po.

(3) P2 = (P1 UP2) N Po.

(4) P2 = (P1NP2) UP».

(B) (BNP1) NP2 =P N (P1NPy).

(6) (BUB)UP2 =P U (P UPy).
(7) (BPUP2)N(P1UPB2) = (B NP1) UDP,.
(8) (BNP2) U (P1NP2) = (B UP1) NPo.

Proof. As these statements are clear, the corresponding results are readily observed. m]

N
U

— + Pt + ot - S - e _
Theorem 3.3. Let P = (m‘)‘iBl + zm\s%l,n‘ﬁﬁb1 + zndq}l,m%%l + mwgnl,n‘)i’SBI + zn\xm) and P, =

<mmgz + imi”s$2, n‘ﬁ$2 + insgz,m‘ﬁ%z +im3y , nRy, + in35 ) be BCPFNs. Then,
(1) P1°UB = (B1NB)"
(2) BN P2 = (P UP2)“.
({min {m‘ﬁ%l , m%%z} + imin {mS;gl, mS;gz} ,
Proof. (1) (P1NP,)° = max {n%_jlgl’nm‘ilgz} - l:max {nsailrnsjﬁz} ,
max {mﬂ%%l, miﬁ%} + imax {mS,Bl, mS%} ,
min {nRy , n¥Ry |+ imin {n3y 3G ¢
(max{nﬂi%l, nER;SZ} + imax{nS%l, n3$2},
_ min{miR\gl, m‘R%Z} + imin{mi”s;gl, 3%2},
min{~n9Ry, |~y |} +imin{-nJy, |, ~InIy, I},
max{-mRy |, —[mRg [} + imax{—|m3Ig |, —|m3g_[})

= ((niR;lgl) + i(nS;g] ), (miﬁgl) + i(mS;g] ), =R |+ i(=m3g 1), —ImRy, [+ i(=ImIg, 1)
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U
((nRy)) +i(n3gp ), (MR ) +i(mIg ), =Ry, | + (=g, 1), ~mRg, |+ i(=mIg, 1))
= P17 U P,
(2) A similar argument to (1) can be applied to prove this.
o

Definition 3.3. Let P be defined as (m‘R;; + im3$,n%$ + in?sfl;,m‘ﬁgs -+ im3g, Ry + in3g), Py as
+ o~ + st — o ea— — . a—

(m‘ﬁ% + 1111\5%1,119‘LBl + m\s%,m‘ﬁ%] + zm\s%,n‘ﬁ%l + m"‘lh>' and 3, as

(mi}{gz + imsgz, nER;BFZ + inS\;z, m‘R;‘z + imSisZ, n‘Ri;z + ini's%z Y, where 3, 81 and 3, are BCPFNs, and

let .7 be a positive real number with .# > 0. Then,

1)
PPy =

([0, (g, = (o, o))

(g, )+ (g, ) = (5, ) (m3 )

Ry kY 4 (03 ndy ), = (mRg mRy, )+ (- (w3, mI, ),

1
2

1
_ (|nsn‘1|2 + oty [ i

¥ ol o [ |“‘R~iz|2)

B1

. ~ 2 - 2 o 121 e 2\2
i (g P+ o P - v, P i )
2)
1@ = (g, mitg )+ (n3 m),

(g )7+ (o ) - (ot ) (v ))

(o0, 03 - 0 (g

1

- Jmtg, oty )

NI—=

_ (|mm;31 [? + [morg, [
) _ 12 _ 2 _ 2 _ 2%
i (1 o - o P o P,

= (05 g, ) (= (n3, 135, ) -
©) 1
TP = <(1 - (1 - (mm;;)z)j)z n i(l - (1 - (msg)z)j) ,
(mg)” +i(n3y)

et (- | ),
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NF\2
—(1—(1—|n92;;|) ) +i

_ (1 - (1 — [n35 2)j)%)>.

(4)

1-( _(nmgg)z)")% wifi-(o _(ns$)2)'“)%,
_ (1 ~(1- |m<ﬁgg|2)ﬂ)% + z{— (1 - (1= m35 z)j)%),

. — T
Example 3.2. Two BCPFNSs are defined as follows:
PB1 = (.01+1i(.03),.03 +i(.02), —.04 + i(-.01),-.03 +i(-.02))

and

Br = (.06 +i(.01),.04 +i(.03),—-.01 + i(-.02), —.02 4+ i(—.01)).
Assuming .# = 3, the subsequent results follow:

1) PPy =

1
2

(g o g, = o, (o))

il o 3 - o )

nm‘;;lnm;;z + i(ns%lnSZEZ) a (mm‘ilmm‘_ﬁz) + i(_ (ms‘ilms‘_ﬁz)) ’

1
= ([, - o, P = i, e )

- (1 P b s ) )
= (((01)° + (.06)° - (.01)°(.06)®)% +i((.03)° + (.01)° - (.03)°(.01)°)7,
(.03)(.04) +i((.02)(.03)), —((=.04)(—.01)) + i(=((~.01)(=.02))),
—(]=.03[6 +|—.021° — | - .03[°| - .02/°)5

Hi(=(1= 02 +] - 01 - |- 021 - 01F)? )

~ (.0608 + .0316i,.0012 + .0006i, —.0004 + (—.0002)i, —.0361 + (—.0224)i).
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(2) B1®Po =

(g o) 1 (g ).

1

(65, (o )= g ) o, )

i - 0 )
1

(I [ - oot P = i i, )

. ~ |2 ~ |2 2 e 2\2
i (s o o = s i ),

= (g, ity ) + (= (35,135, )))
= (((.01)(.06)) +i((.03)(.01)),
((.03)8 + (.04)6 — ((.03)8(.04)%))5 +i((.02)6 + (.03)® — ((.02)6(.03)))
(1= .04 + | = .01 — | -.04f%| - .01[%)3

=

7

i(=(1 = 01 + | - 02 — | - .01/ - .02)}),

—((=.03)(-.02)) +i(-((-.02)(-.01))))
~ (.0006 + .00037,.0500 + .0361i, —.0412 + (—.0224)i, —.0006 + (—.0002)3).
(3) 3%, =

=

(1= (1= (01)°)%)F +i(1- (1 - (.03)%))5,
(.03)% 4i(.02)3,
—| —.04P +i(-|-.01P),
—(1=(1=1=.03%)%)7 +i(=(1- (1-]-.02°))#))
~ (.0173 4 .0519i,.0000 + .0000i, —.0000 + (—.0000)i, —.0519 + (—.0346)i).
(4) P2 =
((01)°+i(.0)°,
(1= (1= (.03)%)%)% +i(1- (1-(.02)%))s,
—(1= (1= 1= 047 +i(—(1- (1= - .01F))%),
—| = 03P +i(~| - .02P))
~ (.0000 + .0000i, .0519 + .0346i, —.0692 + (—.0173)i, —.0000 + (—.OOOO)i).

Theorem 3.4. Let B; and ¥, denote two BCPFNSs, given by

S _ + s~ + c ot — o a— — . a—

B = <mERSB1 + zm\sﬂsl,n‘ﬁq3l + 1n\sq3],miR5131 + zm\s%l,niﬁqjl + 1n~5$1> and
— + Pt + ot - e - X 5

Pyr = <m9%%2 + zm\s‘Bz,niR‘J32 +inJy, , miRSBZ +im3g,, ni}{mz + m\sq32>. As a result, both B4 & 3, and

PB1 ® P, are also BCPFNSs.
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Proof. For B and P, the following inequalities are satisfied:
+\? +\2 + +
0<(mig ) <1, 0<(nky) <1, 0<(mwg ) +(nwf) <

0<|miy <1, o<y <1, 0<|miy [+ g [

I/\

0<(mig) <1, 0<(nky) <1, 0<(myy) +(nmg) <1,

0<|miR |<1 0s|niR§32|2s1, and 0<|miR |+|nER |<1

In addition, given that:
+ ~+ ~+
0<m\5%<1 O<mp<1, OSnJ%SL O<n\5$<1,
S+ )2 ~+ 12
0<(m B)4—(11\5%) <1, Os(m\s%)%—(n\s%) <1,
0< hﬁisl' <1, 0< hﬁ%zl <1, 0< Imﬁ%ll <1, 0< Im\s%l <1,

-2 -2 -2 -2
Oslmi's%l +|n5q31| <1, and 0s|m5q32| +|ni‘sq32| <1.

Consequently, we arrive at the following inequalities:

(morg, )" 2 (g, )" (mory ), (g, )2 (mog ) (g, )
1 (kg ) (g, ) 20, (g )" (o0t )" (o)
(n‘)%%z)z_(nﬂ%ﬂ*}l) (nER*) , and 12( )Z(niRJr )22

It follows from these relationships that:

(g, )+ (g, ) = (g ) ()’

which further leads to:

Similarly, we have:

(00,4 (g, )= (0, ) (3, 2 0,

which implies:

(o, (o~ (o, F (o) =

Given that
+ 2 + 2
(mRg) <1 and 0<1-(m%y ),
we obtain the inequality
+ 2 + 2 + 2
(mm‘Bz) (1 B (miR‘Bl) ) <1- (mgﬁ‘Bl) ’
From this, it follows that

(g, )"+ (g, )" = (g ) (g )" < 1.
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Hence
1

(85, g, = g, ) g )) <.
ollowing the same approach, we arrive at an equivalent bound:
(o, o, - o (o ) <.
Furthermore, it is evident that
0<(nry Y <1-(mwg ), 0<(nwg) <1-(my ).

