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ABSTRACT A number of factors, including environmental effects, cost efficiency, delivery time, and
capacity, must be considered when choosing an eco-friendly method of transportation. This is a multi-
criteria decision-making dilemma because it necessitates the simultaneous evaluation and prioritization of
multiple considerations. Selecting the most eco-friendly mode of transportation requires weighing trade-
offs between these factors to make an informed choice that satisfies particular transportation needs and
is in line with sustainability goals. This calls for a thorough and methodical decision-making process.
Thus, in this manuscript, first, we anticipate fundamental algebraic properties for the cartesian form of
complex intuitionistic fuzzy set and then devise various probability aggregation operators such as probability
complex intuitionistic fuzzy weighted averaging, probability complex intuitionistic fuzzy ordered weighted
averaging, immediate probability complex intuitionistic fuzzy ordered weighted averaging, probability
complex intuitionistic fuzzy weighted geometric, probability complex intuitionistic fuzzy ordered weighted
geometric, immediate probability complex intuitionistic fuzzy ordered weighted geometric and linked
axioms. Afterward, we deduce a technique of multi-criteria decision-making in the setting of the cartesian
framework of the complex intuitionistic fuzzy set by utilizing the anticipated aggregation operators and
then analyze a case study ‘‘identification of eco-friendly transportation mode” with the assistance of the
developed technique of multi-criteria decision-making. In the last of the manuscript, we compare the
anticipated theory with certain prevailing concepts to reveal the supremacy and preeminence of the originated
theory.

INDEX TERMS Eco-friendly transportation mode, probability aggregation operators, multi-criteria
decision-making, complex intuitionistic fuzzy set.

I. INTRODUCTION

Any kind of transportation that, when compared to traditional
methods, drastically reduces emissions, energy consumption,
and pollution is considered eco-friendly. By utilizing cleaner
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technology, renewable energy sources, or encouraging higher
resource efficiency, these approaches promote sustainability.
Common examples include walking, bicycling, using renew-
able energy to power public transportation such as buses
and trains, and electric vehicles (EVs). It is impossible to
overestimate the significance of eco-friendly transportation
options in the fight against climate change and the destruction
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of the environment. Because typical cars run on fossil
fuels, transportation has a major impact on air pollution
and greenhouse gas emissions. Societies may lessen the
negative consequences of pollution caused by transportation
and drastically reduce their carbon footprint by switching
to eco-friendly alternatives. Reducing hazardous emissions,
such as particulate matter, nitrogen oxides (NOx), and carbon
dioxide (CO2), is an important factor. For example, electric
cars have no exhaust emissions, which helps to clean the air
and lowers the risk of diseases linked to pollution for human
health. In a similar vein, public transit networks powered by
cleaner fuels or renewable energy sources lessen traffic jams
and lower emissions from individual cars.

Adopting eco-friendly forms of transportation also encour-
ages energy saving and efficiency. When renewable energy
sources like solar or wind power are used to charge electric
automobiles, it creates a more sustainable energy ecology.
Furthermore, modes like walking and cycling not only
lower emissions but also encourage better lives, addressing
problems like obesity and sedentary behavior. Furthermore,
by lowering the demand for expansive infrastructure like
parking lots and roads, these mobility options contribute to
sustainable urban growth. Putting money into bike lanes and
public transit promotes compact, walkable neighborhoods,
which lowers land use, protects green spaces, and makes
cities more livable overall. Businesses, people, and govern-
ments all have crucial responsibilities to play in accelerating
the transition to eco-friendly transportation. Policies that
support public transportation, encourage the use of renewable
energy cars, and make investments in infrastructure for
walkers and bicycles are essential. Similarly, lowering the
environmental effect of transportation is greatly aided by
individual and consumer decisions and activities, such
as selecting zero-emission automobiles or using public
transportation. Ku et al. [1] evaluated the influence of eco-
friendly transportation. Ajay et al. [2] devised a management
system of eco-friendly transportation relying on IoT in urban
areas. Kuzey et al. [3] discussed the CSR method and
eco-friendly creativities in transportation. The finest design
of the eco-friendly transportation network was deduced
by Alshamrani et al. [4]. Ku et al. [5] devised various
advantages of eco-friendly transportation. Bencekri et al. [6]
discussed eco-friendly guidance for the infrastructure of
transportation. Gao et al. [7] deduced various modes of eco-
friendly transportation.

Objects in crisp set theory are classified as completely
belonging to a set or not. Take a group of “tall people,”
for instance, where the cutoff is six feet. Anyone above six
feet tall belongs in this crisp set; anyone under that doesn’t.
However, this rigid categorization ignores those who are
just under six feet tall but may still be regarded as ““fairly
tall.” The inability of crisp sets to explain this “in-between”
situation gave rise to the fuzzy set (FS) theory which was
devised by Zadeh [8]. Membership grades are recognized
and accommodated by FS. In FS, using the example of
“tall people,” a person 6’2" may belong strongly, whereas a
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person 5°10” would belong less strongly, indicating different
levels of ““tallness.” Unlike crisp sets, which are binary,
FS supports items with partial membership and provides
gradual transitions. This flexibility in determining member-
ship levels is especially helpful in real-world scenarios where
qualities or features may be too complicated to be well
represented by sharp divisions. To tackle fuzzy transportation
issues, Basirzadeh [9] devised a method. Hsueh et al. [10]
originated a procedure of decision-making (DM) relying
on a discriminant analysis fuzzy approach for eco-friendly
residence design. Aminuddin et al. [11] employed the
fuzzy AHP approach for the selection of eco-friendly cars.
Although revolutionary in managing uncertainty, FS theory
has several drawbacks. Since it only considers membership
grades between 0 and 1 without expressly taking non-
membership into account, it finds it difficult to accurately
depict the lack of knowledge or uncertainty in membership
assignments. To overcome these drawbacks, intuitionistic
fuzzy sets (IFS) augment FS. IFS, which was first proposed
by Atanassov [12], adds two more functions to the mix:
membership, non-membership, and hesitancy grades. This
gives a more thorough framework for managing uncertainty.
This captures the uncertainties not taken into consideration
in standard FS and enables a more nuanced representation
where an element may have some hesitancy or indeterminacy
in its membership or non-membership status. The theory
of IFS is a useful tool in many domains, including artifi-
cial intelligence, pattern recognition, and decision-making,
since it allows for more accurate modeling of ambiguous
or uncertain data. Various researchers anticipated various
aggregation operators (AQOs) for aggregating intuitionistic
fuzzy (IF) information such as Xu [13] anticipated IF AOS,
Xia et al. [14] deduced IF AOs relying on Archimedean
t-norm and conorm, Wei and Merigo [15] interpreted
probability AOs for IFS, Liu and Chen [16] devised Heronian
AOs for IFS, Senapati et al. [17] devised Aczel-Alsina AOs
for IFS, and Huang [18] anticipated Hamacher AOs for IFS.
Ebrahimnejad and Verdegay [19] discussed a novel method
for tackling IF transportation issues.

The concepts of FS are expanded upon in a complex
FS (CFS), firstly by Ramot et al. [20] which allows for
membership grades to contain magnitude and phase term,
where magnitude term belongs to [0, 1] and phase term
can be a crisp value. Afterward, another framework of CFS
was anticipated by Tamir et al. [21], that is cartesian form,
where the membership grades contain real and unreal parts
and both are placed in [0, 1]. This expansion is beneficial
for managing multidimensional uncertainty, particularly in
domains where complex data representations are essential,
such as signal processing, image analysis, and decision-
making. By adding both real and imaginary components, CFS
provides a more comprehensive framework for representing
hazy or unclear information, improving the expressiveness
and adaptability of FS theory. A discussion about complex
fuzzy logic and CFS was anticipated by Yazdanbakhsh and
Dick [22]. Tamir et al. [23] devised the applications of
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CFS. Rehman [24] anticipated probability AOs for CFS
and Lugman et al. [25] deduced hypergraph for CFS.
Mahmood et al. [26] anticipated a complex fuzzy N-soft set.
The theory of complex intuitionistic fuzzy (CIF) set (CIFS)
expands the notion of CFS and IFS and was devised by
Alkouri et al. [27]. In this theory, both membership and non-
membership grades are in a polar structure and placed in a
unit square of a complex plane. After that, Ali et al. [28]
deduced another form of CIFS, where both grades are in
the Cartesian form and are placed in a complex plane’s unit
square. This theory of CIFS is more beneficial. Numerous
researchers anticipated various AOs in the setting of the polar
framework of CIFS such as Garg and Rani [29] deduced
averaging/geometric AOs, Rani and Garg [30] devised power
AOs, Akram et al. [31] devised Hamacher AOs, Ali et al. [32]
devised Maclaurin symmetric mean (MSM) operators, Garg
and Rani [33] deduced Bonferroni mean (BM) operators, etc.
Akram et al. [34] devised a graph for the notion of CIFS and
Rehman and Mahmood [35] deduced a CIF N-soft set.

It is evident from the preceding discussion that various
researchers developed various AOs in the setting of the polar
form of CIFS to aggregate CIF information. But, as of yet,
no AO has been developed in the Cartesian framework of
CIFS that can aggregate CIF information. More, there is no
technique in the Cartesian form of CIFS, which can solve the
information that is modeled in the Cartesian form of CIFS.
As we know the Cartesian structure of CIFS is critical for
solving and modeling various real-life dilemmas. Therefore,
in this manuscript, we investigate the following notions.

e We devise some fundamental algebraic operations,
score and accuracy functions, and related outcomes in
the setting of the Cartesian framework of CIFS.

e Employing algebraic operations, we investigate prob-
ability AOs in the Cartesian framework of CIFS that
is P-CIFWA, P-CIFOWA, IP-CIFOWA, P-CIFWG, P-
CIFOWG, and IP-CIFOWG, operators along with basic
axioms.

e After that, we devise a procedure of MADM within
the Cartesian structure of CIFS by employing deduced
operators for solving real-life dilemmas.

e We also analyze a case study ‘““Identification of eco-
friendly transportation mode’” with the assistance of the
proposed work.

e We compare the anticipated work with certain prevail-
ing concepts to reveal the supremacy and advantages of
the anticipated work.

The rest of the manuscript is anticipated as: In section II,
we analyze the primary notions such as IFS, and CFS
along with basic operations and the Cartesian form of
CIFS. In section III, we anticipate the score and accuracy
function in the setting of the Cartesian framework of
CIFN, and after that we fundamental algebraic operations
along with the related results. In section IV, we interpret
probability AOs in the setting of the Cartesian framework
of CIFS. These AOs are probability CIF weighted averaging
(P-CIFWA), probability CIF ordered weighted averaging
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(P-CIFOWA), immediate P-CIFOWA (IP-CIFOWA), proba-
bility CIF weighted geometric (P-CIFWG), probability CIF
ordered weighted geometric (P-CIFOWG), immediate P-
CIFOWG (IP-CIFOWG) operators. Further, we examine their
linked properties. In section V, we develop a procedure
of MADM in the setting of the Cartesian form of CIFS
and then analyze the case study ‘‘identification of eco-
friendly transportation mode”. Section VI of this manuscript
contains the comparative analysis and section VII contains
the conclusion.

