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Unfortunately, an abrupt corona-virus disease (COVID-19) outbreak brought a drastic change in human lives.
Almost every sector of human-beings and their related activities are severely infected and affected by this COVID-
19 pandemic. As days are passing, the impact of the COVID-19 epidemic is going to be more severe. The
fundamental needs for personal protective equipment (PPEs) are rising drastically all over the world. In India,
many non-pharmaceutical companies or organizations such as automobile companies are engaged in producing
the PPEs at a very marginal rate. Thus this paper proposes a modeling and optimization framework for sus-
tainable production and waste management (SPWM) decision-making model for COVID-19 medical equipment
under uncertainty. To quantify the uncertainties among parameter values, we have taken advantage of the
intuitionistic fuzzy set theory. A robust ranking function is presented to obtain a crisp version of it. Furthermore,
a novel interactive intuitionistic fuzzy programming approach is developed to solve the proposed SPWM model.
An ample opportunity to generate the desired solution sets are also depicted. The performance analysis based on
multiple criteria such as savings from baseline, co-efficient of variations, and desirability degrees is also intro-
duced. Practical managerial implications are also discussed based on the significant findings after applying to the
real case study data-set. Finally, conclusive remarks and the future research direction are also addressed on
behalf of the current contributing study.

generally consists of standard precautions such as gloves, masks, and
medicated gowns. It includes face protection, goggles, face shield,

1. Introduction

The whole world is currently in the trap of the “global war against
the corona-virus disease (COVID-19) pandemic.” It comes from a family
of vital viruses. Starting from China as an epicenter, it has widely been
spread all over the world expediently. In China, the first case was
detected in Wuhan, and after that, the chain of transmission began to
date. Fighting against COVID-19, many precautionary and preventive
measures have been initiated since the starting of October 2019. The
ruling government of all the country have strictly imposed the complete
Lockdown for the protection and welfare of peoples and citizens. The
anticipated demand for medical equipment has been immensely raised
due to low production and consumption in the regular days. Thus need
for the Personal Protective Equipment (PPE) is among one the most
demanded and consumed medical equipment. According to the World
Health Organization (WHO), the PPE comprises garments used by
healthcare workers or any other person from getting infected. It
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gloves, shoe cover, head cover, rubber boots in blood, or high airborne
infections. PPEs Kkits are used by medical personnel working in isolation
areas and intensive care units to protect them from acquiring infections.
With the prospect of a massive requirement of PPEs arising shortly,
many countries made proactive efforts to promote its manufacturing in
its own country.

To meet the expected demand for highly demanded medical equip-
ment, we have developed a multiobjective mixed-integer linear pro-
gramming problem as a sustainable production and waste management
(SPWM) model for COVID-19 medical equipment under uncertainty.
The presented modeling approach comprises multiple objectives such as
total cost, revenue, and total delivery time, exclusively related to med-
ical equipment. The proposed SPWM model also reflects the very critical
aspects of real-life such as budget allocation, safety measures, environ-
mental protection, and various restrictions over production processes
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simultaneously. Most of the practical situations are consist of unavoid-
able uncertainty in the modeling processes of the proposed SPWM
model. Due to the complexity of real-life problems, the decision-makers
or managers most often face risks in determining parameter values. For
instance, production processes vary with the availability of raw mate-
rials, human resources, working efficiency of machines, transportation
of newly launched products for the first time from sources to consumer
points may yield in an uncertain cost and time. Additionally, abrupt
changes in environmental conditions, natural calamities, different
modes of transportation, variations in the load capacity of various
conveyances, unexpected changes in the price of fuel, total expected
demand for new products, safety measures of the items due to road
conditions are some influential factors for the existence of uncertainties
among the parameters.

Impreciseness and vagueness among the input data are inevitable,
and hence the data are not precise always and simultaneously are
treated with the estimated values. Uncertainty among input data may
take different forms, such as fuzzy, stochastic, and other uncertain types.
The existence of uncertainty due to vagueness or ambiguity is dealt with
fuzzy techniques, whereas uncertainty arises due to randomness treated
with stochastic approaches. Both kinds of uncertainties have their lim-
itations. For instance, if the decision-maker intends to quantify the value
of different medical equipment requirements with some estimated
value, such as each hospital requires approximately 14,000 items/day.
The most likely estimated interval would be 12,000-16,000 items/day,
along with some hesitation degree that may be given as 10,000-18,000
items/day, which ensures less violation of risks with acceptance and
non-acceptance. Thus, this kind of quantification of parameters’ values
reflects the more realistic approach to estimate the uncertain parameter
compared to fuzzy and stochastic parameters.

Therefore, a well-organized multidimensional inter-connected setup
for sustainable production and waste management model for COVID-19
medical equipment is much needed in the current scenario. An optimal
production policy for newly manufactured medical equipment and
adequate waste management strategies of the used medical equipment
creates an eco-friendly production waste management planning network
and contributes to the development of social prosperity and environ-
mental protections.

1.1. Shortcomings of some solution methods and research gaps

Literature reveals several studies have taken the uncertain parame-
ters, either fuzzy numbers or random variables followed by some dis-
tribution function. The fuzzy data only deals with the acceptance degree
into the feasible solution set and does not consider the element’s
rejection degree into the same feasible solution set. The random pa-
rameters need historical data for estimation purposes. It may not always
be possible to have factual information for which the estimated values of
parameters are suggested with the help of a suitable probability distri-
bution function. In both cases (fuzzy and stochastic), the representation
of parameters is not worth the effectiveness of yield incomparable out-
comes and lacks the critical aspects of uncertainties. To overcome these
issues, we have presented the intuitionistic fuzzy parameters, consisting
of the element’s acceptance and rejection degrees, into the same feasible
solution set. There is no scope for the historical data for the represen-
tation of intuitionistic fuzzy parameters.

The solution method proposed by Lai and Hwang (1993, 1994)
discuss the overall achievement function by considering only the
membership functions of each objective and do not consider the non-
membership function simultaneously. Likewise, Li, Zhang, and Li
(2006), Selim and Ozkarahan (2008), Werners (1988) suggested the
overall satisfaction level using the membership function with their
respective weight parameters and do not consider the non-membership
functions at a time. Furthermore, Torabi and Hassini (2008) presented
the overall achievement level by depicting the convex combination of
the lower bound for satisfaction degree of each objective and the
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weighted sum of these achievement degrees and do not consider the
non-membership function and upper bound of the dis-satisfaction de-
grees. Thus, the proposed IIFPA is exempted from the various short-
comings, drawbacks, and research gaps of the existing methods such as
Lai and Hwang (1993, 1994), Li et al. (2006), Selim and Ozkarahan
(2008), Werners (1988), Zimmermann (1978), Torabi and Hassini
(2008). The detailed explanations are provided in Section 4.2. There-
fore, the proposed IIFPA considers two aspects of the decision-making
scenario by simultaneously dealing with membership and non-
membership functions. This study fills the research gap by incorpo-
rating the intuitionistic fuzzy set theory in the parameters and solution
techniques.