Using these bounds, we establish the inequality
1
(85, (g, (o, P (i, ) (o o)
(g ) ()= (g ) e, ) (1= (o, ') (1= (o, ) =2
Thus, we conclude that
0 % ((morg )"+ (mrg, ) - (g )" (mov, ) <1,

+ gt
0< TIER%TI‘R% <1,

and
2

0 (o, () - o, o, ) g o <1

Analogously, we have the following inequalities:

1)
0< m%$lm%$2 <1,
1
0= ({19, )"+ (g = (g ) (g ) <,
1,2
0 (ot o (o + . - o, o o, P ) 1
)
—1 < —mRG mRy, <0,

1
1< = (g, [+ oo, [ = o o, ) < 0,

112

- (g [+ g * = e, oo, )

0 < [-m3ty m%y |* + <1
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(©)
1
1< = (g, [+ e, [ o [ e ) <0,
1< —ny Ry, <0,
12
0 < |~ ([, "+ i, [ = s, [ oo, )|+ fn o [P < 1.
By the same method, we derive:
e (@)
1
0% (354 () = () (33 )) 1, 05 () (3 <1
and
2 ot \2 @2@+2%2 o V[t W2
0.2 () (= 0,V (g ) ) (g ) o)) <1
. (i)
1
0= |- (g, [ 35, = o P s ) <1, 0 i | g < 1,
and
T T e & e e 2
0= |- (15, [+ s, = s [ s )|+ (i i )7 < 1.
. (iii)
1
0 < |- (g, P+ i P = s P s, P <1, 0 < o g < 1,
and
~ P R 2 eVl e L 2
0= ‘(|m"~131| + [m35, [ = [m3g, | |m‘5~nz|) o+ (n3g, [, ) < 1
* (iv)
1
0= ((n?;;;l)z + (ns‘—gz)z h (n3$1)2 (nS;;z)z)z <L 0= (ms;;l) (mS;;z) <L
and
2 2 2 24 2
02 (4, (93 = (4 (3, ) () () <1
Hence, both B @ P> and P ® P, fulfill the conditions required to be BCPFNs.
O

Theorem 3.5. Let

P = (mMRE +im3IT, mR; +im3I;, KL +inIS, Ry 4+ in3I; ) be a BCPEN, and . > 0.
P P P P P B

B
Then, both .#P and B are also BCPFN.

P
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Proof. Let us first note the following inequalities:
0<(my) <1, 0<(nkf) <1, 0<(mug) + (k) <1,
0<|miyl <1, o<yl <1, 0<|mRyl + kg < 1.
Implies
0<(nmg) <1-(mwg), 0<mug <1 gl
Hence,
g
0<(1- (m%$)2)y, 0= (1= [yl .
Following this, we consider the following relations:
4 NI
- (1= (mg)) <1, 1= (1-porgf) <1,

This yields the following bounds:

0< (1 ~(1- (mm;;)z)j)% <1, 0< (1 -(1- |n‘ﬁi‘|2)]) <1.

It is also observed that:

NI=

0< (n‘Ri)] <1, -1<- |miR\£|ﬂ <.

From this, it follows that:

and 1
0.< |- g | + (1 -(1- |nm;‘|2)ﬂ)z <1.

Following this, similar relations are considered for the other terms:

1)
NI\2 P
o<(1—(1—(ms;;)) ) <1, 0<(ns;;) <1
and
o\ 3V 2
0<[(1_(1_(ms;)) )] F(9) ] <1
)
P 7\3
0<mdg|” <1, 1<_(1—(1—|nS;3 ) ) <0,
and

0< |- mg || +

- (1 - (1 - |n?5;3|2)j)2
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By the same reasoning, we arrive at the following relations:

(1—(1—(nm$)z)j)%) <1,
_ (1 - (1 — [m%ty, |2)j) 2

From the preceding results, it follows that:

0< ((mmg)'ﬂ)z +

and
1
2

0< - g || <1

) 1
54 nI\2
~+ ~+
0<(m3f)” <1, Os(l—(l (n\sw)) ) <1,
and
2 AV
~+ s ~+ 2
0<((m\5$) +H(1-(1-(n3]) <1
)
NF\2
—1g—(1—(1—|msg3 ) ) <0, o<zl <1,
and
g %2 )
VAT s
os—(l—(1—|m&Jj ) ) -yl | <1
Thus, both .#B and B~ satisfy the conditions for being BCPFNSs. m]
Theorem 3.6. Let B = (mRy + im3y, nRy + inJy, mRy + imIy, nRy + inJy), P =

(m‘R +1m\5 n%ﬁ —l—zn\S oMRG +imIG Ry, +m\sgb) and P, = (mﬁi +lm~533 ,nm$2+
mJ m‘R\B +zm\s$2 n‘J&B +m\53B Y be BCPFNSs. Then:

(1) PBodP1 = P1 & Po.

(2) B2®P1 = P1®B>.

3) P (Pi1oPo) = (PoPq) @ Po.
4) P(P1@P2) = (PPr) @P,.
(5) B (B1UP2) = (P&B1) U(POP2).
6) Bd(B1NP2) = (PB1) N (PdP2).
(7) B (P1UP2) = (PP1) U (PeP2).
(8) B (P1NP2) = (BPPB1) N (PP2).

9) (P1UB2) @ (PB1NP2) = P &Py,
(10) (PB1UB2) ® (PB4 NPB2) = B1 @ Po.

Proof. We show parts (1), (3), and (5) here; the other parts follow similarly.
(1) The operation B & B, is given by:

Pro&Por =
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1
(R )2 + (g )% - (m 2 (mg, )2
(3G )2+ ()% — (

o~ ~ 1
B2 m\S:gl)z(m\S;;z)Z)Z,
+ + Xt Tt
< (nm‘Blng{‘Bz) + Z(nd*lhn\s%z)’

—(mRG mRG,) + i(—(msqglmsqu)),l >
(R 2 g P~ o Pt )
(1035, 2+ IS, P = InSy Py, )}
which may also be written as:

(mRG)? + (mK )2 = (mR )2

+3y2)1
Bq mgﬁ‘l‘l) )21
Fi((mG)? + (m35 )2 = (3 2(m3G )24,
+ + ot ot
< (MR nRy ) + i n3y ),

—(mRgy, mRy ) + i(—(m?sigzm?sigl)),] >
~(InRg, > + MR, 7 = nRG PR [7)2

Hi(— (IS, 2 + InSg, 2 — InSg, PInSg, 2)?)
Thus,
P @Bz = PPy
®)
Po(ProP:) =

(m&R;S + imS%,mER;3 + imSis,niR\g + ini”sflg,ni}{% +in3g)
®

(3, 2+ (nk, )2 = (m, 2 (m, 12)

(S )+ ()7 = (g 23 )

< (n%$1n%$2) + i(nS;gl nS;gz), >
—(mRG MRy ) +i(=(mIG mIG))),
—(In9g, P + g 12 — vy, Pty )2

Fi(=(In3g, P + Sy, 2 — S5, PS5, 2)?)

Nl—=

SIE

7

((mR)% + (MR )2 + (mRy )2
—(mR (IR )?2) — (R )2((mR )2 + (mR )
1
—(mRy 2 (R %))
+Hi((m3g)% + (Mg )%+ (m3Iy
—(m3 2 (n)?) 1
—(mSR((3G 2+ (m3)2 - (m3G 2w ),
< (n%%ni}iin‘ﬁ%z) + i(n3$n5$ln5$ ),
—(ImRg[ImRg ImRy 1)
+i(—(|m\si;||mﬁi;1||m5§;2 ),
(R 2 -2 - 2 1mR= iR 2
(INRGI= + (IR 17+ IR 1 — R PRy 19)
—InRG P (IR P+ MR [ — Ry,

)2

|

B L
3, PRy )2
Fi(= (N3G + (Ing, 1P+ InIg, 1P = nIg PInSg, 17)

-2 - - - 2= 12)) 3
—InIGIE (IS 17 + InSg, 17 = I3 FInSG, 1)) 2)
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1

()2 + (m )2 = (2 (mss 12)
. o~ ~ o~ o~ 1
Hi((mIH)? + (M3 )? = (mIF)* (M3 )?)?,

_ < (n%%’n‘ﬁgl) + i(nS;gn“+

‘5‘131)' >
—(miR%m‘R%l) +i(=(mIym3IG, ),
~ (RGP + IR

- 1
By |2 - Inmqslzlnmsgl |2) 2
Fi(= (ISP + 3G P = IG5 17)

Nj—

)

®
+ ok I + o ek - e
(miR8132 + zm\s%,m‘ﬁ%z + 1111\5‘132,119?\132 + ln\S,Bz,niRil§2 + m\S%z)
= (P& P1) & P2
G) P (PLUB,y) = (mﬂf{jb: + imS;g,m‘.Rig + imi‘si,ni}i% + inS;C,niR% + inﬁ%)
S
+ + ; ~+ ~+ : + + . ~+ ~+
< max{m‘ﬁ%, miR%} + zmax{mdml,mdizz}, mm{n‘.}{%,nﬂ%%} + 1m1n{n\s$1,n\5%2}, >
mm{m‘R%], mﬂ{%} + 1mm{m\5$1, md$2}, max{nﬂ{%, n‘R%z} + zmax{n\s%l, n\s%}
((m%Rg)* + max{mi}i;gl, mRy P~ (mR)*> maxmRy
+i((m3$)2 + max{m3;