Il. PRELIMINARIES

Here, we analyze the primary notions such as IFS, and CFS

along with basic operations and the Cartesian form of CIFS.
Definition 1 [12]: The mathematical framework of IFS is

anticipated as

Pirs = { (& (Fhiy @ ), ®)) 1 8k}

where, ‘7:7/’\1/;5 (&) is a membership grade and .7-'7@1[ (&) is a
non-membership grade which placed in a [0, 1] with the con-

dition that 0< 75! (&) + N (&) <I. Further, 75 (€)=

1 - (]—' M (&) + f% " (é)) is an indeterminacy. The pair

Pirs
Pirs = (.7-'7%8, ]—"%J\I/FS) would be anticipated as an IF
number (IFN).
. . (M N
Definition 2 [13]: Let Pips—1 = (.7:7,1”71, .7-'731”71) and
Pirs—2 = (FAL . FA. ) be two IFN with 320. then
_ M M
L. Pirs 1 ©Pirs— - (‘7:771st1 + ‘7:731st2
_FM M N N )
Pies—1” Pirs—2’ ~ Prrs—17 Pirs—2
_ M M N
2. Pirs—1®Pirs—2 = (‘7: P[Fs_lfplps_z’fplfs—l

+EN N N )

Pirs—2 Pirs—17 Pirs—2

3. OPrrs—1 = (1 - (1 - F%s—l)a’ (]:7/;[/”])6)

d 3
d _ M N
4. PIFS—] - g(]:'Pn:s1) ’ - (1 o fPIFS—l)
Definition 3 [21]: The mathematical frameworK of CFS
is anticipated as

Pers = [ (5. 73, @) | 5<E)
_ {(g FR. &+ 1 Fp,, (5)) | geﬁ] ’

where, ‘7:7/;1/23 (§) is a membership grade with real-term

F. 77;@5 (&) and unreal term f% s () and placed in a complex
plane’s unit square. The complex fuzzy number (CFN) would

be anticipated as Pcrs = (ff)\élps) = (fgc ps T L .F%CFS .
. e . _ M _
Definition4 [24]: Let Pcps—1 = (]:PCFS—I) =
R T _ M —
(fPCFS—l T ‘7:7DCFS—1 and Pcrs—2 = fPCFS—Z -
(.7:R +1 .7-"% ) be two CFNs, and 0>0. Then
CFS—2

Pces—2
L. 7SCFS—169PCFS—2

R R
_ fPCFS—l + ‘7:7’0&‘372
+u (7%

T T T
Pcrs—1 + fPCFS—Z

_ R R
:FPCFS—I fPCFS ) )
Pcrs—1" Pcrs—2

32985



IEEE Access

H. Fang et al.: Identification of Eco-Friendly Transportation Mode

7K ~FE
2. Pcrs—1®Pcrs—2 = CES—1 Cf"S—z

7
T fPCFS—l Pcrs—2
1-(1-7%,. )
Pers—

3. 0Pcrs—1 = CIFS Yo
+ (1 - (1 —fpm_l) )

4 P = (7R ) +i(# )

- T CFS—-1 — ( ,PC[Tsfl) +t( PCstl)

Definition 5 [31]: The mathematical framework of CIFS
in cartesian form is anticipated as

Parrs = { (& (Fplys @ Filyy ©)) 18]

= fgjl\/l (§)+[.7.‘%/\/Fl &), .
- I(g,(f;?%c,ps (§)+t.7-"%c~§; &) | €€k,

where, .7-'7/;.\2[” (&) is a membership grade and .7-'7/3\[ €3]

. . ; CIFS
is a non-membership grade placed in a complex plane’s

unit square. Further, f;}cfl\é é), f%é\l/pls (), f;}CN . () and

FIN (&) €10, 1] with the condition that Offng &) +

Pcirs

PciE:
FER (&) <1 and 0<FIM (&) + FIN (&) <1. The set

Pcirs Pcurs Pcirs
Peirs = (]:M ]:N ) — (]:’RM +L.7:IM ]:RN

Pcirs® ~ Pcirs Pcirs Pcirs’ ~ Pcirs

+t f%é\[/; S) would be identified as CIF number (CIFN).

IIl. FUNDAMENTAL OPERATIONS WITHIN CARTESIAN
FRAMEWORK OF CIFN
In this section, we anticipate the score and accuracy function
in the setting of the cartesian framework of CIFN, and after
that we fundamental algebraic operations along with the
related results.

Definition 6: For any CIFN Pcjps = (.7" M N

Pcirs’ PCIFS)
_ RM TM RN IN
= ]:Pczps +1 ]:Pczps’ chzps +t ]:PCIFS , the score value

would be analyzed as
RM RN
1 [ F

Peirs — 7 Peirs
$ (Pars) = 5 o s, (1)

+ FIM ]:'IN

Pcirs Pcirs
S (Pcirs) €[—1, 1]
Definition 7: For any CIFN Perrs = (FAL . FN. )

Pcirs Pcirs’ ~ Pcirs Pcirs
value would be analyzed as

) , the accuracy

RM M
‘7:77c1Fs + fPCIFS

H (Pcirs) = : )

1
H (Pcirs) € [0, 1]
Employing Eq. (1) and (2), we achieve,
L. If S(Pcirs—1) < S (Pcirs—2) then Pops—1 <
Pcirs—2
2. If S(Pcirs—1) > S (Pcirs—2) then Peps—1 >
Pcirs—2
3. If S (Pcips—1) = S (Pcirs—2) then we have
i. If H(Pcirs—1) < H(Pcirs—2) then Peps—1 <
Pcirs—2
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ii. If H(Pcrps—1) > H(Pcips—2) then Perps—1 >

Pcirs—2 A
iti. If H(Pcrrs—1) = H(Pcirs—2) then Peps—1 =
Pcirs—2
P . _ M N _
Definition 8: Let Pcips—1 = (fPCIFS_] , fPCIFS—l) =
RM TM RN TN
(‘7:7361Fs—1 + L]:Pcms—l ’ fPCIFS—l + L]:pcms—l) »and Perps—
— M N _ RM TM RN
- ( Pcirs—2’ PCIFS—Z) - (fPCIFS—Z + L]:Pcmsfz’ ]:PCIFS—Z
+L.7-"%N ) as two CIFNs and 0>0. Then
CIFS—2

1. Pcirs—1®Pcirs—2
RM RM }‘RM j:RM

Pcirs—1 Pcirs—2 Pcirs—17 Pcirs—2
TM TM _ TIM M
= [+t }—PCIFS—I + }—PCIFS—Z Pcirs—17 Pcirs—2) °

RN RN 4 IN IN
Pcirs—17 Pcirs—2 Pcirs—17 Pcirs—

2. Pcirs—1®Pcirs—2
R RM + }'I./\/l }'IM

Pcies—1 ,PCIFS.R% Pcirs-1" Pcirs-2’
R.

_ RN RN
= Pcirs—1 Pcirs—2 fPCIFS -1 fPCIFS )
IN IN  _ IN IN
¢ FPCIFS—] +]:7>c1stz fPCIFS—lfPCIFS—Z
3. 0Pcrrs—1

4] 4]
_ _ TRM - ZIM
1 (] fPCIFS—l) Tt (1 (] ‘7:7301st> ) ’
[§] [§]
RN TN
(]:Pcms—l) Tt PCIFS_D
4] i}
RM M
(fPCIFS—I) T (‘FPCIFS—l) ’

- (- PR )6+L (1—(1-?” ))

Pcirs— Pcirs—1

d
4. ,PCIFSfl

Theorem 1: Let Peps—1 = (]:7/3\?1”71,.77/;{: IFS—I) =

(}—RM 4 FIM RN IN ),andPaFS—z

Pcirs—1 Pcirs—1" " Pcirs—1 Pcirs-1
_ M N _ RM TM RN
= \" Pars-2’ 7 Pcrs—2) — (FPCIFS—Z + tf:PCIFS—Z’ Pcirs—2

1 FIN ) as two CIFNs and 0, 01, 0,>0. Then

Pcirs—2
Pcirs—1®Pcirs—2 = Pcirs—2®Pcirs—1
Pcirs—1®Pcirs—2 = Pcirs—2®Pcirs—1
0 (Pcirs—1®Pcirs—2) = OPcirs—1®0Pcirs—2
(Pcirs—1®Pcirs—2)° = Peirs—1°®@Peips—2°]
01Pcirs— 1902 Pcirs—1 = (01 + 02) Pcirs—1
Peirs—12®@Pcirs—1%2 = Peyps 1017+
(Pcirs—1%1)" = Peps—121%2.

Proof: 1. As we have,

Nk LD =

Pcirs—19®Pcirs—2

RM | pRM  _ zRM pRM

Perrs—1 Pcirs— Pcirs—17 Pcirs—2
TM TM TM M

=| T (}—PCIFS—l + fPCIFS—2 - ‘7:7701FS—| Peirs—2
RN RN IN IN

fPCIFS—lfPCIFS—Z Tt (fPCIFS—lfPCIFS—Z)

Pcirs—2 Pcirs—1 Pcirs—2" Pcirs—1
M IM _ IM £ IM
=|H (]:PCIFS—Z + F’PCIFS—I fpaps,z PCIFS—I)

FRN RN

Pcirs—2” Pcirs—1

+o (PR LN

Pcirs—2” Pcirs—1

= Pcirs—2®Pcirs—1
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RM RM 9
2. By Def (9), (- FPC[FS—I + .7:7;0”72
_j:R./\/l f’RM
P P Pcirs—17 Pcirs—2
CIFS—1QPcIFs—2 FIM FIM 0
RM  RM IM  IM = TRl
fPCIFS—lfPCI%J—\% i JTPC[FS—I fPCIFS—Z’ +o 1= (1 - ( _;—%S./\/% I/etﬁs 2))
_ RN _ N RN Pcirs—17 Pcirs—2
= PC“X/TI PCIFS/\fz PCII-X/TI pCII-X/TZ RN RN 5 N IN 3
. 7. 7. 7.
T (]:,PCIstl + fPCIFS—Z o ]:,PCIFS—IIIPCIFS—Z) (fPCIFS—l‘FPCIFS—z) T (j:Panfl‘,FPanfz)
RM  RM TM TM = 0 (Pcirs—1®Pcirs—
Pcirs—2 fPCIFS/vl i Pcirs—2" Pcirs—1 (Peirs—1 cirs—2)
- = +FAN ;
= Pcnji/? ) 7>C,FSN_ | PC[FS_/\f 2 PC,% | 2. Since we have,
7. 7. . .
T (}—7361st2 + FBars—1 = FPaws—2 ‘7:7701st1) rM )0 M )0
Fp + |\ Fp )
— Perrs 2 @Perps.. CIFS—1 CIFS—1
CIFS -2 CIFS—1 5 RN d
(Pcirs-1)" = - (1 - ‘7:77ch5—|)