1.2. Motivation and research contributions

e The proposed sustainable production policies and waste manage-
ment strategies for COVID-19 medical equipment through a robust
SPWM modeling framework need the present time. During the
COVID-19 pandemic, the demand for personal protective equipment
(PPEs) is very high, and the current production rate is unable to meet
them efficiently. PPEs comprise medicated gown, N-95 masks, face
shield, hand gloves, shoe-cover, sanitizers. In India, most of the PPEs
were imported from outside of European countries. Nevertheless, the
uncontrollable demand and an essential or indispensable require-
ment for PPEs worldwide made it crucial to export the PPEs to every
leading exporting country. As a result, many automobiles and small-
scale companies have taken initiatives to produce this medical
equipment to meet the domestic demand. Thus, it is a very tough
challenge before these companies to manufacture or produce PPEs
due to the incomplete, inconsistent, inappropriate, and irrational
knowledge and experiences to deal with this medical equipment
explicitly starting from the acquirement of raw-materials, initiating
the production and transportation processes and finally, the disposal
operations to them. Preliminary safety measures and precautionary
protection factors must be undertaken while handling this medical
equipment starting from its production to its end-of-life phases. Thus
an innovative, robust, and most prominent modeling approach for
sustainable production and waste management policies for this
COVID-19 medical equipment under a high level of uncertainty
among different parameters is the essence of current time in
decision-making scenarios.

e In India, many companies from non-pharmaceuticals sectors are
coming forward to contribute the society and humanity at this
crucial time to build a one-nation spirit. As the managers or decision-
makers are entering first time to manufacture and produce this
medical equipment at high-level, it is obvious the lack or absence of
historical data related to raw materials and this medical equipment
such as purchasing, production, processing, transportation, service
operating, inventory costs, quantity, time, budgets, safety factors.
Thus to identify, assess, and quantify these data profitably and
scientifically, the proposed SPWM model inevitably considered it an
uncertain parameter. For example, in India, the expected demand for
N-95 masks is around 31.6 million per day, while the COVID-19 cases
are increasing rapidly day by day. In this situation, the uncertainty
quantification based on the intuitionistic fuzzy concept would be
more reliable and provide better estimates to those N-95 masks.
Using fuzzy set theory, the most optimistic, the most likely, and the
most pessimistic estimate maybe 25.2, 31.6, and 38.6 million per
day, which violates the degree of hesitation regarding the rejection
of these estimates. While using the intuitionistic fuzzy set theory, the
projected estimation of these N-95 would be 27.2 to 35.6 million per
day, along with the hesitation degrees of 22.5 to 42.67 million per
day, which ensures less violation of shortages-risks with degrees of
acceptance and rejection.
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e Of particular interest, the most crucial contribution is a novel
Interactive Intuitionistic Fuzzy Programming Approach (IIFPA) to
solve the crisp SPWM model under uncertainty.

The exclusive rationality and robustness of intuitionistic fuzzy pa-
rameters and the proposed IIFPA are also presented by proofing
various theorems while solving the crisp SPWM model.

A marginal evaluation of each objective function means that degree
of satisfaction level while obtaining the compromise solution by
considering the multiple commensurable and conflicting objectives
at a time. The marginal evaluations can be elicited by various sorts of
membership functions such as linear, exponential, hyperbolic,
modified S-curve that exist in the literature. A wide choice for
selecting the desired form of marginal evaluations are suggested to
the decision-makers or managers by incorporating the discussed
membership and non-membership functions under the intuitionistic
fuzzy environment. The robustness, rationality, and distinguish-
ability of these marginal evaluations are reflected by proofing the
appropriate theorems.

Performance analysis of the proposed SPWM model under different
membership functions is measured based on multiple criteria. For
this purpose, savings compared to baseline solution, co-efficient of
variations and degrees of desirability (discussed in Section 4.3) are
considered multiple criteria and used to examine the performances of
applied solution approaches.

The whole solution schemes comprise various pre-determined pa-
rameters such as dp,, 7, 4 and 1, (these parameters are defined at their
usual place in Section 4) which are solely assigned by the decision-
makers or practitioners. Thus there is an ample opportunity to
generate as many solution sets as decision-makers or managers want
and select the most desired ones.

A real case-study description is implemented and modeled as a crisp
SPWM model under intuitionistic fuzzy environment. The proposed
IIFPA with different membership functions approaches are applied,
and outcomes are analyzed with the significant findings efficiently.
The performance analysis is also depicted based on the obtained
solution results. Managerial implication is also highlighted, which is
worth the essential backbone of the current study. At last, conclu-
sions and future research are also suggested.

The rest part of the manuscript is presented as follows: In Section 2,
the related literature review is discussed while Section 3 represents the
descriptions of proposed SPWM model. The solution methodology and
proposed interactive intuitionistic fuzzy programming approach is
investigated in Section 4, whereas Section 5 reveals a case study
description to show the applicability and validity of the proposed
modeling and solution approach. Finally, conclusions and future
research scope are discussed in Section 6.

2. Literature review

Available literature work reveals a tremendous amount of research
work that has been carried out in the production and waste management
of healthcare products. Here, we present a few relevant research work
on this current study. The production planning problem is one of the
most suitable and well-known applications of multiobjective linear
programming problems (MOLPPs). Different objectives such as mini-
mization of production cost and time, maximization of total profit,
quality of the products, and workers’ satisfaction are the most
commonly occurring objectives under a set of resources, budget, ma-
chines capacity, etc. restrictions in production planning problems.
Pandian, Nagarajan, and Yaacob (2003) suggested a decision-making
approach using modified S-curve membership function and applied to
production planning problems. Bhattacharya and Vasant (2007) also
discussed soft-sensing satisfaction level for product mix-problem and
solved using robust heuristic fuzzy programming approach. Wang and
Lee (2015) proposed an algorithm for location-allocation problem with
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risky demand in supply chaiin planning network. Zabihzadeh and
Rezaeian (2016) presented two meta-heurstic algorithm for flexible flow
shop scheduling and transportation problem under release time. Chien,
Dou, and Fu (2018) have also developed a smart production planning
under uncertain demand ratios. Darvishi, Yaghin, and Sadeghi (2020)
have also integrated the fabric procurement and production planning
problem and solved using a hybrid fuzzy-robust stochastic programmig
approach. Sooncharoen, Pongcharoen, and Hicks (2020) discussed the
Grey wolf method for production scheduling problem for the capital
goods industry. Zhou and Liao (2020) have developed a multiobjective
hybridized particle swarm optimization approach for solving a job shop
green sceduling with production and crane transportation problems.
Ahmad, Adhami, and Smarandache (2020) also discussed closed-loop
supply chain plannig problem under uncertainty and solved using
modified neutrosophic optimization technique.

Furthermore, Wang, Deschamps, and Dupas (2016) presented
production-transportation problem via co-operative game theoretic ap-
proaches. Postan and Filina-Dawidowicz (2016) discussed a dynamic
optimization model for supply, production and trnsportation of the
perishable products. Eksioglu, Karimi, and Eksioglu (2016) developed
an effective integrated production-transportation optimization model
and algorithm for coal-fire power plants. Maity, Roy, and Verdegay
(2019) discussed the time-variant interval-valued transportation prob-
lem in the sustainable environment. Das and Roy (2019) pointed out the
effect of variable carbon emission in a multi-objective transportation-p-
facility location problem under neutrosophic environment. Roy and
Midya (2019) attempted to solve the multiobjective fixed-charge solid
transportation problem with product blending under an intuitionistic
fuzzy environment. Roy and Midya (2019), Roy, Midya, and Yu (2018),
Midya and Roy (2020) also solved multiobjective multi-item fixed-
charge solid transportation problem under twofold uncertainty, rough
random variables, and using rough programming. Midya and Roy
(2017), Roy and Midya (2019) presented an analytical study on interval
programming in different environments and its application to the fixed-
charge transportation problem. Ahmad, Ahmad, and Sharaf (2021)
solved the supplier selection problem using a neutrosophic algorithm
under Type-2 fuzzy parameters. Ahmad, Ahmad, Zaindin, and Adhami
(2021) discussed the energy-food-water security nexus management
using neutrosophic optimization approach. Adhami and Ahmad (2020)
also proposed the interactive Pythagorean-hesitant fuzzy method to
solve the transportation problem. Ahmad and Adhami (2019a, 2019b)
solved the multiobjective transportation problem under neutrosophic
environment. Ahmad, Adhami, and Smarandache (2018) proposed a
novel computational algorithm to solve the multiobjective nonlinear
programming problem.