1
mi}iflgz}z)z
%,m3$2}2 — (m3};)? max{
< —(

xt+ a2y
P md%i m3Ig,17)2,
+ : + + (X : ~+ X
(R, min{nRy; , n%BZ}) +i(nJgp min{n3y, , n\s%}),
mRy min{mRy , mRG }) +i(—(mIG min{m3Ig , m3Ig 1)),
—(|n‘Ri§|2 + | max{nRy

3, MR 12 — IRy 2 max(nRy , nRy J2)z
Fi(= (NI + [max{nIg, , 13} = I Pl max(nIg, , 13y })2)

|

m3Ig)* + (1= (mIg)?) max{(m3Ig

(MR + (1= (mRG)?) max{ (mR )2, (mRL )2HE+
i(( 5)% (M3 )23
< min{ninlgniR;gl, nﬂf{%n‘ﬁgz} + i(min(

o~ o+ o~ o+
NIy nIy M3 b,
min{—(miﬁimﬂ{il), —(m‘R%mER%Z)}—{- >
i(min{—(m3IGum3g ), —(MIGmIG, )}),
- - — - 1
—(In‘.RgBI2 +(1- |n9{$|2) max{lniRgBl 2, In,‘lez}) 2
—|—i(—(|n‘5§3|2 +(1- |ni”s§3|2) max{lnS%llz, |n3i§2|2})
However,

S

)

(BoP)U(PoPs) =
1
((OR5)2 + (mt, )2 - (m3k)2(m 12)!
(M) + (3, )2 - ()2, )
< (nRgnRy, )+ i(nIgnIy ), >
—(mRymRg ) + z(—(mi‘s%mﬁil)),l
~(INRGP + Ry P = RGP KRG, )2
. ~— ~— ~— ~— 1
+z(—(|n\593|2 + |n\5$1|2 - |n‘5*13|2|n‘5*131 ?)2)

my 2

Nf—

7
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U

() (g, (g e, )
Hi((MIG)2 + (mT)2 = (M) (m3 )2z
< (nRgnRy, ) + im3In3}), >

~

BB
—(mRgmiy, ) + Z(‘(m"%m"ib))']
~(RG - I P — g PR )2
Hi(— (ISP + 3G, P — Sy P3G, P)2)
max{((m%%)z—i— (m‘)ﬁ )2 - (miRJr) (m $ )z,
<<mm+>2+<mm$g - (RGP (AL )2
+i(max{((m\5q3) —l—(szB )% - (m\s )*(m S ))7/
(m3g)2 + (m3)? = (m3y)2(m3 )?)* )
min{nR Ry ,niR*niR+ +
~+ <~+ <~+ <~+
Sy, NSy, 3]
min{—(mRymRy, ), —(mMRgmRy, )+ >
i(min{—(mIgm3y; ),
_(ms%ms%z)}), 1
max{—(InRy 2 + Ry, [ - |n%;3|2|n%;;1|12>f,
— (RGP + IRy, [P — RGP R, [2)2)
Fi(max(=(nSGP + g, P = 3 PnSy, ),
— (NI + 3, P~ |n~sm|2|mm ?)2)
((miRJr) +(1- (miR*) )max{(miR+ )2,
(MRS, 1)+ i((m3)2 + (1 - (3 )2) max| (m3y, 2, (3, 2D+,
nrun{nﬁfrniRJr n‘R+n5R+}
B < —|—i(min{n3$n3$ n3$n5$ D, >
min{—(mRGmRy, ), —(mMRGmRG )+
i(min{—(mIGm3y ), —(mIGmIy )}, 1
—(MRG2 + (1 IRy 2) max{nRy, [2, gy, )
+i(= (ISP + (1 = nIG?) max{inSg 7, n3y, *)

< i(minfnJgn

NI=

)

Theorem 3.7. Let B = (mﬂf’ + imS+ nER+ + mJ m‘R% + zm\xB,niR + zn\S%) P =
(m‘R +1m\5 niR+ +zn\s ALY +zm\5qj n‘J{gB +m\5gb) and P, = (mﬂiJr —|—sz n‘R+ +
szB ,m%Bz + zmd%,n‘ﬁmz —I— inJy,) be BCPFNs. Let .# > 0. Then, the followmg features are
fulfilled:

(D) (Pr10B2)" =PI @PS.
2) (P1©B2)" = P &S
(3) (B)” = (/B)".
4) 7 (B) = ()"
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Proof. Parts (1) and (3) are established here, and the remaining parts can be shown using similar
arguments.
@™

(MR )2+ (mRG )2 = (mRS P2(mRY )?)2
+Hi((m3g )2 + (3 )2 = (m3 )2 (I )?)2,
(ni)%iniﬁi) + i(n5$ln3$z), >

—(mRy MRy ) +i(=(mIp mIg)),
— (IR, P+ RGP — nRg, PnRg )
+i(—(|n5;31|2 + |nS§32|2 - |n5;31|2|ni”§§32|2

))

(BroP2) = <

(MR R ) +i(nIg nIg ),
((mm;gl)Z + (mi){;gz)z _ (miR$ )2(m9{%2)2)%
(G (2 3 P
—| = (InRg, 2 + IRy > = IRy PRy )2
+i(—] = (IS, 2 + I3, 2 = Sy, Py, P)21),
—| = (mRgy mRG )+ i(=] = (mIg, mIy))I)
= (MR ) +i(mIy ), (MR ) +i(mI ), — Ry |+ (=3 ), —ImR | +i(=m3Ig 1))

~

®

((RY) +i(nSg), (mRG)) +i(mTy)), = R, |+ (=S, 1), ~ImRG |+ i(=ImI, 1))
3)

— BB,

(ch>ﬂ
= ((nR§) +i(n3F), (MRE) +i(mIL), =Rl + i(=IS1), ~ImRG | + i(~mIg)))

(R§)7 +i(n33)7, (1= (1 - (mR)*)7)?
+Hi(1- (1- (m35)2)7)3,
=< —(1- (1-]-InRyIR)7)? >
+i(—(1- (1 - |- nSHIR)7)?),
| = RG]~ 3G
(nR)7) +i(n3F)7), (1= (1= (mRG)?)7)?)
+i((1- (1- (m3)2)7)3),
- (1 (- ) )
+Hi(—] = (1= (1-In3GR)7)3),

= [mRG |+ i~ - 3G )
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(1= (1= (mRg)2)7)?
+i(1 - (1= (m3g)2)7)2,
:< (niﬁig)] +i(n§$)], >
—|m%%|’ﬁ+i(—|mf5§3|’]),
—(1- (1- RGP~

1

Hi(=(1— (1 - I3 P)7)2)

= (IB)".
O
Theorem 3.8. Let P = (miR;; + imﬁg,n‘ﬁgg + in?s;g,m‘ﬁgs +im3g, Ry + in3y), P =

(m‘ﬁ$l + im3$1,nm$l + inS%’l,m‘Rq}l +im3y Ry 4 inJg ), and Po = <miR$2 + im3g ,ni)q +
inngZ, mi}{iiz + imSi;z, niRsi2 + in\sg%z} be BCPENs. For any .#, %, .%, > 0, the following features are
fulfilled:

(1) 7 (P18%P2) = ISP IP,.

(2) (A + A)P = 51PoAP.

(3) (P1@B2)” =B @B

4) PATA) = P g P2,

Proof. Only (1) and (2) are shown here, while the other expressions follow analogously.
(1)
S (Pr1o%2) =
(MR )2+ (MR )2 = (mRL (R )?)2
(3, 7 o (S, )2 = (3 )2 (m3 )2
j< (R nRy ) +i(nIg nIg ), >
—(mRy mRG, ) +i(—(mIg mIg,)),
— (%R, 2 + IRy 2 — n%g Py, 22
(= (IS, 2 + S5, 2 — nSg, PSSy, 7))

~

(1= (1= ((mRG)2 + (mRE )2 = (mRS )2 (K )2))7)?
Hi(1 = (1= (m3g)2 + (m3y )2 = (m3y )2(m3§)2))7)2,

:< (R ¥y, )7+ (03, 13y, )7 >
—(ImRg ImRg D)7+ i(=(Im3Ig, ImIg, )7,

_ _ _ - 7\ 1
=(1= (1= (= (g, P+ g P = Ry oy, 1)) 7)3

Fi(=(1= (1= (=(InSG, P + ISy, 2 = InSy, P3G, 7)) 7))
However,

B
- T N —
—Im3R 17 i (=Img, 1), =(1 = (1= IRy 1) 7)2 (= (1= (1= InS, )7

S

@Dy < (1= (1= (mRE D7) 2 +i(1- (1= (m3§)2)7), (R )7 +i(nIg; )f,)%) >
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< (1-(1-(mRg)2)7)2 + ( -(1-(m3 >>f”>%,<nmgz>f+i<nsgz>f, >
—[mRg, |7+ i(—mSg, [7), —(1 = (1 - nRgy |2) Nz +i(-(1- (1- Sy, P)7)E)
(1= (1= (mR )?)7) + (1= (1= (mRy )*)7)
-(1-(1- (m?R+ )2)7) (1= (1= (mRy )2)7))3
+i((1= (1= (m35)?)7) +(1-(1 (3£ )*)7)
-(1-(1-(m3 )2)”“)(1 (1-(m33))2)7))z,
:< (niR+ nilf{Jr )J—H(nS+ ”% )f, >
—(ImRy, ||m9{$2|) +i(- <|m~5131||m~5s13 D7),
(1= (1 =R P)7) + (1= (1= InRg,*)7)
(1= (1= It P)7) (1 - (1 g |2> )
+i(-((1-(1- IanB )7) + (1= (1 =3y, H)7)
—(1= (1= IS5, 1) 7) (1= (1= S5, 2)7))?)