1. Since we have

1 - (1 — FRM )a * (1 - (1 - f%é\’as‘)a)

Pcirs—1

T \O and
OPcirs—1 = | +t (1 - (1 — Fpll ) ) ; 3 3
5 CIFS—1 ; (_7_-77)%/\/( ) +[(}_%M )
RN FIN CIFs—2 RS2
(‘FPCIFS—l) T\ Perrs- P o _ 1— (1 - RN
; CIFs—2)" = Peirs—2
1= (1-750 ) BN
Pcirs—2 s e B (1 — JTPCIFS—Z)
O0Pcirs—2 = | +t (1 - (1 - f%éws 2) ) ,
Fs= Now take the right-hand side,
(fRN )6+L (fIN )a 3 3
Perrs—2 Peirs—2 (Pcirs—1)"®(Pcirs—2)
&} i}
i i RM IM
Now take the right side, ( j-"PClFS_]) 4+ ( FPCIFSE;I) ,
OPcirs—1®Pcirs—2 = 1 - (1 - ]'-77%\;5_1)
i} d
RM IN
1- (1 o fPCIFS—I) T (1 o (1 o f’PCIFS—]) )
d
= +z(1—(1—]—“IM )) M \° MmO
5 Peirs—1 3 (fPCIFS—Z) T (fPCIFSa—Z)
RN IN
(‘7:7’61st1) e (FPCIFS—I) ® - (1 - f;}cj,\,/r’s_)
&} i}
RM IN
1- (1 - fPCIFS—Z) T (l - (1 - fPCIFS—Z) )
5}
| + (1—(1—}““" )) RM 2 (zRM )°
5 Pers-2 3 (]:Pcms—l) ]:Pcms—z) s
RN IN
(fPCIFS—Z) T (fPCIFS—Z) + (f%ézlrsfl) (‘7_—%?:?3—2)
i} d] d
RM RM RN
1- (1 _JTPCIFS—I) +1- (l _JTPCIFS—2) - (1 B ]:PC’FS*I) 5
d d
RM RM —(1 - FRN
_(1_(1_‘7:PCIFS—1) ) (1_(1_‘7:77c1Fs—2) ) +1 (1 fPCIFSZ)a
3 d RN
= 1-(1—?7%?12“) +1—(1—f7€3j&2) - (1 - (1 - fpc,m) )
H d 0 = 0
TM IM RN
_(1 _(1 _fPCIF‘S—l) ) (1 _(1 _‘FPCIFS—Z) ) (1 B (1 B ]:PCIFS*Z) )
d &} d d d
RN RN TN TN (1 - FIN
(fPCIFS—l) (‘7:7701F5—2) T (fPCIFS—l) (fPCIFS—Z) 1 (1 ]:PCIFS—I) s
d d IN
RM RM 1= (1= FE )
- (1 B fPCIFS—l) (1 - f'PCIFS—Z) * Perrs—2 5
7m0 M )0 (- (1 - FEV
=] + (11— (1 — ‘7:7301st1) (1 - FPC[FS—Z) Pcirs-1
d 0 IN 0
RN RN TN TN 1 - (1 - F )
(fPCIFS—lFPCIFS—2) T (‘chms—lfpaps—z) ( Peirs—2 )
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(]_-RM FRM )G_H(]_-IM FIM )6

Pcirs—-17 Pcirs—2 Pcirs—17 Pcirs—2

|-y

Pcirs—1 Pcirs-2

+ (1—(1—ﬂM )6(1—fIM )a)

Pcirs—1 Pcirs—2

(]_-RM FRM )a_‘_t(]_-IM FIM )6

Pcirs-17 Pcirs—2 Pcirs—17 Pcirs—2

RN RN 0
1-— (1 — (FPC%A} +7pg sz))
= _‘chmsq j:Panfz

d
fIN + ]_-I/\/
+0[1- (1 - ( T f}’c 52
Pcirs—17 Pcirs—2

(Pcirs—1®Pcirs—2)°

3. As we have

1= (1- 7B )61

Peirs-1
01
01Pcirs—1 = | +t (1 - (1 - ]:%é\z/lpsq) )
[§} [§}
RN ! TN !
(‘7:7701st1) T (fPCIFS—l)
(673
RM
1- (1 - fPCIFS—l)
(3]
02 Pcirs—1 = | +t (1 - (1 - .7:%?1;[371) )
TN

i} &}
RN\ :
(‘7:7’01st1 ) T (fPCIFS—l )

Now consider the right-hand side,

01Pcirs—1®©02Pcirs—1
3
1= (1= )”

Pcirs—1

= + (1—(1—fIM )61),

Pcirs-1

d d
RN ! TN !
(‘chmsq ) Tt (:FPCIFS—I )

- (1 _ FRM )62

Pcirs—1

@ | + (1 -(1 —]-'%?I;l“)az),

(7B )62 +o (PR H)(ij

CIFS—1 CIF.

1—(1-7RM )6] +1-(1-FR )a‘

Pcirs—1 Pcirs—1

_(1 - (1 _‘7:77336/1\;;_1 )61) (1 — (1 _f;l)zcjl\;ls_l)él)

= 1—(1—f%M )1+1—(1—}"%M )

CIFS—1 CIFS—1

) _(]_(1_‘7:7%?1:[‘51)61) (]_(]_F%?,AFSI)GI)
(ij\f )31(}—RN )62+t (_7:1/\/' )al(fIN )62

Pcirs-1 Pcirs—1 Pcirs—1 Pcirs-1

91 (23
RM RM
1- (1 - fPCIFS—l) (1 - ]:7301st1)

91 2
M M
=t (1 - (1 o FPCIFS—I) (1 - ]:PCIFS—I) )

01+9 01+0
(RN )1 z—i—L(}—IN )1 2

Pcirs—1 Pcirs—1
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1 (1 ]_‘RM )61"1‘62

Pcirs—1

d1+02
_ M
=| +(1- (1 - fPC,FH)
RN d1+02 4 TN 91407
Pcirs—1 Pcirs—1

= (01 + 02) Pcirs—1

4. Likewise, 5.

5. Since,
9 9
RM IM
(f:PCIFS—]) T (‘7:7JCIFS—1)
0
Peirs—1" = - (1 - 777>2C/,\F[S_,)

+i (1 - (1 - F%?,/FSI)GI)
(PCIFS— o ) ”

()Y o+ ()’
1-— ((1 — f7732C/1\F[Sl)61)62
+t (1 — ((1 — _;L‘%/C\I/;Sl)m)éz)

(7B )" (R )

Pcirs—1 Pcirs-1

9,0
- I Uz Y

CIFS

9,0
IN 102
+1 (1 - (1 - fpm_]) )

010,

= Pcirs—1

IV. PROBABILISTIC AOS IN THE SETTING OF CIF
INFORMATION
Here, we interpret probability AOs in the setting of the
Cartesian framework of CIFS. These AOs are P-CIFWA,
P-CIFOWA, IP-CIFOWA, P-CIFWG, P-CIFOWG, and IP-
CIFOWG operators. Further, we examine their linked
properties.

Definition 9: The P-CIFWA operator over a class

— M N —

of CIFNs ’PCIFSj'r = ‘7:'PCIFS—11" Peirs—g =

RM M RN IN ] —

(fPCIFS—& Tt ‘chursfa’ Pcirs— Tt fPCIFS—fr T
1, 2, ..., ¥ would be estimated as

P — CIFWA (Pcirs—1, Pcirs—2, --., Pcirs—»)
9
= ,6_91 be&PCIFSﬁr (3)
In Eq. ), Qv = (Qoy—1> Qy—2+ +--» Qy—p) I8

a weight with 0<Qy—4<1, 30_| Q= 1, Epy—g> 0
with ZZ:l Epy—= 1 is a probability weight and X, =
PEpy—¢ + (1 —p) Qyy—g fuse the weight vector and
probability weight in the same formula with pe [0, 1].
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Theorem 2: Let a class of CIFNs

Pcirs—q
RM TM
= (B o) = (0 )
s s fPCIFS—L’r i fPCIFS—L’r
¢ = 1, 2, ..., . Then the aggregated outcome after

employing the P-CIFWA operator over Pcirs—; would
anticipate a CIFN that is

P — CIFWA (Pcirs—1, Pcirs-2, ---Pcirs—v)
[T (1 - FRM Y
h H( - PCIFs—tr)
a=1
0
X
M b
tol - H (1 - fPC[FS—tr) ’
= o=t “)
RN\ b
f
H( pCIFS—l})
=1
b
X
N b
T H (‘7:73611?5—(1)
=1

Proof: Consider ¢ = 2, then,
Xy
RM b-1
1- (1 - ‘7:73c1Fs—1)
Xy
IM b-1
+ (1 - (1 —fpm_l) )

Xp—
RN bt
('7:7701st1 )

Xp—
TN b~
+ (fPCIFS—l)
Xp—
RM b=2
1- (1 a ]:'PCIFSfZ)

Xp—
TM b—2
+ (1 N (1 - ‘chmsfz) ) ’

Xp—1Pcirs—1 =

Xp—2Pcirs—2 =
( RN )X“H
Pcirs—2 N
N b-2
+ (]:PCIFS—z)
Now,

P — CIFWA (Pcirs—1, Pcirs—2)
= Xp—1Pcirs—1®Xp—2Pcirs—2

Xp—
RM bt
1- (1 - FPCIFS—I)

X]h)—l
= « (1 —(1-7E ) )
Xp— Xp—
RN bt TN bt
(‘7:73' ) Tt (IPCIFS—I)

CIFS—1

X
RM b2
1- (l - fPCIFS—Z)
X]b,z
| + (1 - (-7 ) ,

Ay Xp—
RN b—2 TN b=2
(FPCIFS—Z) +e (‘7:7361FS—2)
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T (1 FRM Y
- H( - PCIFS—L’r)

w=

2
+t I—H(l—}"IM ,

X
Pcirs —&)

= Eq. (4) held for ¥ = 2. Consider Eq. (4) is true for
¥ =1L, then

P — CIFWA (PCIFS—la Pcirs—2, -
IL

X
RM b—
1- H (1 o fPCIFS—L’r)

w=1

IL
+ (=TT (1 - 73

- Perrs—1L)

) Mp-w

’

CIFS—

G=

IL

H ( FRN )Xn»—tr
Pcirs—

Next to prove that Eq. (4) is true for & =L+ 1, as

P — CIFWA (Pcirs—1, Pcirs—2s - Peirs—1L+1)
= P — CIFWA (Pcirs—1, Pcirs—2s - -- Peirs—IL)

OPcirs—11+1
IL

X
RM bt
1- H (1 - fPCIFS—&)

IL
H ( RN )Xl}n—{r
Pcirs—¢

L TN Y-t
T H (‘FPCIFS—&)

_ _ TRM
! (1 ]:PCIFS—ILH

X
M b-IL+1
© + (1 - (l - fPCIFS—H_.Jrl) ) ’

X X
RN ) b-IL+1 ( IN ) b-IL+1
(fPCIFS—ILJrI T fPCIFS—IL+1

)le—lLJrl
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IL+1

X .
RM b—&
1- H (1 - fPCIFS—(y)
=1
IL+1 “ X g
I _
tofl- H (1 - ‘7:7>c1fsq'x) ’
_ =1
- IL+1
1—[ RN )Xﬂn—tr
Pcirs—w
L’l’:
IL+1 " -
I .
+ H (fpcmsfu)

P, _1, P 0 T
=P—CIFWA( cIFS—1, Pcirs—2 )

Pcirs—11,» Pcirs—1+1

Thus, Eq. (4) is true for IL. + 1 and consequently true V .
Properties 1: Underneath are the properties that the
P-CIFWA operator satisfies.

