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Multiobjective transportation problem (MOTP) seeks to optimize multiple, often conflicting objectives within transportation and
logistics systems. However, in real-world scenarios, parameters such as transportation costs, time, availability, and demand are
inherently uncertain. To address these uncertainties, various extensions of fuzzy logic such as intuitionistic fuzzy sets (IFSs),
Pythagorean fuzzy sets (PFSs), Fermatean fuzzy sets (FFSs), and hesitant fuzzy sets (HFSs) and more have already been applied to
MOTPs. Despite these advancements, the dual HFS (DHFS) has not yet been incorporated into MOTP. This research article
introduces the novel concept of dual hesitant fuzzy MOTP (DHFMOTP), utilizing DHFS for the first time in this MOTP. A new
score function for DHFS and an accompanying algorithm are developed effectively to solve the DHFMOTP. To validate the
proposed methodology, two numerical problems are solved. Computed results demonstrate the significant improvements. The
proposed score function and algorithm for DHFMOTP consistently yielded more optimal results than the existing methods.
Future studies could explore the integration of other advanced fuzzy extensions and hybrid algorithms for further improvement of
decision-making efficiency in transportation problems under uncertainty.

Keywords: dual hesitant fuzzy set; fuzzy set; hesitant fuzzy set; multiobjective transportation problem; score function

1. Introduction

Transportation problem (TP) is mostly considered to
minimize the transportation cost (TC) from sources to
different destinations within the time duration. Numerous
real-world decision-making scenarios, such as setting up the
price of items, determining the seller’s profit, and making
choices for multiobjective real-world functions, are resolved
by using TP. Hitchcock [1] introduced the procedure of
delivering a product from several sources to several places.
After that, the complexity of the TP increased. Maity and
Roy [2] developed the multiobjective TP (MOTP). In

MOTPs, multiple objectives need to be optimized at the
same time, such as minimizing TC, minimizing delivery
time, or maximizing customer satisfaction. MOTP is more
complex than the single-objective TP. Thereafter, by seeing
the uncertainties in real-life problems, in order to vague
information, Zadeh [3] developed the concept of fuzzy sets
(FSs) to deal with vague information, which has been ex-
tensively applied in many areas. It is the extension of the
classical set. Atanassov [4] introduced the model of intui-
tionistic FS (IFS), inspired by the idea of the FS. It is denoted
by the grade of MD and NMD; also, it is restricted so that the
total of these two degrees cannot exceed one. Nonetheless, in
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certain authentic-world scenarios, the total of MD and NMD
might exceed unity; however, the total of their squares can
never exceed unity. As an extension of IFS, Torra [5] gave
a definition of hesitant FS (HFS) corresponding to the en-
velope. In this, they are also introduced to the hesitancy
degree with MD and NMD. Thereafter, Xu and Xia et al. [6]
developed a dual HFS (DHES). There are essentially two
components to a DHFS: a hesitation membership function
that gives the first portion and a hesitancy nonmembership
function that gives the second. B

In this, the DHFE is denoted in pair{(h(p), g (p), which

also satisfied the circumstances,0<hy gz < 1,0<hz+gy <

1, and here, h5 € h(p), G € G (p)

Mostly seeing the uncertainty in TP, Chanas [7] did the
hybridization of TP and FS and solved a TP under fuzzy
parameters. Singh [8] introduced the solution of DHFTP.

In the current situation, most researchers have solved the
problem by using the software. However, sometimes we
recognize that the problem’s equivalent solution can also be
found by using traditional methods without the need of
mathematical tools, and it is more effective in comparison to
the solution obtained through software. According to this
study, to get the unique solution of the dual hesitant fuzzy
(DHF) MOTP (DHFMOTP) model under consideration, an
algorithm is presented, and after this, the comparison of the
solutions is shown, in which one is obtained by the existing
method and the other is computed by the proposed algo-
rithm. Table 1 shows some recent contributions to the
related study.

This research article’s primary contributions are as
follows:

- Constructing a novel (new) type of TP, called
DHFMOTP.

- Introducing a novel score function to defuzzify the
DHFMOTP.

- Developing an algorithm for solving DHFMOTP.

- Validating the score function and algorithm by com-
paring the solution with the existing algorithmic
solution.

This work is organized into eight sections. In Section 2, we
introduce key concepts essential for understanding this study
and basic definitions of HFS, DHES, and some operations of
HEFS and DHEFS. In Section 3, we present the proposed score
function and its properties. The mathematical formulations of
MOTP, DHFTP, and DHFMOTP and the proposed meth-
odology are represented in Section 4. In Section 5, numerical
computations are discussed. Thereafter, Section 6 deals with
the results and discussion related to numerical computations.
Section 7 concludes our novel methodology and provides
a view for further study. Finally, in the nomenclature list, all
abbreviations are mentioned.

1.1. Motivation of This Study. The motivation behind this
study stems from the limitations of existing score functions
in handling DHF environments within multiobjective
transportation models. Traditional methods often assume
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constant conditions across various scenarios, which over-
simplify the complexities present in real-world trans-
portation systems such as fluctuating demand, variable
supply, and uncertainty in cost or time. Also, the DHFSs are
mostly used in TP because it allows for multiple membership
and nonmembership values, which effectively models un-
certainty and hesitation in expert judgments. In intricate,
real-world transportation circumstances, this results in more
precise and adaptable decision-making. Before the research,
here arise some questions for the research to find the
answers:

Question 1: A traditional score function fails to yield
zero despite differences. So, for addressing this demerit,
can we develop a score function for improving the
discrimination capability between DHF elements?

Answer: In this study, the proposed score function is

K(d) ={

) M M
———|) ih5(p) - ) Gz (p)| 1
M(M+1);1 2 (p) ;gd(p) (1)
Given the nonzero values for the two distinct DHF
numbers (DHFNSs), it shows that the proposed score
function improves the discrimination capability
of DHFN.

Question 2: Can a score function be developed to
provide a better evaluation metric compared to the
existing score function in DHF environments?