=7 (P10P2).
(1= (1= (mRG)2)7AH2) 3 4i(1- (1- (m3g)2) 1125,

@) (A + 52) B = () 4 i(nSF) A2, R [ (g [ 2), >
—(1= (1= RGP A+72) (= (1= (1 - InSg) /1 +72)3)

(1= (1= (mREHH7M) + (1~ (1= (mRy)*)”2)
—(1= (1= (mRy)*)7) (1~ (1 - (mRy)? )’Z)ﬁ
Fi((1= (1= (M) + (1= (1= (m3)) %)
~(1- (1= (33?71~ (1-(m3 >>2))
(MRG) 7 (RY) 72 +i(n ”g)"’l(ﬁ;)"z
:< —((~ImRG") (~mSg %)) >
+i(—((—|m8§3|f1)(—|m553|”2>)>,
~(I= (1= (1= RG]
= (1= (1= RGP =1 = (1= (1 = IRGP) 7))
| = (1= (1 - [nRg2)72))) 2
+i((=(1= (1= (1 =InSGA)7) + 1= (1 = (1 = InSH2)2) -
| = (1= (1= m3GR) ) = (1= (1= 3G P)72))?))
(1= (1-(mRy)? )%1)z
+i(1= (1~ (m3g)? )““1) , ()
:< +i(n\s$)fl >
—[mRG7T 4 i(—ImIG|),
—(1—(1—|nm;3|2)f1)%
Hi(=(1- (1= [n35R)41)?)

S
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(1-(1-(mRy)?)7)2
< +i(1 = (1- (m3§)2)72)2, (nRG) 72 +i(n35) 72, >
—|miR;3|f21 +i(=m3g|72), 1
-1-(1- |nSR;3|2)fz)z +i(-(1-(1- |n3;3|2)fz)z)
= /P& AP.

4. BCPF AGGREGATION OPERATORS

This section focuses on the application of BCPF weighted average and geometric aggregation
operators in the context of BCPFS. It presents an in-depth examination of the mathematical foun-
dations of these operators and emphasizes their role in facilitating effective data analysis and

supporting decision-making tasks.

Definition 4.1. Consider a collection of BCPFNs, denoted as:

Pi = [(mRG, +imIG, R + i, mRG, +imSy, Ry +indy )|, Viell,2,...,k

where each ‘B; represents a BCPFN, and the associated weight vector 2 is given by:
‘% - (‘%/‘%/"'/%{)T

where each weight component fulfills 2; > 0 and together they satisfy the normalization condition
Zi;l Z: = 1. Accordingly, we present two essential aggregation operators:

(1) The BCPF weighted averaging (BCPFWA) operator is defined as a mapping BCPFWA :
Bk — P, which combines BCPFNSs via a weighted average, expressed as:
BCPFWA (1, B, ..., Bi) = D, 2B = 21%1 © 2528 - & 2i%y.

(2) The BCPF weighted geometric (BCPFWG) operator is an alternative aggregation method
based on the weighted geometric approach. It is defined as a mapping BCPFWG : B — B,
with its functional form expressed as:

BCPEWG (%1, B, .., Be) = @, B = B/ @B, 2 0 0%/

Theorem 4.1. Let B; denote a set of BCPFNs, where each element is specified as

L + e + Lt - N - X~ P
B; = (miR% + 1m\s,Bl_,niR$i + zn\s%,mi}i%i + zm\s%i,nﬂ?% + m\s%), i=1,2,...,k

Let 2 = (21, %25,..., %{)T be the associated weight vector, with 2; > 0 and Zle Z; = 1. Then,
the BCPF weighted averaging and geometric aggregation operators can be alternatively defined

as:

(1) The BCPFWA operator combines BCPFNs using a weighted average, with the alternative

form:

BCPFWA (B1, P2, ..., Bx) =
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27
(1= T (1= (3 )%) 7 41 =TT (1 - (m3g)%) %)
I 1(”§R+)1+1H1 (3G )%,
< ~(IML 1ImRG |£)+1< (I 1|m~51; 1)), >
~(1 =TT (1= It )7 (=1 = TTE (1= 3 ) 7))
(2) The BCPFWG operator aggregates BCPFNs via a weighted geometric approach, given by

BCPFWG (B4, B, ..., By) =

T (mRE )7+ (T m3y )%

B 7

< (1= T (1= (R )*) )2 +i(1 - 5‘1<1 (n35,)%) %)%, >

-(1-T1,0 ~ Ity ) >z+z<< <— M35, P)7)%),
~(I1 1|“5R~13| ) +i(=(11 1|n~5~13| )

Proof. (1) To validate the result via mathematical induction, we start with the base case k = 2

where the formula simplifies and can be easily verified. This establishes the foundation for
extending the proof to larger values of k. The formula then reduces to

BCPFWA (1, B2) = 21%1 @ 2P, =
(1= (1= (mRg)H)?1)2 +i(1- (1 (m3§ )2)?)2,

< (RS )4 (035, )%, g+ (g |7, )
-(1-(1 In%llz)"“)zﬂ( (1-(1 Indqg]lz)”@ )

®

(1= (1= (mRg)2)?2)2 +i(1 - (1- (m3§ )2)?2)2,

< (ER*)fZ—i—z(n\s )12 —ImRy, |‘%2+z( Im35 |y2) >
-(1-(1 |nmb2|2)=)fz)z+z( (1—(1—|n\s§32|2)=%) )

(1= (1= (mRG)*)71) + (1= (1= (mRy )*)*2)
—-(1- (1—(m‘ﬁ+)) ( —(1—(m‘ﬁ+)) )2
+i((1= (1= (m3g )?)7"1) + (1 ( ( 2,)3)72)
~(1-(1-(m3 >>><< M>%
<nm$l>*1<nm;.5z>
_ < +i(n3g )7 (n3)) 72, >
—(jmR, |71 mR, 172)
( (lm\ssp |fl|m |VZZ))
(1= (=% P)*) + (1~ ( — Ry 1) *2)
—(1- (1 =Ry P)7) (1 - (1- %y 2)#2))z
+i(=((1-(1 |n$;3|2)%)+(1—( - n35, 1) #2)
—(1= (1= IS, P)#1)/(1 - (1 - nSg, P)72))7)
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<1—<1—<mﬁR+ )27 (1= (mRy )2) %)
Fi(1 = (1= (S )3 71 (1 - m«B) )24,
(n‘R+ )%(n‘}fr )42
=< Hi((n3g )1 (n3g))72), = ((Im%Rg 177) (IR, 172)) >

‘H( ((|m~5~131|11>(|m~5s1;2|12)))/
—(1= (1= IRy 7)1 (1 - nRy, [2)72) 2
+Hi(—=(1 = (1 - In3g, P) 71 (1= InSg, [2) 72)2)

(1= T2 (1= (R )2) %) +i(1 = TT2, (1 - (

PBi ’
I (nﬂﬁ) -+l (n3g) 7,
:< —(lellm%%|9ﬁ)+z( (Hz:1|m~5$i|%))r >
—(1 = [T (1 = IR ) %)

+Hi(—(1 =TT (1= InSG, 2) 70)3)

Assuming the theorem holds for k = I, the statement is valid for [ elements. Specifically,
we have:

BCPFWA (P14, P2, ..., B)) = 2110 25B20 - & 21%;

(1= ITjey (1= (R )2) %) +i(1 - TTj, (1 - <M> )73,
:< Hg—l(“‘ﬁ) T (n 1;)1:: ~(ITi- 1|m9{§3|%)+1( (I 1|m3§3|%)), >
-(1-IIj, (1 — [nRg, P)#i): +i(-(1 - TTi—y (1 - nJg, 2)%)3)

To prove the statement for k = [ 4 1, we apply the inductive hypothesis. Then, fork = [+1
the expression becomes:

BCPFWA (B1, B2, ..., Bry1) = 21P1© 250,@ - @ 2111111

(1-TI 1(1—(m%+)2)'%)%+i(1—H§:1( - (M3} )?) %),
:<H5_1<nm;5> T (035 ) 7, ~ (T b 1) 4 (- <Hl_1|ms;3i|«%>>,>
—(1= T (1 - %y, |2>=%>z+z< (1-TTi_y (1 InSG, 2)70)2)

2]

(1= (1= (mRy )2)%is1) 3

+i(1-(1—(m ml) )7ie)3,

< (nRy )P (S )7, >
i, 17+ (-, 75),
—(1-(1-n%g,_ )" 1“)2
Fi(—(1-(1-In35, [2)%i1)2)
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(= Ty (1= 095 )2)7) (1= (1= (g, )2)75)-
T, (1 - (m ))7) (1= (1 - (mi, )2) %))+

(1-
i((1- 11<1—< Ip )7+ (1= (1= (m3y, )2 %)=
(1= TTimy (1= (m3))7) (1 = (1= (m3g | )?)7))3,
(TTimy (R )% (nRy, ) 7)
_ < +i( [T (n35) 71 (035, )7+), >
~((=(TTizy R 10)) (~ImR_177+1))

)
Hi(= (= (T mSy 170) (—Im3g, | 173+1))),
—(1= (1= iy (1= IR P) 7)1+ (| = (1= (1= IR, P) 1))
(1= (1= Ty (1 = IRy ) 7DD (1= (1= (1 =Ry, P) 7)) 2+
i(=(1= (1 =TTy (1= InSG P) )] + (1= (1= (1 =InT, B) 71)])-
(1= (1 =TTy (1= S P) 7D (1= (1= (1 = Sy, ) 7i1))))%)

(1= TIEE (1 = (mRy )2) %)

+i(1- H”%l—(m )H%),
:< T (n3ky )7 +zn’“< )7 >

— (T m%Rg |J>+z( (H’“Imo; |f>) '
~(1- H’“( — In%g [2)77)3
+Hi(-(1- 14 |n~sqg,,|2> %)

This matches the formula for k = [ 4- 1, thereby completing the proof by induction.
(2) The proof is carried out using the same approach as in the proof of (1).