Diaz-Madronero, Mula, and Peidro (2017) have also investigated a
mathematical model for an integrated production and procurement
transportation problems. Li, Su, and Ma (2017) have also addressed the
production outsourcing decisions in supply chain network under single
and multiple carbon policies. Fakhrzad, Talebzadeh, and Goodarzian
(2018) have studied a green closd-loop suply chain planning problem by
considering the production, transportation and distribution under un-
certain supply and demand. Fathollahi-Fard, Hajiaghaei-Keshteli, and
Mirjalili (2018) have presented a multiobjective supply chain problem
by considering social aspects. Feng, Liu, Wu, and Chu (2018) also
addressed two heuristic approaches for integrated production-
transportation problem under uncertainty. Gharaei and Jolai (2018)
proposed a multiagent approach for integrated production scheduling
and distribution problem in multi-factory supply chain network. Jia,
Zhuo, Leung, and Li (2019) also discussed production for parallel batch
machine and minimize the total weighted delivery time. He and Li
(2019) also addressed two-echelon multi-trip vehicle routing problem
for crop harvesting and transportation planning problems. Chen (2020)
suggested an production multi-dimensional manufacturing system
analysis. Kilic and Yalcin (2020) discussed two phase fuzzy goal pro-
gramming method for integrated green supplier selection problem in
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supply chain network. Liu, Li, Li, and Zou (2020) also investigated co-
ordinated production-transportation sceduling problems with mini-
mum sum of total delivery time. Diaz-Madronero, Peidro, and Vasant
(2010) studied a vendor selection using modified S-curve membership
function and used Torabi and Hassini (2008) method to solve it. Zheng,
Yi, Wang, and Liao (2017) presented an efficient solution concept under
multiobjective programming problems and applied it to different real-
life applications.

Regarding the healthcare waste management, many researchers
have presented emperical, theoritical and modeling studies under
different scenarios. Recently, Accenture (2020) provided an empirical
study on the consumption of healthcare products during the COVID-19
outbreak. Aung, Luan, and Xu (2019) performed analytical multi-
criteria decision-making study for the healthcare waste management
system in Mayanmar. Azzurra, Massimiliano, and Angela (2019) pre-
sented the sustainable food consumption policies and examined on a
case study. Bradley, Parry, and O’Regan (2020) addressed a functional
and sustainable business model for production and consumption pur-
poses. Fernando and Wah (2017) also discussed the impact of eco-
innovation drivers on the environment and performed an empirical
study on the Malaysian context. Joshi and Rahman (2017) investigated a
study reflecting the consumers’ sustainable buying behavior. Joshi and
Bhargava (2019) integrated the waste management quality with Green
Quality Function Deployment strategies for healthcare wastes. Liideke-
Freund, Carroux, Joyce, Massa, and Breuer (2018) performed a study on
sustainable business model pattern taxonomy to support the business
models. Chien et al. (2018) also carried out a study for the strategic
smart production planning and presented a model under the demand
uncertainty. de Sousa Jabbour et al. (2020) performed a theoretical
study on the sustainable supply chain in the wake of the COVID-19
outbreak. Deress, Jemal, Girma, and Adane (2019) presented a green
practice for dental healthcare wastes. Moreover, Dewi, Sukendi, Ikhwan,
and Nazrianti (2019) highlighted the essential and factors associated
with dental healthcare wastes thorough an empirical study. Eren and
Tuzkaya (2019) discussed health and safety-oriented waste manage-
ment policies and implemented them in a case study in Istanbul. Khan,
Cheng, Khan, and Ahmed (2019) also presented a mini-review for
healthcare waste management strategies in Asian developing countries.
Khobragade (2019) addressed healthcare waste management by avoid-
ing hazards due to living and non-living environment. Kleber and Cohen
(2020) performed a study for waste reduction and increased the sus-
tainability of healthcare wastes management. Padmanabhan and Barik
(2019) also efficiently studied hazard waste disposal management.
Rehman and Yu (2020) discussed the assessment procedure of eco-
environmental performances. Ahmad, Adhami, and Smarandache
(2019) also presented an overall water management system during shale
gas extraction processes in intuitionistic fuzzy environment. Tabrizi,
Saadati, Heydari, Rezapour, and Zamanpour (2019) also suggested
practice to improve healthcare waste management and applied on a case
study in Iran. World Health Organization (2020) discussed the man-
agement of water, sanitation, and healthcare wastes amid COVID-19
pandemic situations. The interested reader may find the relevant in-
formation describing the effective waste management policies in the
articles Win et al. (2019, 2019). Thus production and waste manage-
ment planning are integral components of the industrial supply chain
network.

All the above mentioned studies have their own importance
depending upon criteria and domain of research. This current study
solely highlights the modeling and formulation of the proposed SPWM
model which deals with production and waste management of medical
equipment in the time of financial and social crisis.

3. Problem description and modeling under uncertainty

A systematic production configuration and waste management
strategies for the flow of newly manufactured medical equipment and
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generated wastes after its use are the most significant constituent of the
proposed sustainable production and waste management model. The
highly consumed medical equipment durnig COVID-19 outbreak is
shown in Fig. 1. The optimal production, consumption, and waste
management plan of action signify the smooth running of the com-
panies’ production processes. Thus a wholesome and robust optimiza-
tion model may formulate the operating services under the different
echelons and produce effective production, consumption, and waste
management policies. Therefore the proposed SPWM model exhibits
similar characteristics features, which is much required to such a non-
pharmaceuticals company that indulges in producing the medical
equipment at the time of need. It consists of various raw material sup-
plier points, advanced manufacturing, plants, demand markets or con-
sumption points, collection centers, distribution centers, and finally,
various disposal facilities. The suppliers are responsible for the pro-
curement of raw materials such as cotton, plastics, foam, silks, etc. to the
advanced manufacturing plants. At the advanced manufacturing units,
the medical equipment is produced under the optimum utilization of
various resources such as the ratio of raw materials, available machine
hour, budget availability, safety measures while handling (see, Baidya,
Bera, & Maiti, 2013, 2014), production capacity, mode of conveyance,
different echelons’ capacities and warehouse storage space for the newly
manufactured medical equipment to meet the anticipated demand.
These medical equipment are transported from advanced manufacturing
plants to expected demand markets such as hospitals and COVID-19
treatment facility centers. After their end-of-life phase, the accumula-
tion or collection is done by collection centers. The used medical
equipment is sent to the distribution center for disassembling and dis-
tribution purposes to other functional facility units. After inspecting the
recoverable or recyclable medical equipment, they are directly sent back
to the advanced manufacturing plants for further processing. The rest of
the used medical equipment is shipped to the disposal facility center
either for under-ground disposal or incineration purposes. The cycle of
manufacturing is continuous to meet them on time expected demand.
The Central Government of India highly recommends the production of
medicated gown, N-95 masks, face shield, hand-gloves, sanitizers, and
shoe-cover at massive scale due to their shortages and ever unmet
demand.