. _ M N _

1. Idempotency: Let Pcrrs—y = (}"PCIF&&, f,PCIFSﬂ}) =

RM M RN IN . —

(}-Pcmsﬂ} T fPC[FS—[}’ ]:PCIFsﬂ;v Tt fPC:Istl'r v -

I, 2, ..., 9, as aclass of CIFNs. Then if V & Pcirs—y =

- RM RM  FIM — _  IM

Pcirs ie., fPCIFS—{X - chst’ fPClFS—L’r - ‘7:7DCIFS’

FRN = RN and FZN = FZN | then
Pcirs— Pcirs Pcirs—w Pcirs

P — CIFWA (Pcirs—1, Pcirs—2, -..Pcirs—s) = Pcirs—g

Proof: Since Pcirs—q = Pcirs V ., then we have

P — CIFWA (Pcirs—1, Pcirs—2, - Pcirs—v)
IL+1 o\ Vi
1- H (1 - ‘FPCIFS)
w=1
IL+1 X
ITM v
5l H (1 a fPCIFS) ’
— =1
B IL+1
Xp—
RN b-w
H (fPCIFS)
e=1
IL+1 A\
I -~
T H (fPCIFS)
w=1
DI et Xb
RM | < IM s
(fPCIFS) T (fPCIFS) ’
9 9
RN\ 2i=1 Vbt N\ b= Yb-
(fPCIFS) Tt (fZPCIFS)
_ RM M RN IN
- (‘}—Pcms T FPCIFS’ ‘7:7’CIFS T J:PCIFS)
_ (M N —
- (fPCIFS’ fPCIFS) = Pcirs

9 _ X7 PEpy—q _
Note that > Xp—y = D0y (+ (1- p\), Sgwwﬁ) =
pzz:lEﬂ))W*ﬁ‘ + ({1 —p) ZZ:l Quye=p+1—p=1
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2. Monotonicity: Let Pcirs—q = (fM FN ) =

Pcirs—¢’ ~ Pcirs—g

RM TM RN IN
(‘chursf& + FPCIFS—&’ Pcirs—g + }_PC/stu; » and
#
Peirs—g
— ]:M , fN — ]:RM 4 ]:IM ,
( /PC#’IFS—ﬂr Pg'IFS—L’r PC#’IFS—& PC#’IFS—&
_fFRN L‘/’TIN ,
,PC#‘IFS—{X Pz‘IFS—lfr
¢« = 1, 2, ..., ¢, as two classes of CIFNs.
IRM  _RM IM  _ rIM
va w fPCIFS*['r _fpg”:s_l,ry fPCIFS*(r_ Pg”;s_l:r
FRN sz#N , and FIN 2.7:1'4\[ then
Peirs - Plirs—g Peirs - Plirs—g
P — CIFWA (Pcirs—1, Pcirs—2, ---Pcirs—s)

# # #
<P — CIFWA (PCIFS—I’ Peirs—2 - 'PCIFS—z?)

Proof: Since

RM
Pcirs—g
RM RM RM
<F =1-F >1-F
= Plirs_g Peirs—o= Plirs—g
X .
Xh—1s b-
_ RM b _ RM
= (1 }—PCIFS—{X) 2(1 }—Pgms_{r)

. R\ AE_ T R\
= H (1 a fPCIFS—L’r) = H 1- ‘7:79# .
CIFS —y

=1 =1
LT (1 FRM )

=1 H ( - Pcm&&)

w=1

v Xp—ir
<1-— | — FRM
- 1_[1 ( Pg[FStr)

=

Likewise, we can achieve that

d TM ) Mboe . )
1= H (1 - fPC[Fqur) =1- H (1 - ‘7:7321”&)

w=1 =1
Next, since
RN RN RN RN
fPan—(rZ}—PEFSf& = (‘7:7301st&) = (‘7: 4 )

Pirs—
X
Xp—i bt
RN bt [ RN
= (‘FPQFS—&) —(]:PEFS_&)

RN Ve (erv )
= H (j:PC’FS—l'r) = H (fpgu‘str)
=1

w=
Likewise, we can achieve that

s

4 Xy
Xp—u b—&
TN bt IN
H (‘chu‘sq'r) = H (‘7:732”,5&)

w=1 =1

Thus,

P — CIFWA (Pcirs—1, Pcirs—2, .. Pcirs—v)
<P — CIFWA (P?;IFSfl’ Plirs—2s - 'PEFS—z?)
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3. Boundedness: Let Pcirs—;, = (.7: M FN ) =

Peirs—¢’ ~ Peirs—g
RM IM RN TN . —
(‘7:7301st& Tt ‘7:7301st&’ ‘;Epcmsq'x Tt ‘7:7361st& > -
1, 2, ..., ¢ as a class of CIFNs. If Prpe =

}"RM

. . IM
rn,l:n{ PCIFS—&} T H{rrm {fPCIFS—&} ’

and P/, =
RN TN CIFS
( ml’?X {]:Pcursf(x} T mﬂ?x {fpcmsf&}
RM TM
m{?x {}"PC[FS%,V} +1¢ méix {]—"PCIF&&} ,
. RN . TN , then
H{'xm {fpczpsq'x} Tt m(:n {fPCIFS—l}}
Pcirs—1,
... Pcirs—y

Proof: Through properties 1 and 2 we can get this.
Definition 10: The P-CIFOWA operator over a class

of CIFNs Pcirs—g = (F%IFS_&, .7:7‘/;/;]”_&) =
RM TM RN IN | _
(chmsf& + ‘7:7301st&’ Pcirs—q +e ‘7:7301st&) > -
1, 2, ..., ¥ would be estimated as
P — CIFOWA (Pcirs—1, Pcirs—2, -+ Pcirs—v)
s
= o Xp—aPerFs —r(w) ()
¢=1

In Eq. (5), (1), 1(2), ..., r(¥)) is a permutation of

(1, 2,..., ®)suchthatr (¢ — 1) >r(g),fore =2, 3, ..., &

and Xy = pEpy—g+ (1 — p) Q,y—y fuse the weight vector

and probability weight in the same formula with pe [0, 1].
Theorem 3: Let a class of CIFNs Pcirs—y,

RM .
_ ( FM FN ) _ fPCKf—{X T fPCIFS—L'r’ o
- Pars—g’ ~ Pars—¢) — \ FR- + }'%N i =

Pcirs—g CIFS—(r
1, 2, ..., ¥. Then the aggregated outcome after employing

the P-CIFOWA operator over Pcjrs—; would anticipate a
CIFN that is

P — CIFOWA (Pcirs—1, Pcirs—2, .- Pcirs—»9)
T (1 - FRM e
o H( B PCI[-‘S—f(fr))
w=1

g
X
M bt
e R H (l - chst—r((r)) ’

— u=

o
H ( RN )Xl}n—&
Peirs—fw)

=1

o N Xy
I —uw
+ H (JT Pcms—f(m)

=1

The P-CIFOWA operator satisfies properties such as idempo-
tency, monotonicity, and boundedness.

Definition 11: The IP-CIFOWA operator over a class
of CIFNs Pcrrs—g = (.7‘- M fN ) =

Pcirs—t’ ~ Pcirs—a
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RM TM RN IN . —
(]:PCIFS—{X Tt fPCIFS—ﬁ" ]-.-PCIFS—L’r T ]:PCIFS—{X) o -
1, 2, ..., ¥ would be estimated as

IP — CIFOWA (Pcirs—1, Pcirs—2, --., Pcirs—»)
(VA
= o Ib—a PcIFs —(w) (6)
¢=1

In Eq. (6), (D), «(2), ..., r(¥)) is a permutation of
(1, 2,..., ®)suchthat; (¢ — 1) >r(g),fore =2, 3, ..., &

~ Quv-tEby—t : . J.
and Jp_y = —p Wy Ubv-t  j5 an immediate probability
b—& [ E B
=1 “wv-—Lhv—r

. Q
(IP) interpreted to 1CIFN
Theorem 4: Let a class of CIFNs

Pcirs—g

RM M

— (M ]:N _ fPCIFS—& T f,PCIFS—{r’

= \Y Pars-¢> 7 Pars—a) — \ FRN +1 FIN ’
Pcirs—g Pcirs—g

e=1,2,...,0

Then the aggregated outcome after employing the IP-
CIFOWA operator over Pcirs—; would anticipate a CIFN that
is

IP — CIFOWA (Pcirs—1, Pcirs—2, -.-Pcirs—v)

2 ~
RM b
- H (1 - ]:PCIstf((r))

=1

%

H (1 _ ]_-I./\/l )‘”}D—l:l‘
Peirs—fw ’

=1
2

FRN Ib—tr
Peirs—fw)

1

o N

(R )™
Peirs—aw)

w=1

Properties 2: Underneath are the properties that the IP-
CIFWA operator satisfies.

1. Idempotency: Let Pcips—y = (7—" M FN )

Pcirs—g’ ~ Pcirs—g

= (FRM TR RN RN

+ |1
+t

Pcirs— Pcirs— Pcirs—g Peirs— )’
¢« = 1, 2, ..., ¥, as a class of CIFNs. Then if
) o - RM  _  RM
Y & Pcirs—¢ = Pcirs ie., JTPCIFS—{]‘ = fPCIFS’
FIM  _ pIM RN _ FRN and FZIN _
Pcirs— Pcirs’” Pcirs—g Pcirs Pcirs—g
f%N , then

CIFS

IP — CIFOWA (PCIFS—l, PCIFS—L) = Perrs_
.. Pcirs—v

2. Monotonicity: Let Pcirs—g = (]—" M FN )

Pcirs—¢’ ~ Pcirs—¢
_ RM M RN N
- (‘7:7’c1Fsﬂ'r +t fPCIFsﬂ}’ Pcirs—& +t fPCIFS—& i
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and

7DC#‘IFSﬂ'X = (‘7:7/)\;[ ]:N )

) #
CIFS—r ,PCIFSﬂ_'x

—(FRM L FIM RN IN ’
( P(,#‘IFS—L’X PC#‘IFS—(X ,Pg‘IFS—L’r PC#‘IFS—&
¢ = 1, 2, ..., %, as two classes of CIFNs.