Example 4.1. Consider the following BCPFNs:
B1 =(11+i(.79),.78 +i(.15),—.89 + i(—.63), —.12 + i(-.37))
Br = (77 +i(.78),.19 +i(.12), —.44 + i(-.59),-.30 + i(—.33))
and
B3 = (.63 +1i(.28),.29 +i(.55), —.77 + i(-.20), —.19 + i(—.41)),

with the associated weight vector 2" = (.294,.384, .322)T respectively. Then, we proceed as
follows: 1- BCPFWA (1, B2, B3)
(1-T17, (1~ (s, )7 (1 =TT, (1= (3 )?) )3,
B < 5 1(nsn+) Pl (n35) 7, >
—<H?:1|m%,,|f”> + i(=(IT m3,179)),
~(1 =TT (L= IRy ) 72 (= (1 =TT, (1~ InS ) #)7)

~ (.6328 + .7002i,.3298 + .2092i, —.6481 + (—.4246)i, —.2258 + (—.3695)i).



2- BCPFWG (1, B2, B3)
2y (mRE )7+ i( 1m~s$)%,

- (1-T1, 0~ 05 ) i (1L (19,73

30 Int. J. Anal. Appl. (2026), 24:17
~(1-TI,(1 |m<ﬁ$|2>> i(-(1-TT,(1 |mo$|2>%>

)
— (T Iy, 7 + (—(H;Llln 27)
~ (4074 + 56291, .5219 + .3470i, —.7521 + (—.5275)1‘, —-.1978 + (—.3660)1’).

N= N

Theorem 4.2. The results obtained by applying the operators BCPFWA (B4, B, ..., By) and
BCPFWG (B4, By, ..., Bx) are both classified as BCPFNS.

Proof. Theorems 3.4 and 3.5 directly confirm that the BCPFWA and BCPFWG operators produce
BCPFNSs.

Theorem 4.3. (Idempotency) A set of BCPFNs is defined as:

P, = {<miR+ +zm\5 niR+ + 3 miR,13 —|—zm\5$,niR% —Hn\xB >} Let 2" = (%,%,...,%()T

represent the welght Vector assoc1ated with *B;, satisfying the conditions where Z; > 0 and

Z = 1. If all elements *B; are identical to a common BCPEN ‘B, expressed as:

P = <m9%++zm ,B,niRJr+m Y
(1) BCPFWA (1, B2, .., ) = .
(2) BCPFWG($1, %, .., Br) = .

m‘Jt13 + zmxsqs,ni)%gB + zn\s\l3 >, then

Proof. It suffices to verify the first case, as the remaining cases follow analogously. Assuming
B, =P foralli=1,2,...,k we obtain:

BCPFWA (%P1, B, ..., By)

(1= TIE, (1 - (R )?) )2 +i(1 - TTE, (1 - (mo,ﬁ) 2) 733,
=<H O )74 AT (136 ) 7, ~ (T i 1) 4 i~ (TTE 1lm~5m|f))>
—(1-TI, (1 |n%|2> N2 4 i(=(1 =TT, (1 - g ) #)2)

(1= TTE, (1= (mRE)D)#)2 +i(1 - [T, (1 - (m3§)2) %)z,
=<H LR T (637, —(TTE g ) + i(~ <Hl_1lm5~;|%%>>,>
-(1-IL,1 |n%|2> NE4i(=(1 =TT, (1 - IS5 R) 7)3)

(1= (1= (mRE)2) T 2)2 +i(1 - (1- ()T 71)z,
:<<nm+>2~%+z< )T % <|mm;3|25-‘1%)+i<—<lmfs;3|2“%>>,>
-(1-(1 |n%|z)z, ) i1 (1 - InSyP)Ze 7))

_ < (1= (1= (MR +i(1— (1- (mIF)2)3, (R +i(nS), >
(IR + i(=(ImIg])), =(1 = (1= nRGP)) > +i(-=(1- (1 —|nfs;|2>>%>

:< m?ﬁ +imS niR+ + i3

v S, MRy, + imIy, nRy + inJyg )

where —Im‘R%I = mfﬁ%, In%BI = niR%, —|m\sq3| = m\s;3 and —|n$§§| = nﬁi o
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Theorem 4.4. (Boundedness) Consider a set of BCPFNs defined as:

Pi= {(mRE +imSL, nRG - inS, mRy, +imIy, Ry +indy ), Vi=1,2,..., k. Let

X = (21, 2,..., ,%{)T be the vector of weights associated with each ‘B;, where each weight
satisfies .Z; > 0 and the sum of all weights is normalized as Z;‘:l Zi = 1. Now, suppose two
BCPFENSs, denoted as % and ?, are defined such that:

P = (R i T T, R S e infsg>,
which may further be rewritten in terms of the maximum and minimum values of the given
BCPFNs as:

P = <max(m%%) + imax(mﬁi),min(nm%) + imin(nS%),min(miRi) + imin(m\s%i),max(niﬁ%i) + imax(nS;Ti)>,
where 1 <i<k.

Similarly, another BCPFN ‘P is defined as:

o ) .~ 4* C ¥ —% o F —e C ~—
ﬁ— m‘R% +lm‘5*1‘ ,n‘RsB +m\5\B ,miRgB +zm\5§,ni}{£ +m\5§ >,

which can also be rewritten in terms of the minimum and maximum values as:
P = <min(m9%$) + imin(mSi),max(nﬂii) + imax(nSi),max(mﬂ{é) + imax(mﬁé),min(n‘ﬁi) + imin(113i)>,

where1 < i gk. Then,

(1) B < BCPFWA(P1, %2, Bp) < P
(2) B < BCPFWG(P1, P2, ..., By) < P.

Proof. We prove the first result, noting that the others follow similarly. To establish it, we need to
verify that:

mig® < (1= T (1 - (mRg )2) 7)< moky”

m3y" < (1= I (1 - (3 )2) 7)? < m3y|
ni}%g >[5, (nm$i)% > niR%',

g 2 T (3 7 = n3y”

mRy " > —(TTE Ry | 7) > mRy”®

m3y" > — ([T, m3g |71 = m3y°,

Given the following inequalities:
+* + +* —® - —*
miRE < miR;Bi < mi}% , mifi? < mi}{% < mi}% ,

+o + +* —e - —*
n‘.RE < nER\Bl_ < niR§ , niRE < n‘R‘B]_ < niR§ ,
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analogously, the following relations apply to the additional terms:

+ ~+* ~—® ~— ~—*
*B < m\s%l < m\s§ , m\x_ < Mg, < m\s§ ,
~+° ~+* ~—® ~— ~—*
n\sSB <nJIF i < msi , n\sg < n\S%i < n\5§ .
From these inequalities, we can conclude that:
mRy = (1-- (")) i)
—(1— (1= (m®Ry")2) %)
1
< (1-TT (1 - (mK; ) )%1)2
k 1
< (1-T15, (1 - (miy )?) %)}
(1 (1 (g B ) =
ninr (niR+ )i 2i
k
= Hi:l( P )1
< Hi-‘zl(ni}ﬁ )%
k
< TT, (R 7 = (nRy )T 2i = Ry
_e vk o
m‘.R\B = (|mi.R§Jj Lzt Zi)
= _(Hi L (Im%g 1) %)
< _(H (lmmsp |) )
s vk . s s
< — ([T, (ImRG ) 7) = —(ImRy [Ema 71) = —[mRg | = mRy,
and
_e '\ 1
n%i% =-(1-(1 In‘RB |2)Z, 11”)2

= =(1= T, (1= RGP )3
1
(1 TTE, (1 - ity ) 71
1 _* k - 1 _ _*
~(1 =TT (1= Iy )70 = (1= (1= (g 1) 20 #1) = oty | = oty
By applying the same method, we further obtain:

IA

Theorem 4.5. (Monotonicity) Let

P; = {<min+ +im3y Ry A+ ind mi)‘i%;i—imﬁ%{,nﬂi’%;kin%i)} and

SBI
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B — + im3t Tt mst ~ imS3s - 43
B, {(m‘ﬁiai + 1m\5a§i,n‘ﬁq§i + zn\sqgi, miR% + m3g n‘R%i + zn\sqsi)} represent two sets of BCPFNs,

indexedbyi=1,2,..., k. If B; C B, for every i, then:
(1) BCPFWA (B, P2, ..., Bx) < BCPEWA (B, Bs, ..., By).
(2) BCPFWG(P1, B2, ..., Br) < BCPFWG(P1, s, ..., By).