It is quite apparent to face the uncertainty factor in the relevant
parameters’ values. The existence of uncertainty is a more realistic
phenomenon in this real-world. Hence the proposed SPWM model also
enviably exhibits the uncertainty among different parameters’ values or
input data-set. It is incorporating the logic behind uncertainty quanti-
fication scientifically based on the intuitionistic fuzzy theory. Unlike
fuzzy and random parameters, uncertain parameters are depicted as
triangular intuitionistic fuzzy numbers. A fuzzy parameter only deals
with the degree of belongingness (acceptance) of the element into a
feasible solution set. It does not consider the degree of non-
belongingness (rejections) of the component into the same feasible so-
lution set, an integrated part of the decision-making processes.
Furthermore, uncertainty due to randomness is indicated with random
parameters. Sometimes, it may not be possible to have historical data for
which the random parameters are estimated. According to some speci-
fied probability distribution function, the forecasting pattern and pa-
rameters estimation of random variables is much dependent on the
behavior and nature of the historical data. An intuitionistic fuzzy
parameter deals with the degree of belongingness (acceptance) and
degree of non-belongingness (rejections) of the element into the same
feasible solution set, simultaneously. Alsw, there is no scope for the
historical data while dealing with intuitionistic fuzzy parameters. Thus,
the main aim and motive behind the selection of intuitionistic fuzzy
parameters are to avoid the above shortcomings of fuzzy and random
parameters. By keeping these issues in mind, the SPWM model is
developed under the intuitionistic fuzzy uncertainty. The useful notions
and descriptions are summarized in Tables 1 and 2. The diagrammatic
representation of the proposed SPWM model is depicted in Fig. 2.
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(a) Medicated gown)

(b) (Face mask)

(c) (Face shield)

(d) (Hand gloves)

(e) (Hand sanitizer)

(f) (Shoe cover)

Fig. 1. Highly consumed COVID-19 medical equipments.

3.1. Objective functions

Objective 1: Minimization of total economic cost

The total economic cost involved in the proposed SPWM model has a
significant impact while extracting the overall profits for the organiza-
tions or firms. It consists of purchasing, production, transportation, and
service operating costs associated with different service providing sec-
tors to COVID-19 medical equipment. Thus the first objective function is
linear and represented by (1) encompasses minimization of the total
economic cost. The different prices associated with COVID-19 medical
equipment are as follows: cost of purchasing raw material and trans-
portation cost from supplier point to advanced manufacturing/ plant,
production cost and transportation cost from advanced manufacturing
plant to demand market, collection cost and transportation cost from
demand market to collection center, distribution and inventory holding
costs at the distribution center, transportation cost from collection
center to the distribution center, disassembly, manufacturing, and
transportation cost from distribution center to manufacturing plant, and
disposal and transportation cost from distribution center to disposal
facility by using various modes of transportation (conveyances).

n q j k
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Objective 2: Maximization of total revenue gained

Sustainable or green practices for the management of generated
waste are quite indispensable for both economic and environmental
points of view. The end-of-life phase of COVID-19 medical equipment
has a severe impact on the ecosystem, as most raw materials are plastics
and foams. After their useful life, there is an option before the managers
or decision-makers re-manufacture into some other trivial products.
Therefore the collected COVID-19 medical equipment wastes are
distributed from distribution centers to either advanced manufacturing
plants or directly disposal facilities for land-fills and incineration pur-
poses. Thus the second objective function represented by (2) ensures the
maximization of the total revenue gained on the unit recoverable or re-
manufactured product transported from distribution centers to
advanced manufacturing plants.

Maximize F, = ZZZZ@/" Xxi;, Ywj.qn. 2)
o Jj q n

Objective 3: Minimization of total delivery time

In the current COVID-19 situations, on-time deliveries of sufficient
medical equipment are of prime concern for the firms or companies.
Instant delivery policy enhances the company’s market values and
goodwill, which is an utmost competitive advantage. Hence, the third
objective function depicted by (3) assures the significant reduction in
total delivery time for medical equipment transported from advanced
manufacturing plant to demand market or consumption points.

Minimize F3 = ZZZZT;]M X2, ik g,n. 3)
J k qg n

3.2. Constraints

The entire modeling configuration of the proposed SPWM model
exhibits the integration of well-known planning and strategic policies
such as purchasing, production, transportation, collection, distribution,
storage, supply, demand, safety, disposal, and budgets, respectively.
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Table 1 Table 2
Notions and descriptions. Notions and descriptions.

Indices Descriptions Parameters  Descriptions
i Denotes the number of raw material suppliers (i = 1,2,---,1) ! Unit transportation cost of raw materials for medical equipment q from
ijn L X . )
j Denotes the number of advanced manufacturing plants (j =1,2,-- supplier i to manufacturing plants j by conveyance n ($/unit)
J) fvc?k Unit transportation cost of medical equipment q from manufacturing
‘jkn . : : ;
. . o plants j to demand/consumption points k by conveyance n ($/unit)
k ]ie;oteslgle number of demand markets/consumption points (k = fé:l Unit transportation cost of medical equipment q from demand/
gLyttt ,Ln . . . :
. consumption points k to collection center [ by conveyance n ($/unit)
L Denotes the number of collection centers (I = 1,2, -,L) e Unit transportation cost of medical equipment g from collection center
. w.n
n Denotes the types of conveyance (mode of transportatation) (n = 1 to distribution center w by conveyance n ($/unit)
1,2,-,N) T Unit transportation cost of medical equipment g from distribution
win . . .
w Denotes the number of distribution centers (w = 1,2, ---, W) center w to manufacturing plants j by conveyance n ($/unit)
Denotes the number of disposal facility (p = 1,2, —,P) ! Unit transportation cost of medical equipment g from distribution
=1,2,, wpn . ;
. i ) ? center w to disposal facilities p by conveyance n ($/unit)
q Denotes the types of medical equipment (¢ = 1,2,--,Q) ic? Unit inspection and accumulation cost for used medical equipment q at
Decision collection center [ ($/unit)
g e . . e
variable DSC! Unit dlstrlbuthn cost of used medical equipment q at distribution
x4, Units of raw material for medical equipment g shipped from center w ($/unit)
L s . A DRC! Unit disassembly and recovery cost of recoverable medical equipment
supplier i to manufacturing plants j using conveyance n ' ‘ ing pl R .
x]‘.’_kn Units of medical equipment type q transported from g %at(trg.anu écturlnztg pfantSJ ($/;1{11t1 . tgatdi 1 facili
manufacturing plants j to demand markets/consumption points k DC, ($n/1 '1ts)pos1ng cost of scrap medical equipment g at disposal factlity p
. uni
using conveyance n
q . & i . . . INC? Unit inventory holding cost of medical equipment q at distribution
X Units of used medical equipment q collected from consumption o center w ($,/unit)
oints k to collection centers k using conveyance n
q P . . . S v . HC! Total inventory holding capacity of scrap medical equipment q at
Xon Units of medical equipment q transported from collection centers k o distribution center w ($/unit)
to distribution centers w using conveyance n
—q . . . . .
X0 i Units of recoverable medical equipment g shipped from MCS; Max11r.nurf1 supply capacity of raw material for medical equipment q at
distribution centers w to manufacturing plants j using conveyance ~ supplier l‘ . ) X ) )
75! Total availability of medical equipment g at manufacturing plants j
n J
X pn Units of scrap medical equipment g shipped from distribution 1’2132 Total expected demand of medical equipment g at demand/
centers w to disposal facility p using conveyance n consumption point k
y‘(’_____) . . . 1, x?_y___) >0 MACTCJI Maximum capacity of accumulation for used medical equipment q at
Represents the binary variable such that Yoy = o q o collection center
" o=
. . Sl — : . . . . R
z‘('j n) Tells us whether the route (j, k) using conveyance n is active or not MCD; Maximum capacity for disposing purpose of medical equipment g at
- q disposal facilities p
1, X5 >0
P (ikn)
ie,zf,, = o i o
w Xk =
Parameters
~q N . . . .
R Rejéctlon rates of medical equipment q at manufacturing plants j Raw material point () Advanced manufacturing and
(unit) re-manufacturing plants (j)
ffkn Total delivery time required to ship medical equipment g from
o manufacturing plants j to demand markets/consumption points k
using conveyance n (hr)
REV? Total revenue generated by treating of unit medical equipment q
($/unit)
RC! Unit raw material cost required to produce medical equipment g at
L . . .
supplier i ($/unit) Collection center (1) Market/Demand point (k)
pc? Unit production cost of medical equipment g at manufacturing
/ plants j ($/unit)
fij‘? Time for machine usage to manufacture unit medical equipment g
at manufacturing plants j (hr/unit)
TCC Maximum capacity allowed for medical equipment g by using
conveyance n J
B Total available budget for production and transportation purpose \
[€3) Distribution center (o) 1 facility (p)
S Desired safety value
gj:? ) Protection factor related to medical equipment q during handeling
MCG; Maximum available machine capacity at manufacturing plants j
(hr/unit) —_—
wS; Warehouse space per unit delivered at manufacturing plants j (ft2/ Represents the flow of medical equipment “” using the conveyance “n”
unit) X
MWS; Maximum available warehouse space for demand markets/ Fig. 2. Diagrammatic representation of proposed SPWM model.

consumption points k (ft?)
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Thus, restrictions imposed over different parameters inevitably signify
the more effective and realistic modeling framework.