Answer: In this study, for addressing the research
question, a novel score function is developed, which
provide us lower and more consistent score values (e.g.,
(3.75,2.83,1.75) and (1.39, 1.49, 0.66)) compared to the
existing function (e.g., (14.5, 14.01, 11.66)), indicating
improved optimization performance and greater sen-
sitivity to fuzzy hesitation in both Problem 1 and
Problem 2.

Question 3: Can we develop a methodology which is
more robust across different problem instances than
the existing methodology?

Answer: In this paper, to address this research query,
a methodology is developed which delivers consistent
results across both methodologies and problem in-
stances to demonstrate the robustness and reliability
under varying model configurations.

1.2. Related Works. Hitchcock [1] introduced a novel
concept for the dissemination of a commodity from various
sources to multiple places. Thereafter, Koopmans [17]
provided an application of the optimal resource allocation
theory to a specific industry; as a result, I will not be
speaking about the theory generally. There are many un-
certainties in real life for dealing with this ambiguity; Zadeh
[3] created FS. In addition, these kinds of sets are shaped
and expanded by the ideas of complement, incorporation,
relation, intersection, convexity, union, etc. In the context
of FS, many highlights of these ideas are developed. For
dealing with unclear demand and unclear supply, Chanas
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TaBLE 1: Noteworthy recent works related to this work.
Author: T f TP Hesitant fuzzy set Dual
uthors ype o esttant fuzzy se hesitant fuzzy set
Kumar et al. [9] FTP No Yes
Adhami and Ahmad [10] MOTP Yes No
Saranya and Vinotha [11] Multiobjective fraction TP No Yes
Ahmad et al. [12] MOTP Yes No
Santos-Arteaga et al. [13] Sustainable TP Yes No
Ghosh [14] Sustainable multiobjective solid TP Yes No
Farnam and Darehmiraki [15] Supply chain management problem Yes No
Sharma et al. [16] Green transportation problem Yes No
Proposed method MOTP Yes Yes

et al. [7] applied FS in TPs. As an extension of FS, in [4],
Atanassov introduced IFS. In this article, Atanassov in-
troduced IFS from both the MD and NMD of a set. As an
extension of IFS, Torra [5] developed HFS and also defined
the operations of HFS and the relationship with IFS. Chen
and Lee [18] introduced likelihood-based comparison re-
lations for Type 1 and Type 2 IVFS, presented a new ranking
method, and introduced a new fuzzy DM method based on
these concepts. Xu and Xia [6] presented HFS, and in this,
corresponding similarity measures can be derived from
a range of distance measurements. In addition, it in-
vestigates the connections among the previously described
distance measures and creates several additional hesitant
ordered weighted similarity and hesitant ordered weighted
distance measures. After this, Xu and Xia [6] introduced
DHFSs, which are special instances of fuzzy multisets, IFS,
FS, HFS, and also looked into the fundamental features and
functions of DHFSs. Chen et al. [19] introduced a new
method for MCDM using IVIFS, focusing on ranking these
fuzzy values and evaluating decision-makers’ alternatives.
Mahapatra et al. [20] focused on a multichoice stochastic
TP, in which the constraints provide and order both factors
that have an extreme value distribution. Singh [8] in-
troduced a new similarity measure between DHFS, con-
sidering MD and NMD, and demonstrated the ability to
obtain corresponding distance measures. Kundu et al. [21]
provided an analysis that was conducted on two fixed-
charge TP with fuzzy Type 2 parameters. Unit TCs, sup-
ply, and demands in the second problem and unit TC and
fixed costs in the first problem are examples of Type 2 fuzzy
variables. Ye [22] introduced an enhanced cross-entropy
measure for single-valued NSs and extend it to interval NSs,
utilizing it for MCDM with single-valued and interval
neutrosophic information. Chen et al. [23] introduced
a new fuzzy MCDM strategy that utilizes transformation
methods between IF values and right-angled triangular
fuzzy numbers in addition to the proposed IF geometric
averaging operators. Maity and Roy [2, 24] created
a mathematical model for a TP possessing a multichoice
demand, nonlinear cost, and multiobjective conditions. The
suggested TP has noncommensurable objective functions
that contradict one another. This paper examines an MOTP
in an uncertain environment, incorporating reliability into
TC and justifying its effectiveness. Rani and Gulati [25]
examined a complete fuzzy multiobjective multi-item solid