R M < FRM IM - IM RN
Ve .7:73(:11‘_57& _]'-PgIF57& s prIFS7& = 73§1st& Pcirs—g

>FRN  and FZN  >FIN then

=S
Peirs—a =" Plypg —&

IP — CIFOWA (Pcirs—1, Pcirs—2, ---Pcirs—o)
# # #
<IP — CIFOWA (PCIFS—I’ Peips—2s --- PCIFSﬂ?)

3. Boundedness: Let Pcirs—g = (}' M FN )

Peirs—g’ ¥ Peirs—
— RM M RN IN
- (fPCIFS—(r + L]:PCIFS—&’ fpcms—ﬁ i
1,2,...,0 as a class of CIFNs. If Pope =

; RM : IM
nhm {fpcms—(r} + ‘n}}“ {]:PCWS—&} ’

and 7)+ =
RN IN CIFS
mll?.X {fPCIstl’r} + t mélX {f'PCH:S,ﬁ,}
RM TM
l;{x {FPCIFS_&} + Lm(?x {fpcms_&] \
. RN . N , then
ml;n 'PCIFS—L’J—H ml;n [fPCIFS—ﬁ}
Pcirs—1,
'PC_[stlP — CIFOWA | Pcirs—2, - .. SPgIFS
Pcirs—»

Definition 12: The P-CIFWG operator over a class

of CIFNs Pors_q = Moo PN ) =
RM M RN IN . —
(fPCIFsﬂ'r + }—PCIFSﬂ'r’ Pcirs—& +i fPCIFsﬂ'y > v -
1, 2, ..., ¥ would be estimated as
P — CIFWG (Pcirs—1, Pcirs—2, .., Pcirs—o)
4 Ap—
= . 7
® (Pcirs—s) @)
¢=1
In Eq. (7), Quy = (Quvets Lugy2s --or Qyyp) is

a weight with 0<Qy,,—4<1, >0_, Qyy—g= 1, Epy—g> 0
with ZZ:l Ep,—s= 1 is a probability weight and A}, =
PEpy—e + (1 —p) Qyy—¢ fuse the weight vector and
probability weight in the same formula with pe [0, 1].

Theorem 5: Let a class of CIFNs Pcrs—g,

F
_ M N _ Pcirs—g Pcies—g’ o
- (]:PCIFS—L'y’ chlFs_Lfr) - ( FRN = 4\ FIN y U =
Pcirs— Pcirs—g

1,2,..., 0. Then the aggregated outcome after employing
the P-CIFWG operator over Pcirs—; would anticipate a
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CIFN that is
P — CIFWG (Pcirs—1, Pcirs—2,

- RM ) bw
1:[1 (fPCIFS—&)
- ( FIM

13
T Pcirs—g
= y! . ®)
RN i
1- H (1 - ]:PCIFS—&)

w=1
9
+(1-T] (1 — FIN

Pcirs—g

... Pcirs—s)

3

)Xb—fx

)lert’r

=1

Proof: Consider ¢ = 2, then,

Xp—

RM bt
(F’PCIFSfl) X
TM b1

T (fpcmsfl) ’

Xp—
RN b1
1- (1 - ]:PCIFS—I)

Xy —
TN b-1
+ (1 - (1 . ]—'PC[FH) )

X
RM b-2
(‘7:7’01st2) X
+t (}'IM ) v

Pcirs—2 X
RN b-2
1- (1 - fPCIFS—Z)

X —
TN b-2
+ (1 - (1 - fpm_z) )

(Perps—1)™"0! =

o ,
(Pcips—2) b2

now,

P — CIFWG (Pcirs—1, Pcirs—2)
= (Pcirs—1) D1 @ (Pcrps—2) b2
X Xy
RM )bl M )T
(fPCIFS—l) T (‘7:7705(571) ’
_ RN b
= - (1 o FPCIFS—]) ¥
b1
e (1 — (1 —f%?,/ps,l) )
X Xy
RM ) b2 M )b
(FPCIFS—Z) T (‘7:73015(&2) ’
RN b2
® - (1 o fPCIFS—Z)

Xip—>
+ (1 ~ (1= 7EY ) )
2
X
RM bt
H (‘FPCIFS—&)

- (]_—ZM )X]h)—L’l”

Pcirs—g

o —

It
+t

=1

(1- 7R

CIFS—r

| — )Xnm—cr

e

=1
2

X
TN bt
o= H (1 - fPCIFS—{y)

=1
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= Eq. (8) held for ¥ = 2. Consider Eq. (8) is true for ¢ = 1L,
then

P — CIFWG (Pcirs-1, Pcirs—2,

IL
X
RM b—&
H (fPCIFS—&)

=1

a M) boe
+ H (fPCIFS—{X) ’

=1

1 X |- FRN e
_H( _fPCIFS—ﬁ)

=1

- PCIFS—IL)

IL
+ (=TT (1 - 75

Xp—r
‘Pcirs 71})

w=1
Next to prove that Eq. (8) is true for & =L+ 1, as

P — CIFWG (Pcirs-1, Pcirs—2, - - - Peips—1L+1)
= P — CIFWG (Pcirs—1, Pcirs—2, - - - Peirs—1L)

®PcIrs—L+1
IL

X -
RM b—&
(‘7:7’c1Fs—L'r)
IL
X
M b
T H (fPCIFs—L'r) ’

|- II_L[ (1 — FRN )X““'r

Pcirs—g
=1

IL
+o (=TT (1 - 75

Pcirs—g

)/"-’um—tr

—

1:‘;:
X
M b-IL+1
(}—Pcms L+t )

TM
T (}_PCIFS—ILH

. RN
1 (1 f,PCII-‘SflLJrl

X
(1 _ FIN b-TL+1
T (1 (1 FPCIFS—]L-H) )

IL+1

X
RM b-&
H (fpcmsf(r)
X
M b
+ H (fPCIFS—ﬁ') ’

X
RN b—&
- H (1 - fPCIFS—(y)

=1

IL+1 " X
I —u
+o(1-T] (1 - fpam&)

=1

=P — CIFWG (PCIFSI’ Pcirs-2, - )
73C[FS*]]_,, PCIFS*IL+1

)

)thILJrl

® )le)—]L-%—l

Thus, Eq. (8) is true for IL. + 1 and consequently true V .
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Properties 3: Underneath are the properties that the IP-
CIFWG operator satisfies.

1. Idempotency: Let Pcips—y = (]—" M FN )

Pcirs—¢’ ~ Pcirs—¢
_ RM M RN IN
- (}—PCIFsﬂ'f i fPCIFsﬂ'f’ Pcirs—g t f,PCIFS—(x).’
¢« = 1, 2, ..., ¢, as a class of CIFNs. Then if
V & Pcirs—¢ = Pars ie., f}icffw = f]icfjs
TM — }'IM RN — fR and
Pcirs— Pcirs® ~ Pcirs—g Pcirs
IN = FZN then
Pcirs— Pcirs

P — CIFWG (PCIFS—l, Pcirs—2, ) I —
... Pcirs—s

2. Monotonicity: Let Pcips—y; = (.7: M FN )

Pcirs—w’ ~ Pcirs—g
— (fRM 1 FIM RN o, FIN )

Pcirs—g Pcirs—¢’ ~ Pcirs—g Pcirs—g
and Pl = (FM AN =
CIFS—ir PC#'IFS—& Pélqu'x
(f;M +oFEM L FRN U FN ) e =
CIFS—(y CIFS—(y CIFS—i¢
L, 2, ..., ¥, as

two classes of CIFNs.
IfY o FRM  <fRM  gIM o rfIM RN
Y Peips—g = P#

S5 ]
CIFS—t Perrs— Plirs—g Perrs—

sz#N , and FIN S FIN then

2S5
CIFS—ty Peirs— Plirs—g

>

P — CIFWG (Pcirs—1, Pcirs—2, .- Pcirs—»)
<P - CIFWG (Pglstu Plirs—2s - 'PEFS—ﬂ)

. _ M N
3. Boundedness: Let Pcyrs—, = (fpcmi&, fpcmi&)
— RM TM RN IN
- (f:PCIFS—ﬁ» + LfPCIFS—[} ’ ]:PCIFS—L'r + LfPCIFS—[}) ?

¢ = 1,2,...,9 as a class of CIFNs. If P
RM : TM

n}xn {f’PCIFSﬂ’r} + Lnﬁn {}—Pcmsﬂ'x} ’
m
«|

=

and Pl oo =
RN TIN CIFS
X {fPCIFS—{x} T m{?x {fPCIFS—{x

RM TM
FPCIFS—&} + tmlf X {fpcms-&} ’

a
ax
w

; RN : N
min {‘7:7’01st&} T Hhm {chmsﬂ'r

w

} , then

Pcirs-1,
P(,_‘IFS <P — CIFWG | Pcirs—2, ...