Production and consumption constraints:

In COVID-19 crucial situations, availability and acquirement of raw
materials are not easily possible for every production company at a
commercial level. In India, some NGOs and non-profit organizations are
also producing this medical equipment for distribution among medical
personnel and hospitals. Thus suppliers have a limited amount of raw
materials for commercial purposes. Hence the constraint (4) ensures the
unit of raw materials supplied to advanced manufacturing plants must
be less than or equals to its maximum capacities at different supplier
points. The total machine capacity to produce each of these medical
equipment at advanced manufacturing plants must be less than and
equals to its respective maximum positions in the production processes.
Thus, the constraint (5) ensures the total machine capacity available at
each advanced manufacturing plant to produce the optimal number of
this medical equipment. Alsw, this medical equipment’s total quantity
must be less than and equal to the respective supply capacity at each
advanced manufacturing plant and represented by constraint (6). The
storage capacity due to space limitations is also an important issue
associated with this medical equipment. To ensure the maximum
warehouse space utilization at each demand market or consumption
points, the constraint (7) is incorporated. Most importantly, this medical
equipment requirement is essential for medical personnel or practi-
tioners to treat COVID-19 infected patients. Thus constraint (8) ensures
the maximum shipment of this medical equipment must be higher than
or equals to the total expected demand that is to be met at different
consumption zones or hospitals.

DD DD ot sMCS] @
Rt
SN Y X, <MC ®)
et
Zﬂ:Xj:Zk:Zn:qu(xZ,,,_nﬂ;’_k,n)sﬁf ®
SN ws; <k, <MW, 0]
j ok n g
SN 4.5 ®

Budget availability constraint:

The total availability of budget for the purchasing, production, and
transportation purpose of this medical equipment must be in the pre-
scribed limit. To ensure the budget restrictions, constraint (9) is con-
strained in the proposed SPWM model.

SESS(RE! ) + (PC) x ) + 330 (TC, )
[

noqg j k

+ZZ (ﬁjk‘n x x;’,k.;r) + ZZ (7?621’1 X xz,l,::) + ZZ (ﬁzw,n x x?,w,n)
ik k0 I o

JVZZ (FCZN X xZu,/'.n) + ZZ (fai.p.n X 'x?v.p.n) <B ©
o J o p

Safety factor constraint:

Moreover, the most important characteristic feature of the proposed
SPWM model is to enhance the safety factors associated with this
medical equipment while handling it at different points as the contam-
ination and transfusion rates of COVID-19 is very high and drastically
communicable. The safety factors are measured using the concept of
Baidya et al. (2013, 2014). To achieve the desired safety protection
related to each of this medical equipment, the constraint (10) is
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depicted.
ot o ol
ZZZZSFiJ,n x y;l,/'.n + ZZSFj.k.n x y/"l,k,n + ZZSFk,l.n x yZ,Ln
n q J k k 1

i
+ZZ§ﬁ;’.ww x wa.n + ZZS‘?‘Z‘J'JI x y?v‘.j.n + Zzﬁzr.p‘n x ypr.u > E
T o o J o 7
(10)

Transportation capacity constraint:

Related to the transportation problem, the usage of appropriate
conveyance is somehow economic in some places. The maximum
quantity of this medical equipment from various sources to different
destination points must be less than or equals to its respective maximum
conveyance capacities. Thus constraint (11) ensures the restrictions over
conveyances capacity.

> (ZZXZ/-;" F DD Xkt DD Xan DD Ao+ DD
nq i Jk k1 T o o
+ ZZXM) <TCC,
o P

an

Capacity constraints:

After a one-time-use of this medical equipment, the end-of-life phase
initiates, and they are treated as generated wastes. The proper man-
agement of this used medical equipment needs careful precaution while
handling them. The various collection, distribution, and disposal facil-
ities are build-up for the treatment of these wastes efficiently. There is a
maximum capacity associated with each of these facilities centers for the
allocation of quantity or units of these wastes to different facilities. Thus
the maximum units of these waste medical equipment that are shipped
from consumption points to a collection center, from collection center to
distribution center and from distribution center to disposal facilities
must be less than or equals to their respective maximum allowed ca-
pacities and represented in constraints (12)-(14), respectively. The
constraint (15) ensures the flow of medical equipment associated with
different sources to various destinations in the proposed SPWM model.
Constraint (16) tells us whether the given route are active or not. The
non-negativity restriction (17) is also presented.

D303 0> oy sMec (12)
k 1 n q

D73 e, <IHE, (13)
1 o n q

D330 o, <MCD, a4
o p g n

1l >0:5F, >0
y?) = q” v i7j}k7l7w7p7q (15)

¢ =0:5F =0

4 { L Xuw >0 16)
Z g =
(j.k,n) q —
0, Xiam) = 0
xﬁl,j.nﬁx;{k,n ’ xZ,Lnﬂx;],w./wx:[v,j.mxar,p,nZO Voij,kLw,p,q. a7)

Thus the formulation of intuitionistic fuzzy sustainable production and
waste management model (IFSPWM) (18) can be summarized as fol-
lows:

where (v) represents the triangular intuitionistic fuzzy parameters
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Minimize F = 52575 (;Fcf x xf’”> + (ifcj <l
+ (zféj ) . (Zﬁcj ) . (zﬁc‘; o
1 j P
xx! MinimizeF; =

wyj,n

o)+ (St Jimiar -

o o q n
IDBHBHIMLELED D DB BT HHHIAZED DB B WY CIRENH
7 < q n i J n q i J n q o J n q

TS Y S S WS el <MW S S S S S (-, )2 TDLS S SN (RE ) + (P, ) + 300 (T )
Jjo ok n g o j k n ¢ noq j k i
PSS (T 1)+ S (T )+ S ()4 X (T, )+ S (T, o, ) B S 5,
J k k 1 1 o o J o p n q i J

SIRDD LS DTLES IO DTS ML B B ID B DI IED B <ZZXZM 2.2 K
j k k 1 1 o o j o P n q i J J k
2D Wt DD +ZZX‘L,/."> 2.2 (ZZX?V.»J STCCY DD D i, SMCCTY 330> W, <IHCY S T35 4, <MCD,
k 1 1 o o Jj n q o p k 1 n q 1 qg n
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¥ o= L, X >0,SF(%
C 0. ad =0:SF]
() (-,
P 1, x{(l,',k,n) >0
() 07 x‘(Ii,k.n) =0

involved in the objective functions and constraints, respectively.
3.3. Treating intuitionistic fuzzy parameters

For treating intuitionistic fuzzy parameters, we have discussed some
basic concepts related to intuitionistic fuzzy set (IFS).