TP and introduced a fuzzy optimal-compromise solution
finding method based on fuzzy programming. Roy et al. [26]
examined the MOTP in an IF environment, considering
market fluctuations and imperfect supply, demand, and TCs
characteristics. Kaur et al. [27] suggested a quick and easy
way to find the linear MOTP’s best compromise option,
which is preferred by decision-makers. Maity et al. [28]
using DHEN introduced the idea of ambiguity in a TP. In
order to create a mathematical model, we consider the
DHFN and the decision-maker’s ability to deliver the
products. Tang et al. [29] explored DHPF Heronian mean
operators, revealing their precision compared to current
techniques. They also explored their significant character-
istics and created a MADM model using DHPFNs. Kumar
et al. [9] discussed the inappropriateness of an existing
approach for DHFTP, highlighting that it is unable to
identify the best option and generates different optimal
TCs. A new Mehar score function is proposed to address
this issue. Adhami and Ahmad [10] presented a new Py-
thagorean hesitant fuzzy (PHF) computational algorithm
for addressing a multiobjective TP with fuzzy parameters,
utilizing potential values for MD and NMD. Nishad and
Abhishek [30] introduced a new ranking method for IFN
using distance minimizer and MD and NMD functions. It
solves TPs involving cost, supplies, and requirements in
terms of IFN. The method outperforms existing methods, as
demonstrated by an example. Sharma et al. [31] proposed
a soft computing optimization technique for solving
a multiobjective aspirational level fractional TP, creating
a mathematical model based on the highest objective value.
Saranya and Vinotha [11] addressed a multiobjective
fractional TP using DHEN. Traditional FS provide single
membership values, but HES offer multiple membership
degrees. Then, a new method is proposed to solve this
problem with nonlinear discount cost, optimizing objective
function ratios. The most contentious topic in recent years
has been how greenhouse gas emissions, such as those of
Co, and CH,, cause air pollution and global warming. This
is what inspired Midya et al. [32], who presented a novel
solution to the multistage, multiobjective fixed-charge solid
TP (MMESTP) in an intuitionistic fuzzy environment using
a green supply chain network system. Fuzzy decision has
gained significant attention in science, engineering, eco-
nomics, and business, particularly in TPs. In such condi-
tions, Ghosh et al. [33] examined a solid TP with fixed
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charges within all of the data, which are fuzzy integers with
intuitionistic membership and nonmembership functions
in a multiobjective setting. Ahmad et al. [12] presented
a mathematical framework for decision-making, utilizing
hesitant fuzzy aggregation operators (AOs). It discussed
both linear and hyperbolic membership functions, in-
corporating hesitant degrees for different objectives. Santos-
Arteaga et al. [13] explored the reliability of MCDM
evaluations and the influence of experts on rankings, em-
phasizing the need for strategic incentives in real-life en-
vironmental and sustainable strategic problems. Ghosh
et al. [14] provided a solid transportation model with many
objectives for waste management in the forestry and agri-
culture departments. The model took into account job op-
portunities, TCs, and the reduction of carbon emissions
through carbon mechanism policies. Niksirat [34] aimed to
apply a novel method depending on the nearest interval
approximation to identify Pareto optimal solutions for
a complete fuzzy MOTP. Zhou et al. [35] optimized the
DHEFF-TP, one of the suggested ranking functions, which was
used to support the proposal of an algorithm. In DHFF
environments, artificial neural networks are also used to solve
transportation-related issues. Farnam and Darehmiraki [15]
discussed the use of hesitant fuzzy linear programming
(HFLP) in modeling of multiobjective, three-level supply
chain problems. Jabeen et al. [36] using Aczel-Alsina oper-
ational principles, AOs, including power Bonferroni mean
(PBM) and power average (PA), were designed, and their
unique properties were supplied for resolving numerical
problems. Sharma et al. [16] introduced a time-sequential
probabilistic HFS and a multipurpose green three-
dimensional transportation system. Niluminda and Eka-
nayake [37] presented a novel alternative algorithm for
MOTP, addressing the issue where a single objective is in-
applicable, utilizing geometric means and the penalty tech-
nique to optimize multiple objectives. Bui et al. [38]
introduced new concepts for the first time, due to the fact that
NE-sets were defined, and theorems were used to demonstrate
their characteristics, and an effective MCDM algorithm was
recommended. Sharma and Chaudhary [39] introduced the
time-sequential DHFS (TS-DHES), which is a tool for dealing
with uncertainty in practical situations. It accurately describes
hesitant situations using a time sequence framework.
Chaudhary et al. [40] introduced a TS probabilistic Fermatean
hesitant set (FHS) (TS-PFHS) and triangular TS-PFHN and
proposed an algorithm for a sustainable green transportation
model using fuzzy programming and weighted sum tech-
nique. Shahzadi et al. [41] discussed the selection of materials
in engineering design using (p, q)-ROFS, emphasizing the
importance of this crucial phase in ensuring optimal output,
profitability, and manufacturer reputation. Ibrahim [42] in-
troduced a complicated #, m-rung orthopair FS (Cn,m-
ROEFS), a novel tool that integrates quantitative and quali-
tative studies to handle ambiguity and uncertainty in MADM.
Hussain et al. [43] discussed the T-Spherical FS (T-SFS)
concepts, a modified version of IFS and their ability to handle
vague, unpredictable human opinions, using Heronian mean
operators and Aczel-Alsina aggregation tools. Garg [44]
proposed an extension of the single-valued neutrosophic set,
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incorporating exponential and logarithmic parameters to
increase their diversity. Ritu et al. [45] developed a novel
Pythagorean fuzzy score function to optimize transportation
models.

2. Basic definitions

To tackle the uncertainty in TPs using DHFN, it is essential
to first give the fundamental definitions and properties of
HFS and DHES.

2.1. A HFS [5]. H on a set P is given by the function 7 (p),
and when this is applied to P, it yields one of its power set
components and a subset of values in the interval [0, 1] as

h: P — y([0, 1]). (2)

2.2. A HFS [6]. H is mathematically defined as follows:
H= {(Pi’E(Pi)>: pi € P}) (3)

where E(pl-) € [0,1] for each p; € P, and each member of
h(p,) is called a HEE, denoted by &, .

Suppose HFE (Ei) of HFES (H) for some p; € P. Then, its
infimum and supremum are defined as h;,” = inf Piepﬁ( pi)

and h;* = suppiepﬁ( p;), respectively.

Note that, in HFS, the membership function assigns
a range of values to each element, reflecting uncertainty or
ambiguity.

Construction:

1. Define the universe of discourse: Choose the set of
elements (P) that you wish to define membership for.

2. Specify the membership range: For each element p in
P, identify a set (P) of possible membership values
within the interval. This set represents the hesitancy,
with each value in the set suggesting a different degree
of membership.

3. Express as a function: Represent this mapping from
elements to ranges as a function

h: P — y([0,1]). (4)

Interpretation:

1. Varied membership: The fact that each element is
associated with a range of membership values allows
for a more nuanced representation of uncertainty
compared to traditional FS.

2. Hesitancy: The range reflects the “hesitancy” in
assigning a single, definitive MD to each element,
recognizing that there may be varying degrees of
certainty about its membership.

3. Decision-making: HFS can be valuable in DM sce-
narios where the information is incomplete or
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ambiguous, as it allows for a more flexible repre-
sentation of uncertainty.

Example 1. Consider a FS “tall people.” A traditional FS
might assign a membership value of 0.8 to a person who is
6'0". An HFS could assign a range such as {0.7, 0.8, 0.9},
reflecting the possibility of the person being tall, but with
some uncertainty about the exact degree of tallness.

2.3. Score of an HFS. Let us consider an HFS
H= {(Pvﬂ]%))i pi € P}’ (5)

.....

define an existing score function, denoted as ~S(hi) and
defined as follows:

<y _ 2imh(ps)

S(h) (=1,23..,..0,...,m), (0

where S(h;) is called the score of h; .
Let h, and h, be two HFEs.