Pcirs—v

+
<Pcirs

Definition 13: The P-CIFOWG operator over a class

of CIFNs Peps—q = A N o) =
RM TM RN IN . _
(FPCIFS—& + fPCIFS—(y’ Peirs—q it fPCIFS—L’r) > -
1, 2, ..., ¥ would be estimated as
P — CIFOWG (Pcirs—1, Pcirs—2, - ., Pcirs—»9)
v Xp—g
= @ (Perrs—i) ™" )
=1
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In Eq. 9), ((1),¢(2),...,r(¥)) is a permutation of

(1,2,...,9) such that (¢ — 1) >r (), for e = 2,3,...,9

and Xy, = pEpy—¢+ (1 — p) Qyy— fuse the weight vector

and probability weight in the same formula with pe [0, 1].
Theorem 6: Let a class of CIFNs

Pcirs—g
RM TM
_ fM N _ fPCIFS—& + Lf,PCIFS—&’
- Peirs—¢’ ~ Peirs—¢) — _7:RJV 4 IN >
Pcirs—g Pcirs—g

e=1,2,...,0.
Then the aggregated outcome after employing the P-
CIFOWG operator over Pcjrs—; would anticipate a CIFN
that is

P — CIFOWG (Pcirs—1, Pcirs—2,
9

H (}_R M )Xu»—fr

Peirs—aw)

9

X -

TM b—&

+ H (]:Pcms—mx)) ’

X .
RN bt
- H (l - fPCIFS—f(fr))

=1

.. Pcirs—s)

) v P
Z —uw
+e 1= H (l - fPC!FS—f(tr))

=1

The P-CIFOWA operator satisfies properties such as idempo-
tency, monotonicity, and boundedness.
Definition 14: The IP-CIFOWG operator over a class

of CIFNs Pcrrs—g 7/;\2[1”7&, 7'/;[0”7& =

RM M RN IN . —
(fPCIFS—{y T ‘7:73011?5—1}’ ‘f.PCIFS—(f T fPCIFS—(r v T
1, 2, ..., ¥ would be estimated as

IP — CIFOWG (Pcirs—1, Pcirs—2, .-, Pcirs—v)

4 Ib—tr
= 8 (Peirs—t) ™™ (10)
=1

In Eq. (10), («(1), t(2), ..., r(¢#)) is a permutation of
a, 2,..., %) sughthatf(& — 1) >r(g),fore=2,3, ..., 0

and Jp—p = —7 Wg‘;“" “’i“g“’ - is an immediate probability
=1 wv—rFhv—

(IP) interpreted to CIFN
Theorem 7: Let a class of CIFNs Pcrrs—g

N Peres T Ty

_ M _ CIFS ¢ CIFS—’

- (fPCIFsﬂ'f’ fPCIFS—ﬁ') - ]-‘RN 4 ]:IN} ’
Pcirs—g Pcirs—

¢« = 1, 2, ..., ¥. Then the aggregated outcome after
employing the IP-CIFOWG operator over Pcrrs—; would
anticipate a CIFN that is

IP — CIFOWG (Pcirs—-1, Pcirs—2, ---Pcirs—v)
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o

Ib—t
RM w
(fPCIFS @) )

(IM

=N

=R

Ib—t
T Peirs—tw ’

1

I
RN b—&
(1 - ‘7:7361st{(&))

w

4 ~
TN Jb-tr
el l- H (1 - ]:PCIFS—f(L'r))
w=1

Properties 4: Underneath are the properties that the

IP-CIFWG operator satisfies.
. _ M N

1. Idempotency: Let Pcirs—q = (]—"PCIF&&, ‘TPanfgr)

— RM M RN IN

- (fPCIFS—L’r + fPCIFS—L’r’ ‘FPCIFsﬂ'r +t fPCIFsﬂ'r a

¢« = 1, 2, ..., ¥, as a class of CIFNs. Then if

V & Pcrs—¢ = Pars ie., 7:77;36/1\;157& = ]:7756/1\;[5

FIM = FIM j:'RN — f’RN and

Pcips— Pcirs® ~ Peirs—w Pcirs

FIN = FZN | then

Pcirs—g Pcirs’

1—

Ram b

I
—

IP — CIFOWG (Pcirs—1, Pcirs—2,

= Pcirs—g

... Pcirs—9)

faity. _ M N
2. Monotonicity: Let Pcirs— = (]—'PCIF&&, FPCIF&&)
= (FRM 4o FEM L FRN RN )

Pcirs—g Pcirs—¢’ ~ Pcirs—g Pcirs—g

and Pl = (FM L FN

Pg'IFS—& Plirs —i
(]:77;./\/1 +1 FIM , ]:RN L]:IN P
CIFS—tr

PglFS—{y PgIFS—& PgIFsﬂ} T
¥, as two classes of CIFNs.
FIM  FIM RN
Pcirs—— Pg'IFS—lfr Pcirs—&

’ ’ ’

IRM  _rRM
IV fPCIFS—L’r S]:P#

b}

CIFS—(y
sz,;/\/ , and .7:%'/\/ . 2.7:2?/ then
Plirs—g CIFS—tt Plirs—g

IP — CIFOWG (Pcirs—-1, Pcirs—2, ... Pcirs—v)
# " #
<IP — CIFOWG (PCIFS—l’ PCIFS—Z’ cee PCIFS—#)

3. Boundedness: Let Pejrs—y, = (]: 7/9\4 F,

cirs—” ~ Pcirs—g
_ RM M RN IN
- (fPCIFS—& + fPCIFS—&’ Pcirs—g i fPCIFS—(x i
¢« = 1, 2, ..., ¥ as a class of CIFNs.
: RM . ZM
CIFS — RN TN
mlfl X {‘FPQF&&} T mf X {f,PCIFS—L’r}
RM TM
CIFS — . RN . TN ’
m,U}n {fPCIFS—&} Tt “{%n {fPCIFS—&}
then
Pcirs—-1,
Peips<IP — CIFOWG | Pcirs—2, .- 5733175
Pcirs—»
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V. MULTI-CRITERIA DECISION-MAKING TECHNIQUE IN
THE FRAMEWORK OF CIFS

Let us assume a multi-criteria decision-making (MCDM)
dilemma, where ¥ alternatives that are {% A1, Baz_2,
... Baz_y} and O criteria that is {3e¢—1, 3e-2,...,
3¢_g} are involved. Based on these criteria, the decision
analyst has to determine the optimal alternatives. According
to the decision analyst, each criterion can have its own signifi-
cance, thus the decision analyst would interpret the weight of
the criteria that is Q. = (Qy—1, QLuy—2, -+ Lyyy—0)
with 0=Q,—y<1, 37_; Q,,—y= 1. Also, the decision
analyst would consider the probability of each criterion
by revealing the probability weight that is Ep,—;> 0
with 23:1 Ep,—»= 1. The decision analyst will antic-
ipate his/her assessment outcomes in the setting of

: _ M N _

CIFNs ie. Pars—a = (PR o Py ) =
RM M RN IN

(‘7:7)C1Fsﬂm i ‘7:7)C1Fsﬂ'm’ fPCIFS—(n‘; + fPCIFS—(n‘; » Where

FRM o FIM o R . FIN <10, 1] and
Pcirs W Pcirs—ry Pcirs—iy Pcirs—iy

0<FRM 4+ FRN ° <land0<FEM 4+ 7ZN <1

Pcirs—gy = Peirs—gy Peirs—gy = Pcirs—g

and will construct a CIF decision matrix Dcyrs. Through the
underlying phases, this MCDM dilemma will be tackled.

Phase 1: The criterion can be two kinds: benefit and
cost type. Thus, there is always the requirement for of
normalization the CIF decision matrix and for that, we have
the below formula.

(Dcirs)Y
FRM M
( i?i?{,[/:\SfUU Pg"/’\:f*“U for benefit kind
_ CIFS —rt CIFS (e
( 77310/1\1;?—&1‘; 7;%’5@) for cost kind
F. +.F
Pchs_l’n‘J PCIFS—l’rfJ

Phase 2: By taking into account the probabilistic infor-
mation and weight vector, determine Xy = pEp,—y +
(I = p) Qyy—y and Jp—, = ogwgvz_bEﬂ“gﬁ

=1 *“wv—UCbv—0

Phase 3: The CIF decision matrix would be aggregated
by employing the invented AOs that are P-CIFWA, P-
CIFOWA, IP-CIFOWA, P-CIFWA, P-CIFOWA, and IP-
CIFOWA operators.

Phase 4: Afterward the aggregation of the CIF decision
matrix, the score value or accuracy values of each alternative
would be anticipated.

Phase 5:Based on the score or accuracy values, the ranking
of alternatives would be devised.

A. CASE STUDY

A manufacturing company is giving eco-friendliness priority
when deciding which forms of transportation to use for
product distribution. To make an educated choice, the
company considers four different transportation options
depending on a variety of factors. These options are briefly
discussed below

VOLUME 12, 2024

B 1z_1 :Electric vehicles:Because electric trucks run on
electricity, they use fewer fossil fuels overall. They operate
with no tailpipe emissions because they use electric motors
rather than internal combustion engines. When compared to
conventional diesel trucks, these vehicles significantly reduce
greenhouse gas emissions since they are powered by electric
grids. Their eco-friendliness may be further improved by
charging them using renewable energy sources.

B 472 : Rail transportation:Rail transportation is
known for its reduced environmental effect and energy
efficiency. An environmentally beneficial option for moving
cargo over land is to use diesel-powered locomotives or
electrically powered trains operating on electrified lines.
In comparison to road-based transportation, trains produce
less emissions per ton-mile and are capable of carrying
large loads. This makes them particularly efficient for long-
distance transportation.

B 4x_3 : Biofuel-powered airplanes:Biofuel-powered
aircraft run on renewable biofuels that come from waste
materials, plants, or algae. The goal of these biofuels is to
lessen reliance on conventional aviation fuels made from
fossil fuels and carbon emissions. Although biofuels have
the potential to cut greenhouse gas emissions, the aviation
industry is currently experimenting with their utilization due
to uneven availability and scalability.

B ax_4 : Hybrid cargo ships:To lower fuel usage and
pollution, hybrid cargo ships combine conventional fuel with
alternative energy sources like electricity or wind power.
In addition to conventional engines, these ships frequently
use technology like sails, solar panels, or batteries. Even if
they use cleaner energy sources to lessen their influence on
the environment, companies still partially rely on traditional
fuels, which results in emissions that are decreased but not
eliminated.

The company will assess these modes on the following
criteria.

3¢_1: Environmental Effect:Taking into account vari-
ables like pollution, carbon emissions, and ecological
footprint, this feature assesses the total environmental impact
of each mode of transportation.

3¢_92: Cost efficiency:Calculates the overall cost of
using a transportation mode, taking into account all upfront,
ongoing, and maintenance expenditures.

3¢_3: Delivery time:Evaluates how quickly and depend-
ably each method of transportation can deliver items to their
intended location.

3¢_4: Capacity:Determines how much weight or volume
any form of transportation can effectively manage.

The company would provide weights (0.21, 0.24, 0.26,
0.29) and probability (0.15, 0.25, 0.35, 0.25) to each
criterion according to its relative relevance in order to employ
the MCDM methodology. The company would next gather
assessment values on the performance of each mode of
transportation in relation to these criteria and the assessment
values would be in the environment of CIFNSs to construct a
CIF decision matrix as revealed in Table 1.
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TABLE 1. The assessment values of various ECO-Friendly transportation modes in the cartesian framework of CIFS.

-1 Je-2 Je-3 -4
B e 1 (0.326 + l0.378,) (0.516 + L0.44-1,) (0.4—63 + 1 0.366,) (0.735 +:0.834,
0.278 + 10.543 0.163 +10.471 0.513 +:¢0.633 0.233 +:10.133
B2 (0.478 + l0.435,) (0.735 + l0.354,) (0.364 +1 0.392,) (0.643 +1 0.523,)
0.138 + 10.541 0.165 + 1 0.511 0.413 +:0.572 0.211 4+:0.321
B 1v_3 (0.206 + l0.339,) (0.565 + L0.111,) (0.712 + 1 0.614—,) (0.613 +1 0.640,)
0.503 + 1 0.586 0.316 + 10.523 0.146 + ¢ 0.217 0.123 +:¢0.150
Bz 4 (0.779 + l0.325,) (0.761 + 10.811,) (0.484- +1 0.623,) (0.238 +1 0.432,)
0.154 + 1 0.455 0.164 4+ 10.112 0.339 +:0.132 0.461 +:0.332

TABLE 2. The aggregated values of ECO-Friendly transportation modes after using investigated operators.