Proof. It suffices to prove the first part, as the second can be shown analogously. The following
relations hold for each i:

+ + - - + + - -
miRmi < mﬂ%%,mﬂ%%i > mﬂ%;ﬁi,n‘ﬁ% > "g‘Rq}/"ER*Bf < nﬂiﬁi,

~+ ~+ ~— ~— ~+ ~+ ~— ~—
M3, < M3, mIgy, 2 mIg, Mgy 2 M3, and nJ; < AN
This leads to the following set of inequalities:
2\ 1 k 1
(-], - e )72 < (1=, (- (mRf )7z,
~ A\ k ~ 1
(1= [ [, (= m3)) 70z < (1= [ [, (1 - m3)») 7z,

k ~— 27\ L k _ 2\ L
—(1- Hi:l(l 3,72 < -(1- Hi:l(l B |n\s®|2)“‘fl)2.

Therefore, it follows that:

BCPFWA (B4, B2, ..., Br)
(1= T (1= (m9)) 702 (1 =TT (1 (3 )2) )3,
= < T (R )7+ ATy (n35) 7, = (T g 1 77) + i =TT m35 1), >
—(1 =TT (1= R P) 73+ i(=(1 = [T, (1= InSy P) 7))
(1= T (1= (mBE)) %) 4 (1 =TT (1= (3 ))*)3,
< < [T (R )77 Ty (03 )7, = (T g 177) + (= ([T S 179)), )
—(1 =TT (1= ISR P)7) % 4 i(=(1 =TT (1= I3 B)#)?)
= BCPFWA (B1, T2, ..., By).
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Theorem 4.6. Let [, = {<mERJr + sz niR+ m\s miR\13 + zm\sqj , nﬂ%513 + zn\s,n >}, for i =
1,2,...,k, represent a collection of BCPFNS Addltlonally, consider

X =(21,2,..., %()T is a weight vector associated with 3;, where each weight satisfies Z; > 0
and the sum of all weights is normalized as Zle Zi = 1. Then,

(1) BCPEWA (¢, 55, ..., B¢) = (BCPEWG(B1, Ba, ..., Br))C.
@) BCPFWG(‘BC ; f, .., BE) = (BCPFWA (%1, B2, ..., Be) ).

Proof. By Theorem 3.7, we derive the following results:
(1) BCPFWA( & ;,...,%i) = %‘Bi@%%;@...@%%i
= () e () @0 (B
= (P @ (B ®...® (B.))

= (BCPFWG(P1, B2, ..., PBx))".
(2) BCPFWG(PS, BS, ..., BE) = ()71 @ (B5) 2 ®...® (PS) %

= (2:P1)°® (25P2)° ®...® (2iBy)"
= (21910 25%20...0 2iPBy)*
= (BCPFWA (1, B2, ..., Br))".

The following functions play a central role in the ranking process of BCPFNs:

Definition 4.2. Let P = (mﬁR+ + m3J niR+ + inJ
BCPEN. Then, the following functlons are deflned.

sB,mERgB + zm\s,n,niRm + zndq}) be an arbitrary

(1) The score function of ‘B is expressed as:
w(P) = <[<mm+> (nR)? ]+ [(m35)% = (n35)?]
+ [nRG2 = RGP + [ImSg P = S P]).

(2) The accuracy function of 8 is expressed as:

o) = ([mRH)2 + (0] + () + (035)°]

+[Im9RG 2 + R 2] + [ 2 + n3gP)).
Example 4.2. Consider Example 4.1. The following results are observed:
(1) w( BCPFWA (1, %2, B3)) ~ .2877, and
BCPFWG(B1, B2, B3)) = .1902.

(

( ( )=

(2) @ BCPFWA (B1, B2, B3)) ~ 4578, and
@( BCPFWG(1, Ba, 3)) ~ 4731.

()
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Remark 4.1. For any BCPFN

P = (m‘R;g + imi”sig,ni}%;g + inS%’ , miR;3 + imS‘i, n‘J{;3 + in&i3 ), The following properties hold:
(1) The score function satisfies w(P) € [-1,1].
(2) The accuracy function satisfies @(B) € [0, 1].

Definition 4.3. Consider two BCPFNSs,

S o + s~ + c ot — . a— — C~—
By = <m§R;B1 + zm\sgﬁl,ni}{%l + zn\sml,m‘ﬁsBl + 1m\s$1,niR$1 + zn\5%>

and
— + o et + et — e — 4 S
B = <mqu'32 + mwng,nSR‘132 + zno%z,mgﬁ% + mw%,n‘)%sBz + zn\5%>.
The comparison procedure is defined as follows:

(1) If o(B1) < w(P2), then By < Ps.
(2) f w(P1) > w(P2), then B > Bs.
(3) When w (1) (*B2), the comparison relies on @ values:
(@) f@(P1) < @(P2), then B; < P».
(b) If @(B1) > @(*B2), then Py > Po.
(c) f @(P1) = @(P2), then PB; = P».

= w
<o
> @

5. EvALUATION OF THE SUGGESTED MADM STRATEGIES IN THE BCPFNs ENVIRONMENT

In this section, we introduce a systematic MADM framework constructed under the paradigm
of BCPFNs. The essence of this approach lies in its ability to capture both bipolarity and the
inherent uncertainty of human reasoning, while simultaneously accommodating the geometric
complexity of complex-valued information. The suggested methodology not only provides greater
flexibility in representing decision-makers” assessments but also enhances the robustness of the
final outcomes when compared to traditional crisp or fuzzy environments. To demonstrate its
practicality and reliability, the procedure is later applied to real-life scenarios, showcasing its
performance in diverse decision-making contexts.

In many decision-making situations, experts are typically required to evaluate a finite collection

of alternatives:
{%811 sBQZ/ LRy sBﬂp}/
with respect to a predefined set of evaluation attributes:

{Sle, g‘BzZ/ R g‘sz}

Since not all attributes carry equal relevance, a normalized weight vector is assigned to capture

their relative importance:

k
X = (2,2, 2, 2i>0, ) Zi=1
i=1
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Each alternative is then assessed under the BCPFN setting, resulting in the following bipolar

complex fuzzy decision matrix:

— .. _ + e + ot - e - X
o=, = |<msn% NS, Ry S, mity - imd W + indy, >]

pxk ’

In expanded form, it can be expressed as:

P Pz oo P
Por P oo Py
Eg‘]’t = . B . .
%pl ‘BPZ coe ngk
where P ; denotes the evaluation of alternative B¢ j (j = 1,2,...,p) with respect to attribute BT;
(i=1,2,...,k).
The structural components of P ;; are defined as follows:
o m‘R$ _: real term of positive membership.
Ji
. mi‘s%' _: imaginary term of positive membership.
Jt
o n‘.}{$ : real term of positive non-membership.
ji
o nS% _: imaginary term of positive non-membership.
Ji
o miR%ﬁ: real term of negative membership.
o mi”ssiﬁ: imaginary term of negative membership.
. n‘ﬁ%ﬁ: real term of negative non-membership.

~ . . .
* 13y, imaginary term of negative non-membership.

Algorithm: MADM Procedure in the BCPFN Framework. The stepwise procedure for carrying
out decision analysis within the BCPFN environment is outlined below:
Step 1: Problem Specification and Attribute Identification

o Clearly state the decision problem and objectives.
e Establish the set of feasible alternatives and relevant attributes.

e Determine attribute weights 2~ using expert knowledge or preference elicitation.
Step 2: Construction of the BCPF Decision Matrix

e Collect evaluations of each alternative with respect to each attribute, represented as BCPFN

values, to populate DIN.
Step 3: Normalization of the Decision Matrix

e Standardize or normalize attribute data, ensuring comparability across heterogeneous cri-

teria.
Step 4: Aggregation of Evaluations via BCPF Operators

e Apply the weighted average and weighted geometric aggregation operators defined in the
BCPFN setting. Specifically:
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(1) Weighted average operator:
BCPFWA; = BCPFWA (Bj1,..., B ),

which produces a BCPEN that summarizes the collective evaluation of BL;.

(2) Weighted geometric operator:
BCPFWG; = BCPFWG(Pj1, ..., P i),

providing an alternative aggregation form that captures multiplicative interactions.
Step 5: Score Determination

e Transform the aggregated BCPFN evaluations into comparable scalar values (scores). This
step synthesizes the outputs of both BCPFWA; and BCPFWG; for each alternative.

Step 6: Ranking of Alternatives

e Arrange alternatives in descending order of their final scores. The highest-ranked alterna-

tive represents the most preferred choice given the decision context.

The above process constitutes a comprehensive methodology for decision-making within the
BCPEN setting. By combining the expressive capacity of bipolar complex representations with the
rigor of fuzzy aggregation operators, the suggested framework ensures consistent, precise, and

rational decision outcomes across a wide variety of MADM applications.

5.1. Case study: Enhancing green supply chain management using BCPFWA and BCPFWG
operators. Green supply chain management (GSCM) has become a critical priority for industries
worldwide, as companies seek to balance cost efficiency with environmental sustainability. In
today’s competitive market, firms are under increasing pressure to select suppliers that not only
meet economic requirements but also comply with environmental regulations, reduce carbon
footprints, and contribute positively to corporate social responsibility goals. The challenge lies in
integrating sustainability considerations into the supplier selection process, which is inherently
multi-dimensional and uncertain.

In this case study, different supplier alternatives are evaluated using MADM techniques with the
aid of the BCPFWA and BCPFWG operators. The objective is to identify the most sustainable and
economically viable suppliers, thereby ensuring that supply chain strategies contribute effectively
to long-term environmental and social goals. The evaluation framework considers both traditional
supply chain performance measures and sustainability-oriented factors.