Definition 1. (Atanassov (1986) Intuitionistic Fuzzy Set) Assume that

there be a univeral set X. Then, an intuitionistic fuzzy set ¥ in X is difined
by the ordered triplets as follows:

7= fus(s), (e x)

where y;(x) :X—[0,1] denotes the membership function and
vo(x) : X - [0,1] denotes the non-membership function of the element
x € X into the set Y, respectively, with the conditions 0<,u;(x) +
u;(x)<1. The value of dr;(x) =1 —ﬂ;(x) —zx;(x), is called the degree of
uncertainty of the element x € X to the IFS Y. If q.';;(x) = 0, an IFS be-

comes fuzzy set and takes the form ¥ = {x, ﬂ;(x), 1 —y;(x) ’x € X}.

Definition 2. (Ahmad et al. (2019) Intuitionistic fuzzy number) An
intuitionistic fuzzy set ¥ = {x, u;(x), u;(x))x € X}is said to be an

intuitionistic fuzzy number if and only iff

1. There exist areal number x; € IR for which ,u;(x) =1and y;(x) =0.
2. The membership function u;(x) of Y is fuzzy convex and non-

membership function v;(x) of Y is fuzzy concave.

X,

o n q o p

,>>0
v i'ﬁj7k7l7w7p7q

)

9 9 94 4 4 g
X kXt X X Ko p 020

(18)

3. Alsw, u;(x) is upper semi-continuous and y;(x) is lower semi-
continuous.
4. The support of Y is given by (x€IR: v;(x)sl).

Definition 3. (Ahmad et al. (2019) Triangular intuitionistic fuzzy num-
ber) A triangular intuitionistic fuzzy number (TrIFN) is represented

by Y= ((y1,¥2,¥3); (21,¥2,23)) Where z1,y1,Y2,¥3,23 € IR such that
21<y1<)2<y3<23; and its membership function ﬂ;(x) and non-

membership function v;(x) is of the form

X=) Y2 —X

, iy <x <y, , if 7 <x<y,,
2= Y2—21
L, if x=y,, 0, if x=y,,
X =9 s —x andu~ | x | = X—y
, iy, <x<ys, —, ifyp<x<z,
Y3—y2 3=
0, if otherwise. 1, if otherwise.

Definition 4. (Ahmad et al. (2019))
Y = ((y1,y2.¥3); (21.¥2,23)) where z1,y1,y2,¥3,23 €IR such that

Consider that a TrIFN is given by

21<Y1<Y2<y3<23. Then the parametric form of Y are u(r) = (m,

@) and v (1) = (@, @) . Further, u(z) and v(z) are the parametric

form of TrIFN corresponding to membership and non-membership

functions such that u(z) =ys;—7 (_)’3 7y1),u(1) =y1 —7(¥2 7y1) and

v(T) =yo — (1 —7) (yz —21),v(1) = y2 +(1 —r) (23 —yz) respectively. A
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TrIFN Y = ((y1,¥2.¥3); (21,¥2,23)) is said to be positive TrIFN if z; > 0
and hence y;,ys,ys, 23 are all positive numbers.

Some important properties of TrIFN are as follows:

Property 1. Assume that Y = ((r1,¥2.¥3); (21,¥2,23)) and W= ((wi,

Wa,ws); (v1,Wa,Vs)) are two TrIFNs. Then addition of Y and W is again a
TrIFN.

Y+ W= [ +wi,y2 +wa,y3 +w3); (21 +vi,y2 + wa, 23 +3) ]

Property 2. Consider that Y = ((0r1,¥2,¥3); (21,¥2,23)) be a TrIFN and
k € IR. Then scaler multiplication of Y is again a TrIFN.

N (kyy s kyy, kyss kzy, kyy, kzz) k>0
k| Y| =< (kyy, ky,, kyskzs kyy kz) k<O
(0,0,0;0,0,0), k=0

Property 3. Thetwo TrIENs Y = ((y1,2,Y3); (21,¥2,23)) and W = ((wn,
Wwa,w3); (V1,W2,Vv3)) are said to be equal iff y1 = wi,y2 = Wa,y3 =
W3;21 = V1,Y2=w,,%23 = V3.

Definition 5. (Ahmad et al. (2019) Expected interval and expected value of
TrIFNs) The concept of expected interval and expected value was
defined by Heilpern (1992). Thus, we re-defined it for TrIFNs. Suppose
that Y = ((1,¥2,¥3); (21,Y2.23)) be a TrIFN and E* and EI depict the
expected intervals for membership and non-membership functions
respectively. Thus, these can be defined as follows:

S
S VS
~ ~
Il Il
S— 5—
5 =
2 ‘:j/
B B
o\_ c\_
< =
3 3
RS =
[ R N
Il Il

Moreover, consider that EV#(Y) and EV"(?) represent the expected
values corresponding to membership and non-membership functions
respectively. These can be depicted as follows:

EVH ('}7) _ fol Mdr—; f()] Wl’)d‘t _n + 2‘);2 +y3 (19)
EVY (f,) _ fol @d'[;r fol de _a + 2‘};2 +23 20)

The expected value EV of a TrIFN Y= ((yl ,Y2,Y3); (21, Y2, 23)) is given as
follows:

EV(?) — WEV (17) T (1 - y/) EV (?),wherey/ c [0, 1]

Definition 6. (Accuracy function)  The expected value (EV) for TrIFN
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Y= ((y1.¥2,¥3); (21,¥2,23)) with the help of Egs. (19) and (20) and for
y = 0.5 can be represented as follows:

EV(?) _n +y3+4§12 +z1+23

Thus EV(Y) is also known as accuracy function of Y.

Theorem 1. Suppose that Y be a TrIFN. Then for any EV : IF(IR) — IR; the

expected value EV(kA) = kEV(A) for all k € IR.
Proof. Let us consider that ¥ = ((y1,¥2,¥3); (#1,¥2,23)) be a TrIFN.
Then, based on the nature of k, three different cases will arise:
Case I: when k = 0, there is nothing to prove.
Case II: when k>0, then we

kY = k((y1,Y2,¥3); (21,¥2,23)) = (ky1,kyz, kys; k1, ky,, kzs) by using
Property 2. Now taking expected value of kY, we get

have

(ky, +2ky, +ky, +kz; +2ky, +kz3)
8

EV (KA) = EV(ky, kyakysiker vy hes) =
(1 +4y, +y3+21+23)

8
Case ur: k<O, then we
k?:k((yl,yz,y3);(zl,y2,zg)):(ky3,ky2,ky1;kz3,ky2,kzl) by using Prop-
erty 2. Now taking expected value of kY, we get

:(k)ﬁ +2ky, +ky; +kz1 +2ky, +kz3)
8

=k

—kEV(A)

when have

EV(kZ> =EV (kys,ky,,ky,:kz3,ky, kz1)

4 -
:k(yH- )’2+;’3+Z| +2z3) :kEV<A)

[l [l
L)L)

In each case, we have proven that EV(kA) = kEV(A). O

Theorem 2. Suppose that Y and W be two TrIFNs. Then the accuracy
function EV:IF(IR)—>IR is a linear  function ie.,
EV(Y +kW) = EV(Y) +kEV(W) for all k € IR.

Proof. Please visit Singh and Yadav (2018). [

Theorem 3. Suppose that Y = ((y1,¥2,¥3); (21,Y2,23)) be a TriFN. If
21 =Y1,%23 =3, then EV(?) = W, which is ranking of triangular
fuzzy number based on expected values.

Proof. Please visit Singh and Yadav (2018). [

Theorem 4. The expected value EV(k) = k, where k € IR.