Operators Baz-1 Baz2 B3 B a4
P-CIFWA (0. 549 4+ 0. 571,) (0. 577 +1 0.431,) (O. 583 +:0. 489,) (0. 592 + 0. 601,)
0.378 +:0.282 0.224 +10.469 0.211 +:0.291 0.268 +10.206
P-CIFOWA (0. 503 +:0. 516,) (0. 563 +1 0.423,) (0. 544 4+ 0. 434,) (0. 612+ 0. 559,)
0.278 +10.428 0.2114+:0.492 0.251 4+1:0.346 0.2554+1:0.239
IP-CIFOWA (O. 479 4+ 0.482,) (0. 549 +. 0.418,) (0. 531+ 0. 4—08,) (0. 604 4+ 0. 531,)
0.286 +10.461 0.214 4+ 10.505 0.268 +10.273 0.26 +10.257
P-CIFWG (0. 506 + 0. 48,) (O. 531+« 0423,) (0. 513+ 0. 369,) (0.484 +¢0. 531,)
0.328 4+ :0.476 0.255+1:0.491 0.262 +10.368 0.308 +¢0.256
P-CIFOWG (0. 462 +1 0.447,) (0. 59 +10.416, (0. 458 + 1 0. 316,) (0.498 +1 0.487,)
044410438 (0 i ANs (042410258, (04844 .0.467
IP-CIFOWG . +10. i 0.505+1:0.413, . + 0. X . +:0. ,
(0.327+10.519) (0.249+L0.519) (0.325+L0.446) ( 0.305+:0.31 )

TABLE 3. The score values of ECO-Friendly transportation modes.

Operators $S(Baz-1) $S(B.az-2) SB4z-3) $S(Baz-4)
P-CIFWA 0.23 0.157 0.285 0.359
P-CIFOWA 0.157 0.142 0.19 0.338
IP-CIFOWA 0.107 0.124 0.149 0.309
P-CIFWG 0.091 0.104 0.126 0.226
P-CIFOWG 0.045 0.092 0.02 0.197
IP-CIFOWG 0.013 0.075 —0.02 0.169

To handle this MCDM, we would employ the invented CIF
MCDM approach.

Phase 1:We are skipping this phase as all the criteria are
beneficial.

Phase 2: Here, we achieve

Xp—1=0.174, X,_»= 0.246, A},_3= 0.314, A},_4= 0.266
and
Jp—1=0.124, Jp—2= 0.235, Jp—3= 0.357, Jp—a= 0.284

where p = 0.6.

Phase 3: After the utilization of invented operators P-
CIFWA, P-CIFOWA, IP-CIFOWA, P-CIFWA, P-CIFOWA,
and IP-CIFOWA, the aggregated outcomes are portrayed in
Table 2.

Phase 4: Table 3 devised the score values of all transporta-
tion modes.
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Phase 5: Employing these modes of transportation’s score
values, we deduce the ranking in Table 4.

The invented MCDM revealed that B 4z _4 that is “hybrid
cargo ships” is the optimal eco-friendly transportation mode.

Vi. COMPARATIVE ANALYSIS
To reveal the importance and significance of the proposed
AOs and a procedure of MADM in the setting of the Cartesian
framework of CIFS, we compare this work with various
prevailing notions which are briefly discussed below

— Xu [13] devised AOs for IFS.

— Wei and Merigo [15] anticipated probability AOs for
IFS and an approach for tackling DM issues in IFS.

— Rehman [24] anticipated probability AOs and MADM
procedures for CFS.

— Garg and Rani [29] deduced AOs and MCDM
approaches for the polar framework of CIFS.
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TABLE 4. The ranking of ECO-Friendly transportation modes.

Operators Ranking

P-CIFWA Bay-4 > Byy-3 > Byr_1 > By
IP-CIFOWA Bag-4 > Byy-3 > Byr_s > Bygrq
P-CIFWG Bag-a4 > Byy3>Byro > By
P-CIFOWG Bag-a4 > Byz_z > Byg_1 > Byg-3
IP-CIFOWG Bar-a > By > Bay_1 > Byrs

TABLE 5. The result after employing the deduced and considered theories.

Reference S(Baz-1)

S(Baz-2)

S(B4z-3) S(Baz-4)

AX=2K=2X

Xu [13]

AX=2K=2K

X=2K=2 A=2K=X

Wei and Merigo [15]

AX=2AK=2X

AX=2AK=2

A=2K=X A=2K=X

Rehman [24]

A=2AKX=2K

AX=2AK=2K

AX=2AKX=2 AX=2AK=2

Garg and Rani [29]

A==

AX=2K=2

AX=2K=2 AX=2K=2

Rani and Garg [30]

AK=AX=X

A=AX=X

X=X=X X=X=X

Akram et al. [31] A=AK=X A=K=X A=K=X AK=AK=X
Ali et al. [32] A=AK=X A=AK=X A=AK=X AK=2AX=X
Garg and Rani [33] A== A== AX=2K=X K=2X=K
P-CIFWA 0.23 0.157 0.285 0.359
P-CIFOWA 0.157 0.142 0.19 0.338
IP-CIFOWA 0.107 0.124 0.149 0.309
P-CIFWG 0.091 0.104 0.126 0.226
P-CIFOWG 0.045 0.092 0.02 0.197
IP-CIFOWG 0.013 0.075 —0.02 0.169
TABLE 6. The ranking is based on the result of table 5.

Reference Ranking

Xu [13] AK=2K=K

Wei and Merigo [15] A==

Rehman [24] AX=X=X

Garg and Rani [29] AX=2X=2X

Rani and Garg [30]

AX=2K=2X

Akram et al. [31]

AX=2K=X

Ali et al. [32]

A==

Garg and Rani [33]

AX=2K=2K

P-CIFWA Bz > Barz>Barg > Bars
P-CIFOWA Bars > Barz>Barg > Bar s
IP-CIFOWA Bara > Bazz > Bars > Bary
P-CIFOWG Bar-g > Barz > Bar1 > Bar_s
IP-CIFOWG Bar-s > Barz > Bar1 > Bar_s

— Rani and Garg [30] anticipated power AOs and MCDM
for the polar framework of CIFS.

— Akram et al. [31] devised Hamacher AOs for the polar
framework of CIFS.

— Ali et al. [32] devised an MSM operator for the polar
framework of CIFS.

— Garg and Rani [33] deduced BM operators and the DM
approach for the polar framework of CIFS.
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Now to test the accuracy and significance of these
considered theories and the anticipated theory, we reconsider
the information in Table 1, which is in the Cartesian
framework of CIFS. After employing these theories to
aggregate and tackle the information in Table 1, we the result
which is interpreted in Tables 5 and 6.

Both Tables make it clear that no theory now in use directly
addresses or resolves the data in Table 1. Rather, we use
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the work done in this manuscript to address and resolve the
information given in Table 1 and show the results. Every
theory offers unique explanations for why it doesn’t work.
The theory devised by Xu [13] and Wei and Merigo [15] is
in the environment of IFS, and the framework of IFS can’t
cope with 2" dimension (additional fuzzy information) and
also the AOs of Xu [13] can’t address the probability of the
information. Thus, these theories failed to address the CIF
information. The notion devised by Rehman [24] within CFS,
but the model of CFS can’t model with non-membership and
this became the reason for its failure. The theories devised by
Garg and Rani [29], Rani and Garg [20], Akram et al. [31],
Ali et al. [32], and Garg and Rani [33] are in the polar
framework of CIFS which is devised by Alkouri et al. [27]
but the polar framework of CIFS different framework than the
Cartesian framework of CIFS and each theory devised in the
polar framework of CIFS can’t model the CIF information
in Cartesian form. This implies that none of the prevailing
theories in the literature can model the CIF information in
the Cartesian framework. Further, the anticipated AOs and
MADM can be degenerated in the various other mathematical
frameworks such as the Cartesian framework of CFS, IFS,
and FS.

VII. CONCLUSION
Many factors need to be considered when choosing an
environmentally friendly means of transportation, including
cost-effectiveness, capacity, delivery time, and environmental
impact. Due to the need to simultaneously weigh and rank
several aspects, this is an MCDM conundrum. To find
the most ecologically friendly mode of transportation that
yet satisfies certain needs and sustainability goals, trade-
offs between these factors must be considered. This calls
for a methodical and thorough DM process. We initially
anticipated fundamental algebraic properties for the CIFS
before constructing the various probability AOs in this
manuscript. These AOs include P-CIFWA, P-CIFOWA, IP-
CIFOWA, P-CIFWG, P-CIFOWG, IP-CIFOWG operators,
and linked axioms. Then, within a Cartesian framework
of CIFS, we deduced an MCDM technique based on
the anticipated AOs. We then applied our method to the
analysis of a case study named ‘‘Identification of eco-friendly
transportation mode.” In the last section of the manuscript,
we demonstrated the superiority and preeminence of the
original idea by contrasting it with a few popular conceptions.
The developed theory is in the framework of CIFS and
can’t cope with information in various generalized structures
of CIFS. Thus, in the future, we hope to investigate and work
on the following structures: bipolar complex fuzzy set [36],
bipolar complex fuzzy soft set [37], picture FS [38], [39], and
Fermatean fuzzy set [40], [41].

REFERENCES

[1] D. Ku, J. Kim, Y. Yu, S. Kim, S. Lee, and S. Lee, “Assessment of eco-
friendly effects on green transportation demand management,” Chem. Eng.
Trans., vol. 89, pp. 121-126, Dec. 2021.

32998

[2]

[3]

[4]

[51

[6]

[7]

[8]

[9]

[10]

(1]

[12]
(13]

(14]

[15]

[16]

[17]

(18]

(19]

[20]

(21]

[22]

(23]

(24]

(25]

[26]

P. Ajay, B. Nagaraj, B. M. Pillai, J. Suthakorn, and M. Bradha, “Intelligent
ecofriendly transport management system based on IoT in urban areas,”
Environ., Develop. Sustainability, pp. 1-8, Jan. 2022, doi: 10.1007/
$10668-021-02010-x.

C. Kuzey, M. M. Fritz, A. Uyar, and A. S. Karaman, “Board gender diver-
sity, CSR strategy, and eco-friendly initiatives in the transportation and
logistics sector,” Int. J. Prod. Econ., vol. 247, May 2022, Art. no. 108436.
A. Alshamrani, D. Sengupta, A. Das, U. K. Bera, I. M. Hezam,
M. K. Nayeem, and F. Aqlan, “Optimal design of an eco-friendly trans-
portation network under uncertain parameters,” Sustainability, vol. 15,
no. 6, p. 5538, Mar. 2023.