The following supplier alternatives are considered for sustainable GSCM practices:

#1: Cost-Oriented Supplier. A cost-oriented supplier primarily focuses on minimizing produc-
tion and delivery costs. While this strategy may improve short-term profitability, it often overlooks
sustainability aspects such as environmental responsibility and waste management. In highly
competitive markets, this approach can be beneficial in the short term but may expose firms to

reputational risks and regulatory penalties.
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#»: Quality-Driven Supplier. This supplier emphasizes superior product quality, reliability, and
long-term durability of goods. Quality-driven suppliers reduce risks related to defective products
and customer dissatisfaction. However, quality improvements may come with higher costs and

sometimes limited emphasis on environmental performance.

#3: Socially Responsible Supplier. These suppliers prioritize fair labor practices, community
development, and ethical business standards. While such initiatives strengthen a company’s
social responsibility and corporate reputation, the supplier may not always be the most cost-

efficient option compared to conventional suppliers.

7;: Environmentally Responsible Supplier. Environmentally responsible suppliers adopt eco-
friendly practices such as reducing CO, emissions, using renewable energy sources, and ensuring
sustainable waste disposal. This approach enhances the green image of companies but may require
higher operational costs and investments in green technologies.

#5: Technologically Advanced Supplier. Suppliers that integrate technologies such as IoT,
blockchain, and Al into supply chain processes can provide transparency, traceability, and ef-
ficiency. These advanced systems improve supply chain resilience and reduce long-term costs.

However, initial adoption costs and technological complexities may be a barrier for some firms.

76: Balanced Sustainability Supplier. Balanced sustainability suppliers aim to optimize cost,
quality, environmental, and social performance simultaneously. While this alternative may not
lead in any single category, it often provides the most stable and well-rounded option for companies
seeking long-term strategic partnerships.

The supplier alternatives are evaluated against eight critical attributes:
¢1: Cost Efficiency: The ability of the supplier to minimize operational and procurement costs.
¢>: Product Quality and Reliability: The level of consistency and durability of the supplied
goods.
¢3: Carbon Footprint (CO, Emissions): The extent to which the supplier reduces greenhouse gas
emissions during production and transportation.
¢, Waste Management and Resource Efficiency: The supplier’s ability to minimize waste gener-
ation and optimize resource utilization.
¢5: Technological Integration: The extent of adopting modern technologies such as IoT,
blockchain, or Al for transparency and efficiency.
©¢s: Social Responsibility: The supplier’s contribution to fair labor practices, ethical sourcing, and
community development.
¢7: Scalability and Adaptability: The supplier’s capability to adjust production levels and adapt
to market or regulatory changes.
¢3: Long-Term Partnership Potential: The supplier’s ability to maintain stable, collaborative, and

strategic relationships with firms.
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By applying the BCPFWA and BCPFWG operators, the suppliers are aggregated and ranked
according to their performance across these attributes. This structured decision-making ensures
that trade-offs between cost, quality, environmental performance, and social impact are properly
evaluated, supporting both economic and sustainability goals.

The decision matrix is structured using bipolar complex PFNs. Each entry in this matrix signifies
the evaluation of a specific supplier alternative, denoted as .%; (j = 1,2,...,p), with respect to a
given attribute, represented by ¢; (i = 1,2, ..., k). Mathematically, the decision matrix is formulated

as follows:

DM = l(mi}i;g” +im3% n‘be’ +in3%
Jt Jt

Pji’ Pji’ mg‘R‘B/i + lm‘S‘Bﬁ’ ni}{ﬂs]‘i + ln‘s‘Bji)]

pxk ’

The attribute weights are given as:
2 = (.13,.09,.18,.15,.14,.12,.08,.11)T,

where the highest weight is assigned to CO, emissions (.18), reflecting the growing importance of
environmental sustainability in supplier selection, followed by cost efficiency and product quality.
The evaluation procedure follows the systematic steps of the MADM framework:
e Constructing and normalizing the decision matrix (Step 2 and Step 3).

e Applying the aggregation operators:
BCPFWA; = BCPFWA (1, B ..., Bjs),

and
BCPFWG; = BCPFWG (%1, B2, ..., Bjs),
to compute the aggregated scores for each supplier.
e Determining the final evaluation scores (Step 5).
¢ Ranking suppliers in descending order of their scores to identify the most sustainable choice
(Step 6).
The ranking obtained using the BCPFWA operator is:
S > Sy > S5 > S > S > A
Similarly, the ranking produced by the BCPFWG operator is:
S > Sy > S > S > S > A.
Both operators consistently indicate that the balanced sustainability supplier (.7%) is the most
appropriate choice, as it effectively combines cost efficiency, product quality, environmental re-
sponsibility, and social impact. The environmentally responsible supplier (/4). A graphical

illustration of these ranking outcomes is presented in Figure 2.
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TasrLe 1. BCPFS values

GSCM % %

2 (35 + A45i, 48 + 40, —.40 — 42i, —.45 — 38i) (.28 + .40i, .45 + .38i,—.36 — .35, —.42 — .36i)
s (A0 + .40i, .42 + 35i,—.38 — .32i, —.42 — 34i) (.32 + .35i,.38 + .32i, .34 — .30i, —.36 — .31i)
7 (.50 + .32i,.35 + .28i,—.32 — .30i, —.38 — .33i) (.40 + .28i,.30 + .25i, —.28 — .26, —.36 — .27i)
I (45 + .38i,.38 + .32i,—.35 — .33i, .40 — .30i) (.38 + .32i,.34 + .28i,—.30 — .30i, —.36 — .29i)
s (A48 + 34i,.40 + 30i, —.34 — .31i,—.39 — .28i) (.42 + .30i,.36 + .26i,—.30 — .28i, —.36 — .27i)
e (.55 + .28i,.28 + .25i, —.28 — .30i, —.28 — 22i) (.48 + .25i, .25 + .22i,—.22 — 24i,—.24 — 21i)
GSCM % %

2 (.30 + .42i,.35 + .40i, —.32 — .36i, —.38 — 45i) (.25 + .38i,.28 + .36i, —.27 — .38i, —.30 — .42i)
7 (.35 + .40i,.30 + .36i, —.31 — .34i, —.32 — .38i) (.28 + .32i,.25 + .30i, —.26 — .32i, —.28 — .36i)
7 (45 + .32i,.38 4+ 28i,—.32 — .35i, .38 — .32i) (.35 + .28i,.32 + .25i,—.28 — .29i,—.36 — .27i)
7 (40 + 37i,.35 + .32, .35 — .37i,—.36 — .30i) (.38 +.30i,.34 + .28i,—.30 — .33, —.36 — .27i)
s (A4 + 36i,.40 + .30i, —.34 — 36i, —.38 — 28i) (.40 + .30i,.36 + .28i, —.34 — .30i, —.34 — .27i)
e (50 + .28i,.26 + .25i, —.28 — .30i, —.45 — 21i) (.26 + .22i,.24 + 20i,—.22 — 24i,—.22 — 21i)
GSCM % %

2 (.27 + .40i,.36 + .38i,—.36 — 42i, —.42 — 39i) (.20 + .38i,.27 + .36i,—.32 — .35i, —.38 — .36i)
P (.33 + .36i,.38 + .32i, —.34 — 40i, .36 — 34i) (.25 + .32i,.30 + .30i, —.36 — .34i, .34 — 31i)
7 (A2 + .32i,.34 + 30i,—.32 — 36i, .38 — 31i) (.38 + .30i,.32 + .28i,—.28 — .34i,—.36 — .33i)
I (.37 + .35i,.33 + .30i, .35 — .31i, —.36 — .30i) (.36 + .32i,.34 + .30i, —.34 — .33i, .34 — .33i)
s (A0 + .34i,.36 + .31i,—.30 — .32i, ~.38 — .30i) (.32 + .30i,.30 + .28i, —.34 — .32i,—.34 — .29i)
e (A6 + 28i,.38 + .25i,—.28 — .24i, —.45 — 22i) (.38 + .25i,.34 + .22i,—.22 — 20i, —.42 — 21i)
GSCM % 43

2 (.22 + .35i, .44 + 37i,—.34 — 360, —.40 — 38i) (.24 + .36i,.42 + .36i,—.35 — .36i, —.39 — .31i)
S (.28 + .36i,.40 + .32i, .32 — 34i, .36 — .35i) (.29 + .31i,.36 + .32i, —.34 — .34i,—.36 — .29i)
7 (40 + 32i, .28 + 30i, —.27 — .29i, .32 — 31i) (.38 + .28i,.36 + .28i, —.26 — .28i, —.32 — .25i)
7 (.36 +.30i,.30 + .28i,—.30 — .31i, —.34 — .33i) (.34 + .28i,.32 + .30i, —.28 — .28i,—.33 — .27i)
s (38 + .32i,.34 + .30i, —.28 — .30i, —.36 — .27i) (.36 + .28i,.34 + .30i,—.28 — .28i, —.33 — .27i)
e (45 + 38i,.38 + 361, —.22 — 24i, .42 — 21i) (42 + .36i,.40 + .33i,—.20 — .22i, .39 — .19i)

TasLe 2. Aggregated BCPFWA information matrix

GSCM BCPFWA
A (2722 + 3978i,.3648 + .3774i, —.3348 + (—.3761)i, —.3923 + (—.3910)i)
S (3203 + .3574i,.3362 + .3250i, —.3265 + (—.3381)i, —.3491 + (—.3407)i)
S (A164 + 3043i,.3356 + .2767i, —.2941 + (—.3123)i, —.3623 + (—.3022)i)
Sy (3846 + .3342i,.3396 + .2994i, — 3239 + (—.3235)i, —.3586 + (—.2981)i)
S5 (A074 + 3224, 3600 + .2920i, —.3184 + (—.3123)i, —.3624 + (—.2799)i)
o (4481 + 2862i,.3042 + 2498, — 2427 + (—.2492)i, —.3764 + (—.2107)i)
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TasLE 3. Aggregated BCPFWG information matrix