Case 1. If S(h,) >S(h,), then h, is greater than h,.
Case 2. If S(h,) <S(h,), then h; is less than h,.

Case 3. If S(h,) = S(h,), then h, isequal to h,.

died,= {Eal ®hy, ?J‘ale?az} =
Subtraction:

ded, = {Eﬁleﬁﬁz’ gﬁlegﬁz} =
Scalar multiplication: for any real number k,

kd= U ={1-(1-v)"(R)"} ap
1-(1-73)" (12)

2.5. Score Function of DHFS. Let D = (0. h(p).G(p): p € P}
be a DHEFS, where P= {Pl,Pz,.,,,Pk} and d = {ﬁg,@g} be
DHESs, Then, the existing score function S5 is represented as

Let P be a stable set, then a DHFS [8] D on P is rep-
resented as follows:

{3 perl ?)

Here, h( p), g (p) € [0,1], which are, respectively, MD
and NMD of any element p € P to the set D. Also, we satisfied
the conditions,

0<hD g5 <

(8)
0< hb-’l_:éb <l

For any EB € E(p), g5 € g (p). DHFE is denoted in pair

d(p) = (h(p),g (p))
DHEFE satisfies the following criteria:

i. Total uncertainty: d={(0), 1)}
ii. Total certainty: d={Q), (0)}.
iii. Total ill knowledge: d=[o, 1].
iv. Nonsensical element: d = @ (h = @, g=9).

2.4. Arithmetic Operations on DHFEs. Letd, = {fz—{;l’ggl} and

d, = {ﬁ;z,gaz} be any two DHFEs; then add, subtract, and

scalar multiply the numbers defined as follows.
Addition:

u ={yatva,-vava,(mama)} 9)

_ ={yaya, (nz +mz, - nam,)}- (10)

Y )_,ng(p)| (13)

i=1

Letd, and d, be any two DHFSs. Then, the order relation
is as follows:

i If SEI > SHZ’ then le > 32
ii. If S7 < Sy, then d, <d,
iii. If S7 = S5, then d, = d,

3. A Novel Score Function (K (d)) of DHFS

In this section, we developed a new score function.
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Letd = {Eg,yg} be a DHFS, Then, the proposed score
function K (d) is defined as

K(d) = (14)

Z ha(p) =) G2

i=1

2 M
{M(M 1|5
Here, K(d) € [0,1]

3.1. The Proposed Score Function’s Methodology.

K(d) =

{ﬁzlh (p) - ng(P)| (15)

Proof 1. To make a novel score function, we studied many
papers which are related to the score function of DHFS. We
find a score function, Maity et al. [28], Sz = (1/n)

Z:’:lﬁg (p) — (1/m)Y:L, G5 (p)| of DHEFS, and after analyzing
this score function, we observe the demerit of this score
function as O

For example, let 7”!"3 (p)=1{0.1, 0.4, 0.7} and g (p) ={0.2,
0.6, 0.4}; so, here Eﬁ (p) # Gz (p) and also EH (p) =g5(p)#0

but
(1212
3 3 (16)

0.

S

ul

S

aul

Then, for reducing the demerits of this score function
and for achieving our goal, the membership and non-
membership coeflicients are being experimented with, and
their average factor is obtained; then, we develop a novel
score function,

K(d) = >z (p) - Zgﬂw (17)

{M(M

M(M+)
2

[\/]E

Now, from equation (20), we have

(23)
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which lies between [0, 1]. This gives us a lower score value
than the one that already exists.

For example, let h5(p) ={0.1, 0.4, 0.7} and g5 (p) ={0.2,
0.6, 0.4}; so, here hg (p) # G5 (p) and also ﬁg (p) =g7(p)#0,
then

- 2 2%1.8
K(d):—|3—1.2|:l * ‘
12

12 (18)

K(d) =0.3%0.

Here, the term 2/M (M + 1) is a normalization constant.
The variable M may stand for the number of unique
membership values or categories in the DHFS. The
boundedness and comparability of the score across other
datasets or contexts are guaranteed by this standardization.
The expression Y il (p) denotes the weighted sum of the
DHES values at each index i, where ith may represent the
index’s weight. This is the total of another function

M G5 (p), which is computed by this term over the same

indices. The mode ensures that the score is non-negative and
reflects the magnitude of deviation.

3.2. The Proposed Score Function K (d), Where d = {ﬁd«, g—{;}
Lies Between [0, 1]

Proof 2. Let, d = {hg, G5 be a DHFS, Here,
0<hy(p)<1, (19)
0<gz(p) <L (20)
galp .

Multiplying by “4” in equation (19), we get
0<ihg(p) <i. (21)

Taking summation in equation (21), 0< Y ihy

(p)< Zf\fli

(by using the formula sum of first M natural numbers). (22)

Adding equations (22) and (23) gives

M M
Y ihg(p) - Y Ga(p) < W+O. (24)
i=1

i=1

Taking the mode on both sides, we have
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g M(M +1)
Yoo - Yo MM s
i=1 i=1
We know that |(M (M + 1)/2)| = M (M + 1)/2, so
M(M+1
Zzh~ (p) - zgd (P)I %,
i=1
(26)
M
M(M Zh (p) - i:zl~a(P)£1
Obviously,
Zzh~(p)—2gd(p) 20,
i=1 (27)
MM+~
Now, multiplying both the equations, we get
2 M = M N
MOM+D) ; iz (p) - ; ga(p)|=0. (28)
From equations (26) and (28), we have
M _ M
Thus,
0<K @ <1, Mwmanggﬂ. (30)

3.3. Ranking of DHFS. Let us consider two DHES,
d, = {E;l,g;]} and d, = {ﬁ;z,ggz}, then ranking laws are
described in the following way:

e K(d,)>K (d,)if fd, isgreater thend,

. K(dl) < K(dz) 1ffd1 isless thend2

e K(d,) = K(d,)if fd,isequaltod,

4. Mathematical Formulation of Existing and
Proposed Models and Algorithms

In this part, mathematical models for MOTP, DHFTP, and
DHFMOTP are developed.