D. Ku, S. Kweon, J. Kim, and S. Lee, “Wider benefits of eco-friendly
transportation projects with contingent valuation method,” Chem. Eng.
Trans., vol. 97, pp. 133—138, Dec. 2022.

M. Bencekri, D. Ku, J. Kwak, J. Kim, and S. Lee, ‘“Review of eco-friendly
guidance of transport infrastructure: Korea and the World,” Chem. Eng.
Trans., vol. 89, pp. 235-240, Dec. 2021.

H.L. Gao, M. Q. Zhang, and Y. Zhang, “‘Exploring the alternative modes of
eco-friendly express freight transport,” Appl. Ecol. Environ. Res., vol. 17,
no. 4, pp. 8805-8816, 2019.

L. A. Zadeh, “Fuzzy sets,” Inf. Control, vol. 8, no. 3, pp. 338-353, 1965.
H. Basirzadeh, “An approach for solving fuzzy transportation problem,”
Appl. Math. Sci., vol. 5, no. 32, pp. 1549-1566, 2011.

S.L. Hsueh, Y. Sun, Y. Zhang, N. Xiao, and T. H. Meen, ‘‘Decision-making
model based on discriminant analysis fuzzy method for low-carbon and
eco-friendly residence design: Case study of conghua district, Guangzhou,
China,” Buildings, vol. 12, no. 6, p. 815, 2022.

A. S. A. Aminuddin, K. M. Na’im Ku Khalif, F. C. Jamil, and N. I. Jaini,
“Fuzzy analytic hierarchy process using intuitive vectorial centroid for
eco-friendly car selection,” in Proc. J. Phys., Conf.,2019, vol. 1366, no. 1,
Art. no. 012076.

K. T. Atanassov and S. Stoeva, “Intuitionistic fuzzy sets,” Fuzzy sets Syst.,
vol. 20, no. 1, pp. 87-96, 1986.

Z. Xu, “Intuitionistic fuzzy aggregation operators,” IEEE Trans. Fuzzy
Syst., vol. 15, no. 6, pp. 1179-1187, Dec. 2007.

M. Xia, Z. Xu, and B. Zhu, “Some issues on intuitionistic fuzzy
aggregation operators based on Archimedean t-conorm and t-norm,”
Knowl.-Based Syst., vol. 31, pp. 78-88, Jul. 2012.

G. W. Wei and J. M. Merigé, “Methods for strategic decision-making
problems with immediate probabilities in intuitionistic fuzzy setting,”
Scientia Iranica, vol. 19, no. 6, pp. 1936-1946, 2012.

P. Liu and S.-M. Chen, “Group decision making based on heronian
aggregation operators of intuitionistic fuzzy numbers,” IEEE Trans.
Cybern., vol. 47, no. 9, pp. 2514-2530, Sep. 2017.

T. Senapati, G. Chen, and R. R. Yager, “Aczel-Alsina aggregation
operators and their application to intuitionistic fuzzy multiple attribute
decision making,” Int. J. Intell. Syst., vol. 37, no. 2, pp. 1529-1551, 2022.
J. Y. Huang, “Intuitionistic fuzzy Hamacher aggregation operators and
their application to multiple attribute decision making,” J. Intell. Fuzzy
Syst., vol. 27, no. 1, pp. 505-513, 2014.

A. Ebrahimnejad and J. L. Verdegay, “A new approach for solving fully
intuitionistic fuzzy transportation problems,” Fuzzy Optim. Decis. Making,
vol. 17, no. 4, pp. 447-474, 2018.

D. Ramot, R. Milo, M. Friedman, and A. Kandel, “Complex fuzzy sets,”
IEEE Trans. Fuzzy Syst., vol. 10, no. 2, pp. 171-186, Apr. 2002.

D. E. Tamir, L. Jin, and A. Kandel, “A new interpretation of complex
membership grade,” Int. J. Intell. Syst., vol. 26, no. 4, pp.285-312,
Apr. 2011.

0. Yazdanbakhsh and S. Dick, “A systematic review of complex fuzzy sets
and logic,” Fuzzy Sets Syst., vol. 338, pp. 1-22, May 2018.

D. E. Tamir, N. D. Rishe, and A. Kandel, “Complex fuzzy sets and complex
fuzzy logic an overview of theory and applications,” in Fifty Years of Fuzzy
Logic and Its Applications. Springer, 2015, pp. 661-681, doi: 10.1007/978-
3-319-19683-1_31.

U. Ur Rehman, “‘Selection of database management system by using multi-
attribute decision-making approach based on probability complex fuzzy
aggregation operators,” J. Innov. Res. Math. Comput. Sci., vol. 2, no. 1,
pp. 1-16, 2023.

A. Lugman, M. Akram, A. N. Al-Kenani, and J. C. R. Alcantud, “A study
on hypergraph representations of complex fuzzy information,” Symmetry,
vol. 11, no. 11, p. 1381, 2019.

T. Mahmood, U. Ur Rehman, and Z. Ali, “A novel complex fuzzy N-soft
sets and their decision-making algorithm,” Complex Intell. Syst., vol. 7,
no. 5, pp. 2255-2280, 2021.

VOLUME 12, 2024


http://dx.doi.org/10.1007/s10668-021-02010-x
http://dx.doi.org/10.1007/s10668-021-02010-x
http://dx.doi.org/10.1007/978-3-319-19683-1_31
http://dx.doi.org/10.1007/978-3-319-19683-1_31

H. Fang et al.: Identification of Eco-Friendly Transportation Mode

IEEE Access

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

A. M. D. J. S. Alkouri and A. R. Salleh, “Complex intuitionistic fuzzy
sets,” in Proc. AIP Conf., Sep. 2012, vol. 1482, no. 1, pp. 464—470.

M. Ali, D. E. Tamir, N. D. Rishe, and A. Kandel, “Complex intuitionistic
fuzzy classes,” in Proc. IEEE Int. Conf. Fuzzy Syst. (FUZZ-IEEE),
Jul. 2016, pp. 2027-2034.

H. Garg and D. Rani, ‘““Robust averaging—geometric aggregation operators
for complex intuitionistic fuzzy sets and their applications to MCDM
process,” Arabian J. Sci. Eng., vol. 45, pp. 2017-2033, May 2020.

D. Rani and H. Garg, “Complex intuitionistic fuzzy power aggregation
operators and their applications in multicriteria decision-making,” Expert
Syst., vol. 35, no. 6, 2018, Art. no. e12325.

M. Akram, X. Peng, and A. Sattar, “A new decision-making model
using complex intuitionistic fuzzy Hamacher aggregation operators,” Soft
Comput., vol. 25, no. 10, pp. 7059-7086, May 2021.

R. Ali, S. Abdullah, S. Muhammad, M. Naeem, and R. Chinram,
“Complex intuitionistic fuzzy Maclaurin symmetric mean operators and its
application to emergency program selection,” J. Intell. Fuzzy Syst., vol. 41,
no. 1, pp. 517-538, Aug. 2021.

H. Garg and D. Rani, “New generalised Bonferroni mean aggrega-
tion operators of complex intuitionistic fuzzy information based on
Archimedean t-norm and t-conorm,” J. Exp. Theor. Artif. Intell., vol. 32,
no. 1, pp. 81-109, Jan. 2020.

M. Akram, A. Sattar, and A. B. Saeid, “Competition graphs with
complex intuitionistic fuzzy information,” Granular Comput.,vol.7,no. 1,
pp. 2547, Jan. 2022.

U. U. Rehman and T. Mahmood, “Complex intuitionistic fuzzy N-soft sets
and their applications in decision making algorithm,” Tech. J., vol. 27,
no. 1, pp. 95-117, 2022.

T. Mahmood and U. Rehman, “A novel approach towards bipolar complex
fuzzy sets and their applications in generalized similarity measures,” Int.
J. Intell. Syst., vol. 37, no. 1, pp. 535-567, Jan. 2022.

T. Mahmood, U. U. Rehman, A. Jaleel, J. Ahmmad, and R. Chinram,
“Bipolar complex fuzzy soft sets and their applications in decision-
making,” Mathematics, vol. 10, no. 7, p. 1048, Mar. 2022.

Q. Khan and K. Jabeen, “Schweizer-Sklar aggregation operators with
unknown weight for picture fuzzy information,” J. Innov. Res. Math.
Comput. Sci., vol. 1, no. 1, pp. 83-106, 2022.

A. Hussain, S. Ali, and K. Ullah, “A novel approach of picture fuzzy sets
with unknown degree of weights based on Schweizer-Sklar aggregation
operators,” J. Innov. Res. Math. Comput. Sci., vol. 1, no. 2, pp. 18-39,
2022.

S.Zeng, J. Gu, and X. Peng, “Low-carbon cities comprehensive evaluation
method based on fermatean fuzzy hybrid distance measure and TOPSIS,”
Artif. Intell. Rev., vol. 56, no. 8, pp. 8591-8607, 2023.

Y. Pan, S. Zeng, W. Chen, and J. Gu, “Service quality evaluation
of crowdsourcing logistics platform based on fermatean fuzzy TODIM
and regret theory,” Eng. Appl. Artif. Intell., vol. 123, Aug. 2023,
Art. no. 106385.

VOLUME 12, 2024

HAOJUN FANG received the bachelor’s degree
in chemistry from Yangzhou University, China,
in 1993. He has been teaching in the field of
business administration for many years and holds
the position of an Associate Professor with Wuxi
Vocational College of Science and Technology.
His research interests include fuzzy decision
analysis and business decision models.

UBAID UR REHMAN received the M.Sc., M.S.,
and Ph.D. degrees in mathematics from Inter-
national Islamic University Islamabad, Pakistan,
in 2018, 2020, and 2023, respectively. He has
published more than 53 articles in well-reputed
peer-reviewed journals with more than 170 impact
factor. His research interests include fuzzy sets
and their generalizations, aggregation operators,
similarity measures, and fuzzy decision making.

TAHIR MAHMOOD received the Ph.D. degree
in mathematics and in fuzzy algebra from
Quaid-i-Azam University Islamabad, Pakistan,
in 2012. He is currently an Assistant Profes-
sor in mathematics with the Department of
Mathematics and Statistics, International Islamic
University Islamabad, Pakistan. He has more than
300 research publications are on his credit with
more than 6800 citations, more than 700 impact
factor, H-index 42, and i10-index 143. He has
produced 60 M.S. students and eight Ph.D. students. His research interests
include algebraic structures, fuzzy algebraic structures, decision making, and
generalizations of fuzzy sets. Currently, he is an editorial board member of
three impact factor journals.

32999