GSCM BCPFWG
A (2644 + 3952, 3815 + 37831, —.3396 + (—.3785)i, —.3863 + (—.3859)i)
(3131 + .3535i,.3470 + .3266i, —.3310 + (—.3406)i, —.3439 + (—.3380)i)
S (A102 + .3030,.3385 + .2778, —.2961 + (—.3163)i, —.3607 + (—.2992)i)
Sy (3817 + .3302i,.3410 + .3003i, —.3265 + (—.3259)i, —.3574 + (—.2966)i)
S5 (4011 + .3199i,.3632 + .2928i, —.3206 + (—.3146)i, —.3610 + (—.2795)i)

(—2544)i (—2103)i

S (4254 + .2778i,.3173 + .2589i, —.2472 +

TaBLE 4. Score values

GSCM  w(BCPFWA) «(BCPFWG)

2 -.0241 -.0255
S -.0013 -.0027
7 .0096 .0091
S 0117 0114
s 0111 0097
7 0157 0126

TaBLE 5. Ranking results of alternatives using BCPFWA and BCPFWG operators

Aggregation operator Ranking of alternatives Best alternative
BCPFWA S > Su > 5> S>> Y%
BCPFWG S > Sy > S5 > S>> %

Score values obtained using the BCPFWA and BCPFWG operators

—8— w(BCPFWA)
—8— w(BCPFWG)

0.01 4

0.00 4

Score Value

—0.01 -

—0.02 -

5 5 B P s 5
GSCM Alternatives

Ficure 2. Score values obtained using the BCPFWA and BCPFWG operators.
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6. ComMmPaRrRISON BETWEEN BCPF MobpELs AND CONVENTIONAL OPERATORS

In this section, we present a thorough comparative analysis between the newly formulated
bipolar complex Pythagorean fuzzy weighted averaging (BCPFWA) and weighted geometric
(BCPFWG) operators and a variety of aggregation mechanisms already established in the lit-
erature. The objective of this comparison is to highlight the broader applicability and generality
of the proposed models across multiple fuzzy set extensions.

Our investigation considers several particular scenarios by constraining certain parameters of
the general model. Specifically, cases are analyzed where mi”s,;;ﬁ,nﬁ%ﬁ,
nSq}ﬁ take zero values. Furthermore, bipolar extensions are considered when mS;B“ﬁ, nS$J_i, mS%ﬁ,
and ni”sigﬁ arerestricted to zero. These reductions confirm that the proposed BCPFWA and BCPFWG
operators naturally embed and unify existing operators, thus providing an umbrella model that

_ ~ _
m‘R\B]_i, mdmﬁ, niR\Bﬁ, and

encompasses IFSs, PFSs, BIFSs, BPFSs, and BCFSs. This unified framework ensures a seamless
transition between classical and more sophisticated fuzzy environments.

Main findings and benefits

The central novelty of this work is the design and application of BCPFWA and BCPFWG
operators, which substantially extend the expressive power of aggregation techniques in the
fuzzy decision-making literature. The performance of the suggested operators has been validated
through comparative results: the calculated scores of alternatives are presented in Table 6, while
Figure 3 provides a visual illustration of the ranking differences and similarities. The integration
of complex-valued and bipolar structures equips the proposed model with the capacity to handle
multidimensional uncertainty, offering richer insights in MADM contexts.

The primary advantages of this study can be outlined as follows:

(1) Generalization of existing aggregation operators. The proposed BCPFWA and BCPFWG
models act as a superset of several existing fuzzy aggregation frameworks, each emerging
as a special case under certain constraints:

e Classical intuitionistic and Pythagorean fuzzy cases: When imaginary and negative parts
are absent, the model simplifies to IFS and PFS operators. This reduction encompasses
the IF weighted averaging (IFWA) [32] and IF weighted geometric IFWG) [33] opera-
tors, as well as the Pythagorean fuzzy weighted averaging (PFWA) [34] and weighted
geometric (PFWG) [35] operators.

e Bipolar intuitionistic and Pythagorean fuzzy cases: When imaginary parts alone are omit-
ted, the framework reduces to BIFSs and BPFSs, thereby encompassing BIFWA and
BIFWG operators [11], as well as bipolar Pythagorean fuzzy weighted averaging
(BPFWA) and weighted geometric (BPFWG) operators [30].

e Bipolar complex fuzzy cases: When the real and imaginary components of nonmember-
ship functions vanish simultaneously in both positive and negative evaluations, the
model specializes to the bipolar complex fuzzy weighted averaging (BCFWAA) and
geometric (BCFWGA) operators introduced in [36].
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This chain of reductions verifies that the proposed model is highly flexible and general,
capturing a wide spectrum of fuzzy set environments.

(2) Comprehensive representation of uncertainty. Unlike traditional models, the BCPFWA
and BCPFWG operators incorporate multiple dimensions of uncertainty—positive and neg-
ative assessments, hesitation degrees, and complex-valued membership structures—within
a unified decision-making framework. This allows for a more realistic and nuanced mod-
eling of uncertain information, especially in contexts involving conflicting, bipolar, or
imprecise evaluations.

(3) Enhanced comparative insights. The experimental results (Table 6) and their visual com-
parison (Figure 3) demonstrate that the suggested operators not only align with the out-
comes of established methods but also provide distinct variations in rankings. This suggests
that BCPFWA and BCPFWG introduce new interpretive dimensions for decision-makers
while ensuring backward compatibility with classical intuitionistic and bipolar fuzzy op-

erators.

In summary, the BCPFWA and BCPFWG operators significantly advance the state-of-the-art
by generalizing existing models, offering a richer structure for uncertainty representation, and

delivering enhanced decision-making capabilities in complex MADM scenarios.

TaBLE 6. Benchmarking existing operators against our approach

Operators Score values of Option

5”1 5/2 5”3 561 5”5 y6

IFWA [32] -.0954 -.0183 .0790 .0441 .0456 .1381 6
IFWG [33] -1120 -.0304 .0727 .0412 .0389 .1126 6
BIFWA [11] -0199 .0013 .0733 .0392 .0446 .1318 6
BIFWG [11] -.0318 -.0080 .0690 .0365 .0400 .1079 6
PFWA [34] -.0590 -.0104 .0608 .0326 .0364 .1082 6
PFWG [35] -.0756 -.0224 .0537 .0294 .0290 .0803 6
BPFWA [30] -.0086 .0024 .0528 .0281 .0332 .0955 6
BPFWG [30] -.0209 -.0068 .0481 .0253 .0283 .0704 %
BCFWAA [36] 4889 5023 .5280 .5173 .5241 .5584 %
BCFWGA [36] 4860 4993 5257 5153 .5218 .5513 6

Proposed BCPFWA -.0241 -.0013 .0096 .0117 .0111 .0157 %
Proposed BCPFWG -.0255 -.0027 .0091 .0114 .0097 .0126 6
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Comparison of Conventional Methods and Proposed Methods

—— IFWA

IFWG

—8— BIFWA

0.5 4 —8— BIFWG

—8— PFWA

—8— PFWG
BPFWA
0.4 1 —8— BPFWGy
BCFWAA
—8— BCFWGA

—8— Proposed BCPFWA

037 Proposed BCPFWG

0.2 1

Score Values

0.1

0.0

T T T T T T
&1 E¥) &3 1 E3 EYS
Attributes

Ficure 3. Visual representation of evaluation findings.

7. Conclusions

This study has presented a robust MADM framework grounded in BCPFSs. By introducing two
novel aggregation operators—the BCPFWA and BCPFWG operators—the framework provides
a mathematically consistent and practically adaptable approach for handling multidimensional
uncertainty, dual (positive-negative) evaluations, and oscillatory information in complex decision-
making contexts. The framework was applied to a green supply chain management case study,
where six supplier strategies were assessed across multiple sustainability-oriented attributes. Re-
sults confirmed that the balanced sustainability-oriented supplier consistently ranked as the opti-
mal choice, illustrating the effectiveness of the suggested operators in guiding real-world strategic
decisions. A comparative analysis with existing fuzzy and bipolar fuzzy aggregation techniques
demonstrated that the BCPFWA and BCPFWG operators deliver enhanced ranking stability, im-
proved discrimination among alternatives, and richer interpretability. The generalized nature of
the framework allows it to reduce to classical Pythagorean, bipolar, or complex fuzzy models
under specific conditions, confirming its versatility.

Despite these contributions, the study has certain limitations. It is based on a single domain case
study with expert-driven weight assignments, which may reflect subjective biases. Additionally,
dynamic changes in technology, market trends, or policy shifts were not fully incorporated. Future

research can address these gaps by extending the framework to other application areas such as
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renewable energy site selection, smart water management, healthcare prioritization, and climate-
resilient infrastructure. Incorporating hybrid approaches that combine BCPFWA/BCPFWG with
optimization algorithms, machine learning, and scenario-based simulations could support adap-
tive and real-time decision-making. Further exploration of alternative fuzzy paradigms, such
as spherical or g-rung orthopair fuzzy sets, and flexible parameterized operators (e.g., Dombi-
based extensions), may expand modeling precision. Finally, integration with digital technolo-
gies—including IoT-driven monitoring systems and Al-enabled predictive analytics—could make
the framework more dynamic, scalable, and directly applicable to data-rich decision-making en-

vironments.
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