Proof. Please visit Singh and Yadav (2018). [

With the aid of accuracy function (EV), the IFSPWM model (18) can
be transformed into the crisp SPWM model (21) and can be stated as
follows:
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MinimizeF, = 25552 (zijEv (ievcj’> x x;%j,n> + (Bv(PC]) x 5., ) + <Z (ev(DScy) + Ev(INC)) ) x;’) + ZZ (ev(7Ci,) x4,
+ZXA: (Bv(7TC),, ) x 4f.) + 2;;2,: (Bv(7Cl,, ) < +l,) + ZZ (ev(7C),, ) < af,..) + ZXJ: (ev(7C,,) *4,,)
(e () o)+ (o) o) o (v ) o) o (v (55

o p 1 J r
+ (ZEV (kf) x xf M)Maximizer =DM D EV (Eﬁ/") x Xt MinimizeFs =Y > "y "> EV (T;’L> % 2l subject 0> N DN xd
: P TS TS
I NHH YIRS H O R HICRENEICH DY RATEEETITND H B9
i j on q o j k n ¢ Jj ok n q o j k n gq

(80 + 500 ) 2BV (ﬁ)f) SO S S (BV(RE) xaty,) + (BV(PC) x i, ) + SO (EV(TE],) x ) + 3o (BV(TCH, ) x4l )
n q j k i jok
3 (Ev <T~CZM) x x;??,,n) +33 (Ev <T~C7> x x;{w_n> +3°3 (Ev (FC" J) x x1 J> +33 (Ev (TNC“p) x xﬁ,.pJ,><EV
o1 T o PR o p

(E) Sy e (?) S Y (f) ot Y (?) B (?) S Y (?)
n q i Jj J k k 1 1 o o J
ot Y (f) S > EV (s) Y (zzxz,n Y Y, Y zz)
o p n q i Jj J k k 1 1 o o Jj
N (S ey (1€ S S v (i | TS oy () YN Sv i
n q o p k 1 n o q 1 o n q o p q n

1w, > 0EV(SF(,) >0 I, >0
y((l) = —~q v i’j7 k, l7 w,P, qz‘(]/.k,n) = q' x?,j‘mxj‘{k,n ? xz.l,nfx;[.mnVXi‘j,nVxﬁ'.p,nzo (21)
0, x?._._.) = O,EV( F(.,,)) =0 0, Xk = 0
Of particular interest, we have proven the existence of an efficient so- obtained crisp SPWM model (21) can be solved using the proposed
lution of the IFSPWM model (18) and the convexity property of the crisp interactive intuitionistic fuzzy programming approach (see Section 4.2)

SPWM model (21) in the Theorems 5 and 6, respectively. Hence the to get the optimal global solutions.

A A
1,,(0,,(x)) v, (0,(x)) #,(0,(x)) Vi (0, (x))

2 2

g z

= pa— \

= s /

5 5 | /
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Z B

p= ; =

0 ) > 0 >
[“N ( / m m “m

Objective functions Objective functions

Fig. 3. Linear membership and non-membership functions. Fig. 4. Exponential membership and non-membership functions.
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Definition 7. Assume that X be the set of feasible solution for the crisp
SPWM model (21). Then a point x" is said to be an efficient or Pareto
optimal solution of the crisp SPWM model (21) if and only iff there does
not exist any x € X such that, Fy,(x")>Fn(x), V m=1,2,3 and Fy(x") >
Fp(x) for all at least one V m = 1,2,3. Here, m is the number of objective
function present in the proposed sustainable production and waste
management model.

Definition 8. A pointx” € X is said to be weak Pareto optimal solution
for the crisp SPWM model (21) if and only iff there does not exist any x €
X such that, Fy(x")>Fn(x), Vm =1,2,3.

Theorem 5. An efficient solution of the crisp SPWM model (21) is also an
efficient solution for the IF'SPWM model (18).

Proof. The proof is similar to Singh and Yadav (2018). [J

Definition 9. Let F; and F, be comonotonic functions, then for any
intuitionistic fuzzy parameter Y, we have

eV[F (V) + Ba(Y)] = V[ (V)] + £V [ (7))

For the sake of simplicity, let us consider an auxiliary model (22) which
is an equivalent to the crisp SPWM model (21) and can be given as
follows:

Optimize (Max/Min) EV[F(X, Y’)] = (EV{F, (X, ?)]

EV [F,,, <X, f’)] )Vm = 1,2, 3.subject toall the constraints of (21) (22)
where EV/[-] in auxiliary model (22) represents the expected values (ac-
curacy function) of the intuitionistic fuzzy parameters.

In the Theorem 5, we have already proven the expected value EV
efficient solution for the IFSPWM model (18). This concept is obtained
by presenting the crisp SPWM model (21) in which the objective func-
tions are the expected value of the intuitionistic fuzzy uncertain objec-
tives of the IFSPWM model (18). Intuitionally, if the intuitionistic fuzzy
uncertain vectors in the auxiliary model (22) are degenerated into
intutionistic fuzzy parameters, then the following convexity Theorem 6
of the auxiliary model (22) can be proved.

Theorem 6. Suppose that the function F(X,Y) is differentiable and a
convex vector function with respect to X and Y. Thus, for any given

N
Ly (O, (x)) v (O,,(x))
l e —— ——
'gu
5
0 >
L U

m m

Objective functions

Fig. 5. Hyperbolic membership and non-membership functions.

11

Computers & Industrial Engineering 157 (2021) 107381

X1,Xy €X, if Fn(X1,Y) and Fp(X,,Y) are comonotonic on intuitionistic
fuzzy parameters Y, then the auxiliary model (22) is a convex programming
problem.

Proof. Since, the feasible solution set X is a convex set, intuitionally, it
is sufficient to obtain that the auxiliary model (22) is a convex vector
function.

Note that the F(X, Y) is a convex vector function on X for any given Y,
the inequality

F(&X, + (1 - 5>X2,I~/)§5F(X1,17) + (1 75>F<X2,1~/)
holds for any § € [0.1] and X;,X; € X, i.e;
F, (5X1 + (1 - 5)X2,17)§5Fm (Xl, 17) + (1 75)Fm (Xz, f’)

holds for each m,1<m<3.
By using the assumed condition that F,,(X;,Y) and Fp(X»,Y) are
comonotonic on Y, it follows from Definition 9 that

EV [Fm <6X1 + (1
- 6)X2, 17) ] <SEV [Fm (Xl , f’)] + (1 - 5)EV [Fm (Xz, 17)] Vs
which implies that

EV[F(&Xl ¥ (1 - 5)X2, 17) ]gaEV[F(xl,f’)] n (1 4)EV[F<X2,17)]

The above inequality shows that EV [F (X, 17)] is a convex vector function.