4.1. MOTP. The mathematical structure of a MOTP is given
as follows:

u 14
Optimize Z ZE ~l]’ (31)
14
subject to, Z?cij =a, (i=1,23,...,u), (32)
=1
U —~
Yx;=b; (=123, (33)

%;=0, Vi j, (34)

k
whereZ? 120G =total TCVi=1,2,...,u&j=12,...,v,
Y.i., a; =total supply, and Y bj =total demand.

4.2. Type of TP

e Balanced TP:
Total supply =total demand, i.e.,

g = ZEj. (35)

Py

M=

]
—
-

¢ Unbalanced TP:
Total supply # total demand, i.e.,

a#+ Z (36)

o yl.a;> Z] 1bj; here, we need to add a dummy des-
tination in the matrix with zero cost elements.

M:

Il
—

i

o Yiia<Y! j-1bj; here, we need to add a dummy source
that is included in the matrix with zero cost elements.

4.3. DHFTP [28]. Let us assume DHF costs (ﬁ,], g,]) for both

membership and nonmembership values, where h and g;;

represent the membership and nonmembershlp values,
respectively. To discover the best solution to the optimi-
zation problem in this case, we must raise the membership

value E,-j and lower the nonmembership value g;;. The
following is the optimal solution to the optimization

problem:
u v
optimize Z ZZ( zj’gij>%ij> (37)
i=1 j=1
Y x2a (i=1,23,...,u) (38)
j=1
Y x;2b; (j=1,23,...,v), (39)
i=1
X;;20, Vij. (40)

Here, we maximize the MD E,»j and minimize the
NMD g;; according to the problem. The objective function

of the problem can be reduced into two objective functions
as defined in the equation. They are described in the bio-
bjective problem formulation that follows:

u

maximize Z Z < )

i=1

minimize i i(gll)

i=1 j=1

-
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and subject to constraint,

=

_?c]>ﬁ (i:1)273a-”’u)’ (42)
=
u —~
Z’?UZZ’J (j=1,23,...,v), (43)
i

%,;>0, Vij (44)

Here,0 <h;;<1and 0< g, < 1. The DHFTP is now a LPP
with two objective functions because of these model limi-
tations. It is shown as follows:

maximize Z = i i(zij);cij) (45)

minimizeZz = Zu: i(?ij>7€,~j- (46)

I
—_
-

I
—

Subject to

(ﬁij+§ij—1)%ij30, V(=123 uj=123...,n)

(47)
and subject to constraint,
v
Y ®;2a (i=1,23,...,u), (48)
=1
Y —_—~
Y E;2b; (j=1,23,...,v), (49)
i=1
X;;20, Vi,j. (50)

4.4. Proposed Model of DHFMOTP. Let us assume
[(E,.j)k,(gij)k] as the membership and nonmembership
values of the DHFMOTP cost, where the membership value
is (h )k and the nonmembership value is (g;;);. In this case,
the best way to solve the optimization problem is to max-
imize the membership value (7 )k and minimize the
nonmembership value (g;;),. The following is the optimal
solution to the optimization problem:

0ptimize<2k) = gg[(zij>k,<gij>k]xij' (51)

Subject to constraint,

14

Y x2a (i=1,23,...,u), (52)
j=1

U P

Z%UZb} (j:1)2)33--->v)’ (53)

Advances in Fuzzy Systems

>0, Vij. (54)

Here, we maximize the MD (Eij)k and minimize the

NMD (g;;); according to problem (37). As a result, our

problem’s objective function is reduced to two. The bio-
bjective problem formulation that follows defines them as

u v

maximize z, ZZ( ,J)
i=1 j=1
Wy (55)
minimize z ZZ(@J Xij>
i=1 j=
and subject to constraint,
14
Y x2a (i=1,23,...,u) (56)
j=1
Y —~
Yx;2b; (j=123,...,v), (57)
i=1
X;=20, Vi j. (58)

i 1b] = total demand and
0< (E,-j)k, (9ij)k < 1; these are the constraints of this model;
therefore, the DHFMOTP turns into a LPP with two desired

objective functions represented as follows:

maximizez; = Z Z (Eij>kicij, (59)

i=1 j=1

Here, Y',a; = total supply, )"

minimize zZ; = Z Z (?ij>k9~fij- (60)

Subject to

(7). + (3,), - 1] =0 o

where (Eij)k, (Gij)x are the membership and nonmember-
ship degrees, respectively, V(i=123,...,u

j=12,3,...,v), and subject to constraint,
14
N %;2a (i=1,23...,u) (62)
j=1
U —_~
Z’%‘ij (j=1,23,...,v), (63)
i=1
X,;20, Vij (64)

4.5. Modified Proposed Methodology. In this section, the
proposed algorithm is introduced, and it is specially
designed to address the MOTP within the DHF environ-
ment. The proposed algorithm in steps is listed as follows:
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Step 1: First, consider the DHFMOTP.

Step 2: Now, use both the existing and proposed score
tunctions and perform defuzzification to obtain the
score values.

Step 3: To maintain the equilibrium of MOTP, we
perform

M=

a;=) b (65)
j=1

1

]
—

ie,

Requirement = demand.

Add a dummy row or column on demand/requirement
if demand #requirement. This will turn the off-
balanced MOTP into an equilibrium MOTP, which
can then be solved using the necessary procedure.
Step 4: After Step-3, we apply the existing and proposed
algorithm and find the geometric mean [14] and
arithmetic mean of the score values for each and every
row and column.

Step 5: Find the penalty of each row and column by
using the formula, given as follows:

C:: —(C.. .
( H )max < 1">min2

Step 6: Select the maximum penalty for each row and
column and assign the min (supply, demand) to min

(66)

c; j ) value cell.

Step 7: If there is a tie in the maximum penalty for
a column and row, then choose the min. (Eij) corre-
sponding to the penalty values.

Step 8: Once the allocation in the preceding row
matches the supply at the starting point, mark off the
relevant row. If it meets the demand there, mark off the
corresponding column.

Step 9: The process should stop if the demand is meet at
every destination and there is sufficient supply at every
origin. If not, go through the previous steps again.
Step 10: Using an MOTP allocation table, find the
appropriate effective cost values for every objective.

{@“)1,(“7“)1} ={(0.2,0.3)(0.8,0.6)}
{(75“)3)(@“)3} - (0.3,0.1)(0.5,0.1)}
{(512)23(512)2} ={(0.2,0.3) (0.6, 0.4)}
{(E“)l,(?’”)l} =1{(0.1,0.2)(0.9,0.6)}
{<E21)3,<5~721)3} = {(0.4,0.3) (0.5,0.4)}
{(7522)2)(922)2} =1{(0.3,0.2)(0.5,0.6)}

Figure 1 shows the architecture of our proposed meth-
odology. Note: dual hesitant fuzzy (DHF) environment
handling, a unique combination of preexisting and newly
proposed score functions for defuzzification, and the appli-
cation of a modified penalty-based allocation strategy designed
especially for MOTP set the suggested algorithm apart from
other multiobjective optimization techniques. Our strategy, in
contrast to conventional techniques, effectively balances
supply and demand by using dummy adjustments and
computing allocations using the geometric and arithmetic
means of fuzzy score values. This results in more precise and
useful solutions for both balanced and unbalanced MOTP.

5. Numerical Computations

To explain the robustness of our developed score function
and methodology, we will use some real-life numerical
problems. Step 1: Consider the DHFMOTP

Step 1: Consider the DHFMOTP.

Step 2: Determine the score values for each IVPFT cost
using the proposed and existing score function, and
then replace all of them with that value to obtain
a clearly defined DHFMOTP. In Tables 3 and 4, the
defuzzified DHFMOTP is shown.

Step 3: Now, we follow the methodology (Section 4.5)
as mentioned in the proposed algorithm. Following this
methodology, we get the optimal results, which are
given in Table 5.

Problem 1. A logistics company operates two warehouses (S,
and S,) to supply goods to two retail outlets (D, and D,). The
company aims to make optimal transportation decisions
considering the three conflicting objectives: TC (per ton),
reduce monetary expenditure; transportation time (TT)
(hours/days), ensure timely deliveries; environmental impact
(EI) (kg/ton), minimize emissions and fuel usage. Due to
uncertainty and decision-maker hesitation in evaluating the
performance of each transport route, all objective evaluations
are expressed using DHFNSs, which allow for multiple possible
values of both membership and nonmembership. The tabular
representation of the DHFMOTP is presented in Table 2.

{(%)2)(?711)2} ={(0.1,0.2) (0.7, 0.4)},
{(Elz)l(gu)l} ={(0.4,0.1)(0.3,0.6)},
{(E“)a,(g”)g} ={(0.3,0.1)(0.6,0.5)}, .
{(EZI)z,(?JZl)z} ={(0.3,0.1)(0.7,0.5)},
{(%2)1,(?22)1} ={(0.2,0.5)(0.8,0.3)},
{(E22)3’<g22)3} = {(0.1,03) (0.9.0.5)}.

35US017 SUOLULLOD SAIR.D 9|qedi(dde auy Aq pausenob ale sape YO ‘8sN J0 Sa|NJ 4oy Aeiqi aUIiUO AS|IAN UO (SUONIPUOI-PUE-SWLIBY WO AB 1M AJe g 1]BulJUO//:St1U) SUOIPUOD PUe SWLB 1 841 985 *[6202/80/72] U0 Akeiqiaulluo A1 ‘Z9v6E.L9/I0e/SSTT 0T/ I0p/L0d" A3 1M Aleid 1ol juo//sdiy Wouy pepeo|umoq ‘T ‘SZ0Z ‘ST



10 Advances in Fuzzy Systems
[ L
FIGURE 1: Architecture of the proposed algorithm.
TaBLE 2: Dual hesitant fuzzy multiobjective transportation problem.
D, D, Supply (a;)
{(Ell)l,(yll)l} {(Elz)l,(glz)l}
Sy {(hu)z,(yn)z} {(hlz)z,(glz)z} 5
{15, @05} { (23, @02)a}
{(h21)1,(£721)1} (h32)1,(22)1}
S { (h21)2, (5721)2} { (hzz)z,(gzz)z} 3
{ (hy1)s, (?721)3} { (hzz)a,(gzz)s}
Demand (Ej) 6 2

Note: The bold values represent the crisp supply and demand quantities that ensure feasibility of the transportation problem.

Problem 2. After a severe natural disaster (e.g., a flood in  that is cost-effective, quick, and environmentally conscious
eastern India), a humanitarian logistics organization (such  (suppliers):

as the. Red Cross or NDMA) needs to dlstrl.bute emergency S,-New Delhi Relief Depot (capacity: 20 tons),
supplies (food, medicine, water) from its main supply depots .

to affected cities. The objective is to perform this in a way S,-Kolkata Depot (capacity: 25 tons),

85U0|7 SUOWILLIOD SAIIID 3|dedl|dde auy Ag pauienob afe safolie YO BsN J0 s3I 10} Aleuq18U1UO A8]IM UO (SUORIPUOD-pUe-SLUR} 0D A8 | I Afe1q 1[oU1|UO//STRY) SUOHIPUOD Pue SWIS 1 8U3 39S *[G20e/80/y2] Uo AriqiTauliuo Ao |IM ‘Z9V6EL9/54Pe/SSTT OT/I0P/W0D A8 1M AleIq U1 |UO//SARY WOl papeoumod ‘T ‘G202 ‘ETLY



Advances in Fuzzy Systems

TaBLE 3: Crisp form of Dual hesitant fuzzy multiobjective trans-
portation Problem 1 by existing score function.

D, D, Supply (a;)
0.45 0.20 5
S, 0.4 0.25
0.1 0.35
0.6 0.25 3
S, 0.4 0.30
0.1 0.5
Demand (Ej) 6 2

Note: The bold values represent the crisp supply and demand quantities that
ensure feasibility of the transportation problem.

S;-Mumbai Depot (capacity: 30 tons). Affected cities
(destinations):

= {(0.5.0.4,0.1) (0.4,0.5,0.9)},

Sl

—

{(0.1,0.2,0.4)(0.6,0.3,0.2)},

«1
w
I

«
Iy
o
I

N\
I
I

N\
I
w
I

«Q
=
o
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¥
w
Il

«l

=
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«Ql
=

—

{(0.2,0.1,0.4) (0.7,0.5,0.6)}

«
=
W

{(0.3,0.1,0.2) (0.2,0.7, 0.4)}

«l

@

]
)

{(0.4,0.1,0.2)(0.5,0.7,0.4)},

«
[y
by

={(0.1,0.4,0.3) (0.6, 0.3,0.5)}.
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Step 2: Determine the score value by using the existing
and proposed score functions. We have a clearly de-
fined DHFMOTP once we substitute the value for each
IVPFT cost. Tables 7 and 8 display the defuzzified
DHFMOTP.

Step 3: Now, we follow the necessary methodology
(Section 4.5) as mentioned in the proposed algorithm.

{(0.4,0.3,0.1) (0.4, 0.6, 02)},{( 12)3
{(0.6,0.2,0.1)(0.3,0.6, os)},{(

{(0.2,0.4,0.1)(0.4,0.2, 08)},{
{(0.2,0.5,0.1)(0.7,0.3, 02)},{
{(0.5,0.3,0.1)(0.2,0.3, 07)},{(%22)
{(0.2,0.6,0.1) (0.5,0.2,0.7)}, {(EB
{(0.6,0.2,0.1) (0.4,0.7, os)},{(ii23

{(0.3,0.2,0.1) (0.2, 0.6, 07)},{@31)

|
|

11

D,-Guwabhati (requires 25tons),
D,-Patna (requires 20 tons),
D;-Ranchi (requires 30 tons).

Objectives (multiobjective): Total TC, monetary cost
(per ton); TT, critical for life-saving operations (hours/days);
and EI, CO, emissions (kg/ton) depending on vehicle type
and route. The tabular representation of the DHFMOTP is
presented in Table 6.

Here,

Step 1: Consider the DHFMOTP.

11)2<§n>2 = {(0.4,0.2,0.3)(0.1,0.8,0.4)},
= {(0.3,0.2,0.1)(0.5,0.3,0.4)},
= {(0.3,0.1,0.4)(0.4,0.5,0.2)},
A 13>2 = {(0.3,0.2,0.4) (0.7, 0.4, 0.5)},
= {(0.3,0.5,0.1)(0.6,0.4,0.2)},

h,, ={(0.5,0.2,0.1)(0.1,0.2,0.8)},

|
92)}
}
|
)}
).}
22>2} = {(0.3,0.4,0.2) (0.6,0.5,0.7)}, “
}
|
}
}
}

= {(0.5,0.3,0.2) (0.3,0.4,0.7)},
= {(0.6,0.1,0.2) (0.2,0.3,0.7)},
31>2 = {(0.5,0.3,0.2) (0.4,0.6,0.8)},
= {(0.4,0.2,0.3)(0.5,0.6,0.4)},

={(0.1,0.2,0.4) (0.8,0.3,0.2)},

(7). (3
(Fz). (o
(

E33)2 33>2} ={(0.5,0.2,0.1)(0.2,0.8,0.7)},

Following this methodology, we get optimal results,
which are given in Table 9.

6. Results and Discussion

The results of the numerical calculations, which are shown in
Figures 2 and 3, make it evident that the proposed meth-
odology is far less expensive to implement than the existing
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TaBLE 4: Crisp dual hesitant fuzzy multiobjective transportation problem by the proposed score function [K (d)].

D1 Dz Supply (ﬁi)
0.2 0.1
M 0.2 0.067 5
0.033 0.2
0.33 0.033
S, 0.23 0.133 3
0.033 0.23
Demand (b j) 6 2

Note: The bold value represents the demand value of transportation problem.

TaBLE 5: The results of Problem 1 in dual hesitant fuzzy form.

. Methodology
Score function
Existing methodology [37]

(3.55, 2.9, 1.3)
(1.39, 1.49, 0.66)

Proposed methodology

(3.55,2.9, 1.3)
(1.39, 1.49, 0.66)

Existing score function [28]
Proposed score function [K (d)]

TaBLE 6: Dual hesitant fuzzy multiobjective transportation.

D, D, D, Supply (a;)

{ (), @} {1, @)} {11, @i} { (Ris)s, (G13)2}

Si {(Eu)z, (5711)2} {(Eu)z, @12)2} {(EB)S,(.‘?B)S} 10
{(Eu)s, @11)3} {(E12)3, @12)3}
{(EZI)I,(EZI)I} {(Ezz)l,(§22)1} {(E23)1,(.§23)1} {(Ezs)z,(§z3)z}

S, { (B0, (320} { (B2, (@222} {(h2);, (233} 10
{(EZI)S, (§21)3} {(zzz)s, (322)3}
{ ()1, @51} {(h32)1, (@31} {(h33)1, (@301}

Ss {(E31)2, (531)2} {0532)2, (932)2} {(E33)2,(£~Js3)2} 40
{ (7131)3, (?31)3} { (E32)3, (?32)3} { (;%3)3, (533)3}

Demand (b;) 20 15 25

Note: The bold values represent the crisp supply and demand quantities that ensure feasibility of the transportation problem.

Comparison of existing and proposed score functions
0.3 T T T

Score value

K P R
Dual hesitant fuzzy sets

I Existing score
[ Proposed score

FIGURE 2: Graphical representation of the comparison of the existing and proposed score functions.

combined with a purpose-built score function, the cost was
reduced from (3.55, 2.9, 1.3) to (1.39, 1.49, 0.66) and from
(14.5, 14.01, 11.66) to (3.75, 2.83, 1.75), respectively. Using

one. First, we applied the existing score function with the
already developed methodology and the proposed meth-
odology in DHFMOTP. When the existing methodology was
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Score function comparison

Score value
/

—
wu

Ist 2nd 3rd
Tuple index

-©- EM-ES PM-ES
£1- EM-PS < PM-PS

FIGURE 3: Comparison of costs for Problem 1.

TaBLE 7: Crisp form of Dual hesitant fuzzy multiobjective transportation Problem 2 by existing score function.

D, D, D, Supply (@)
0.267 0.20 0.267
S, 0.133 0.133 0.233 10
0.133 0.10 0.20
0.1 0.10 0.133
S, 0.133 0.30 0.33 10
0.1 0.167 0.167
0.30 0.20 0.30
S, 0.27 0.23 0.30 40
0.366 0.2 0.20
Demand (b)) 20 15 25

Note: The bold values represent the crisp demand of the transportation problem.

TasLe 8: Crisp dual hesitant fuzzy multiobjective transportation by the proposed score function [K (d)].

D, D, D, Supply (@;)
0.033 0.033 0.067 10
S, 0.067 0.0167 0.05
0.10 0.05 0.0167
0.067 0.033 0.05 10
S, 0.05 0.0167 0.1
0.0167 0.05 0.033
0.083 0.0167 0.067 40
S, 0.0167 0.033 0.083
0.033 0.067 0.0167
Demand (b)) 20 15 25

Note: The bold values represent the crisp demand quantities of the transportation problem.

TaBLE 9: The results of Problem 2 in dual hesitant fuzzy form.

i Methodology
Score function o
Existing methodology [37]

(14.5, 14.01, 11.66)
(3.75, 2.83, 1.75)

Proposed methodology

(14.17, 13.61, 10.33)
(3.75, 2.83, 1.75)

Existing score function [28]
Proposed score function [K (d)]

the proposed methodology with the existing score function
and the proposed methodology with the intended scoring
function in Problems 1 and 2, respectively, we were able to
reduce the costs from (3.55, 2.9, 1.3) to 1.39, 1.49, 0.66) and

from (14.17, 13.61, 10.33) to (3.75, 2.83, 1.75). Subsequently,
we see that our algorithm and scoring function provide us
with the most optimal shipping cost. This consistency shows
that the proposed score function maintains reliability across
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TaBLE 10: Comparison between the existing and proposed score functions.

Score functions K= {(0.5, 0.4, 0.1)

(0.4, 0.5, 0.9)}

Dual hesitant fuzzy sets

P={(0.4, 0.2, 0.3) R={(0.1, 0.2, 0.4)
(0.1, 0.8, 0.4)} (0.6, 0.3, 0.2)}

Existing score function 0.267
Proposed score function 0.033

0.133 0.133
0.067 0.10

Score function comparison: Problem 2
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Figure 4: Comparison of costs for Problem 2. EM-ES: existing
method, existing score; EM-PS: existing method, proposed score;
PM-ES: proposed method, existing score; PM-PS: proposed
method, proposed score.

different methods and also shows its robustness in perfor-
mance evaluation. The comparative analysis between the
existing and proposed methodologies, focusing on their
respective score functions, is shown in Tables 5 and 9. It
appears that the suggested score function could provide
a strong basis for future advancements given its consistent
performance in both approaches.

Table 10 shows the comparative analysis based on the
existing and proposed score functions.

7. Conclusion

In conclusion, this study presents a novel approach to ad-
dress the uncertainties in MOTP by utilizing DHFS. When it
comes to maximizing TCs, the proposed score function and
methodology, which were specifically developed for
DHFMOTP, perform better than the existing scoring
functions and approaches. In summary, the innovative
methods for addressing MOTP within a DHF environment
represent a significant progression in decision-making
procedures. Through the utilization of DHFS, this tech-
nique adeptly captures the inherent uncertainty and in-
tricacy present in real-world transportation scenarios. In
addition, we get more decreasing score values by the pro-
posed score function as compared to the existing score
function as shown in Table 10, and also the cost decreased
from (3.55,2.9,1.3) to (1.39,1.49,0.66) and from
(14.5,14.01,11.66) to (3.75,2.83,1.75) when the current
methodology was coupled with a specially designed score
function. For Problems 1 and 2, we were able to lower the

expenses from (3.55,2.9,1.3) to 1.39,1.49,0.66) and from
(14.17,13.61,10.33) to (3.75,2.83,1.75) by using the suggested
technique with the intended scoring function and the
suggested methodology with the existing score function,
respectively, and it can be easily observed from Figure 4. It
enables the simultaneous optimization of multiple objec-
tives, such as cost, time, and EI, while allowing for the
flexible representation of decision-makers’ preferences. This
approach not only improves solution precision but also
establishes a more resilient framework for tackling the
difficulties encountered in logistics and supply chain
management. Subsequent research could delve deeper into
its potential applications across diverse industries, laying the
groundwork for more effective and adaptable transportation
strategies.

This work is limited in assuming the constant conditions
across the various test scenarios and potentially over-
simplifying the real-world complexities in transportation
models. Here, for applying the proposed score function, we
need to ensure that the condition
XM kg (p) - T8 Ga (Pl #1 or T hz(p) < Y57 (p)

must be satisfied.

7.1. Future Scope of This Research

- To enhance decision-making by developing hybrid
models that integrate DHF methods with other opti-
mization techniques.

- Further investigation into geographic information
systems (GISs) can be combined with the DHF ap-
proach to enhance spatial decision-making in trans-
portation planning.

- In future, we can also develop the advanced models
that can accurately represent the transportation
choices of users by incorporating DHF sets to capture
their preferences and behaviors.

- The validation of the DHF approach in practical
transportation scenarios can be conducted in real-
world case studies.

Nomenclature

DHF  Dual hesitant fuzzy

MOTP Multiobjective transportation problem
DHPF Dual hesitant Pythagorean fuzzy

ES Fuzzy set

FTP  Fuzzy transportation problem

HFS  Hesitant fuzzy set

IFS Intuitionistic fuzzy set
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IVES  Interval valued fuzzy set

MD  Membership degree

MOTP Multiobjective transportation problem
NMD Nonmembership degree

PHFS Pythagorean hesitant fuzzy set

TP Transportation problem

TC Transportation cost

TT Transportation time
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