Hence the auxiliary model (22) is a convex programming problem.
Consequently, the crisp SPWM model (21) is also a convex programming
problem. Thus Theorem 6 is proved. [] The convexity property
(Theorem 6) of the crisp SPWM model (21) typically ensures or strongly
guarantees the existence of convex decision set under which the optimal
solution exists. Moreover, it also supports the robust modeling approach
of the crisp SPWM model (21) which also validate the scope for
obtaining the optimal solution sets under intuitionistic fuzzy

uncertainty.
N
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Fig. 6. Modified S-curve membership and non-membership functions.
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4. Solution methodology

Most often, real-life problems exhibits optimization of more than one
objectives at a time. The most promising solution set that satisfies each
objectives efficiently is termed as the best compormise solution. In the
past few decades, it is observed that the situation may arise where the
degree of hesitation may exists in real life decision-making problems.
Since fuzzy set (FS) deals with the membership function (degree of
belongingness) only, it is not capable to capture the hesitation degrees
simultaneously. Therefore, the further generalization of FS is presented
by introducing a new member into the feasible decision set. First, Ata-
nassov (1986) investigated intuitionistic fuzzy set which comprise
membership (degree of belongingness) and non-membership (degree of
non-belongingness) functions of the element into feasible solution set.
The IFS is based on more intuition as compared to FS and generalizes the
decision-making processes more conveniently. Based on IFS, Angelov
(1997) developed the intuitionistic fuzzy optimization techniques for
the multiobjective programming problem under intuitionistic fuzzy
uncertainty. Recent literature on IFS reveals that many researchers have
shown the research interest in the intuitionistic fuzzy domain and would
be a prominent emerging research area in future. The current study is
also taken advantage of the versatile and effective texture of a intui-
tionistic fuzzy decision set to develop the proposed interactive intui-
tionistic fuzzy programming approach. The proposed IIFPA quantify the
marginal evaluation of each objective function by depicting membership
and non-membership functions, respectively. In the proposed IIFPA, an
achievement function is represented by the convex combination of the
overall satisfactory degrees and weighted intuitionistic score functions
of multiple objective programming problem under a set of well-defined
constraints. Moreover the proposed IIFPA is elaborately discussed in
Section 4.2. Thus the intuitionistic fuzzy optimization techniques for
multiobjective programming problem has a significant role in the
implementation and execution of the hesitation degrees in decision-
making processes.

To construct the membership and non-membership functions for
each objectives of the crisp SPWM model (21), the minimum and
maximum values of each objective functions can be calculated and are
represented by L, and Uy, as follows:

U,, = max[F,,(x)] and L,, = min[F,,(x)] Ym =1,2,3,...,M. (23)
Now, we will proceed towards the characterization of marginal evalu-
ations (membership functions) for each objectives under intuitionistic
fuzzy uncertainty. For this purpose, we present different kinds of
membership functions along with their robustness properties in
decision-making scenario.

4.1. Characterization of various membership functions

In MOLPP, the marginal evaluation of each objective function is
depicted by its respective membership and non-membership functions
under intuitionistic fuzzy uncertainty. Most commonly, the marginal
evaluations are evaluated by using linear type membership function to
obtain the individual satisfactory degree. However, it may be possible to
represent the achievement level of each objectives with the aid of
nonlinear membership and non-membership functions. The flexible
behavior of non-linear membership and non-membership functions are
also well enough to quantify the marginal evaluations of each objectives
and, consequently determine the satisfaction degrees more efficiently. It
also depends on some additional parameters’ value that are assigned by
the decision-makers only. By tuning the additional parameters such as
shape, scale, measures of vaguness, etc., the decision-maker(s) are well
enough capable to execute his/her(their) strategy effectively. There are
different types of membership functions that exist in the literature such
as linear, exponential, hyperbolic, modified S-curve etc. Therefore, to
deal with the crisp SPWM model (21) under intuitionistic fuzzy
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uncertainty, one can apply linear, exponential, hyperbolic or modified S-
curve membership functions depending upon the choice of decision-
makers. Thus the linear, exponential, hyperbolic or modified S-curve
membership functions are constructed under intuitionistic fuzzy envi-
ronment. Each of them are defined as the acceptance (degree of
belongingness) and rejection (degree of non-belongingness) degrees of
each objective functions which seems to be more realistic in nature.

e Linear membership and non-membership functions

In general, the most extensive and widely used membership
function is linear one due to its simple structure and easier impli-
cations. The linear membership function contemplates over constant
marginal rate of satisfaction or dissatisfaction degrees towards an
objective. The graphical depiction of linear membership and non-
membership functions is done in Fig. 3. Thus the linear member-
ship ut (Fn(x)) and non-membership 1% (Fn(x)) functions under
intuitionistic fuzzy uncertainty can be furnished as follows:

1 if Fru(x)<L,
Um - Fm X .

Mﬁ, F,|x = qu(n) if L,<F,(x)<U,
0 if Fu(x)2U,
0 i Fu(0)<Ly
Fm X)— Lm oy

vElE x| ] = ﬁ if Ly<F,(x)<U,
1 if Fu(x)2U,

In the above case, L) # U for all m objective function. If for any
membership L) = U'), then the value of these membership will be
equal to 1.
¢ Exponential membership and non-membership functions

An exponential membership reflects the situation when decision-
maker is worse off with respect to an objective and choose for a
higher marginal rate of satisfaction. Thus by prefering an exponen-
tial membership function, the decision-maker can also able to reduce
duality gaps by selecting appropriate shape parameters involved in
the development of membership function. The pictorial depiction of
exponential membership and non-membership functions is pre-
sented Fig. 4. The exponential membership uE (Fn(x)) and non-
membership £ (Fp(x)) functions under intuitionistic fuzzy uncer-
tainty can be stated as follows:

1 if Fu(x)<Ly
e ~n (—F;taf,” >
o | Fu | x =d e —e
" W lf ngFm(x)gUm
0 if Fu(x)2Uy
0 if F(x)<Li
—d Un ’fm (x)
VN F, | x =< ¢ (U” L'") _ pn
I if Ln<Fu(x)<U,
1 if Fu(x)2U,

where d,, m=1,2,--- M are the measures of vagueness degree
(shape parameter) and assigned by the decision-makers.
e Hyperbolic membership and non-membership functions
A hyperbolic membership function shows the flexible character-
istic behavior with respect to objective function. It is convex over a
part of the objective function values and is concave over the
remaining part. When the decision maker is worse off with respect to
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Bl

a goal, the decision-maker tends to have a higher marginal rate of

satisfaction with respect to that goal. A convex shape part of the 1 if Fun(x) < L
membership function captures that behavior. On the other hand, 0.999 if Fu(x) =Ly
when decision-maker is better off with respect to a goal, the decision B

maker tends to have a smaller marginal rate of satisfaction. Such A _ if Ly <Fn(x)<U,
behavior is modeled using the concave portion of the membership G , y<%>

functions. The graphical representation of hyperbolic membership 1+Ce

and non-membership functions is shown in Fig. 5. Hence the hy- 0.001 if Fu(x) =Ly,
perbolic membership pf(F,(x)) and non-membership % (F,(x)) 0 if Fu(x) > U,
functions under intuitionistic fuzzy uncertainty can be depicted as

follows:

—

if Fpu(x)<Ly

L
{1 + tanh (9m (U% - F, (x)) ) } if L<Fo(x)<U,

if FM(X)ZUM

S =

(=]

if Fu(x)<Ly

m Lm .
P+mm0%@%@>fz%;»>} if Ly<F(x)<U,,

N —

—_

if Fu(x)2U,

where O, = 8-, ¥m =1,2,..., M. 0 if F(x) < Ly,
Modified S-curve membership and non-membership functions 0.001 if Fn(x) =Ly
A special case of logistic function at different values of parameters
are known as modified S-curve membership function. The structure s
of modified S-curve membership function allows the decision-maker Up | Fo | X = , (UZ:,,-,L,,@\)
to incorporatte the degree of vaguness hesitations under intuition- 1+Ce\N "
istic fuzzy uncertainty. Unlike other linear and nonlinear member- 0.999 if Fu(x) = Ly,
ship functions, the modified S-curve membership function is more
flexible and much dependent on the various parameters involved for
marginal evaluations of each objective functions. The diffrent pa-

,

B "
if Ly < Fr(x) < Uy,

1 if Fu(x)> U,

, . where y > 0 is the measure of fuzziness degree.
rameters such as B, C' and y are responsible for the abrupt change or

fluctuation in the shape of modified S-curve membership function

and assist in the quantification of acceptance and rejection degrees of 4.2. Proposed interactive intuitionistic fuzzy programming approach

each objectives efficiently. The parameter y depicts degree of

vagueness, meaning the larger value of y signify the higher degree of The concept of fuzzy decision (FD), fuzzy goal (FG) and fuzzy con-
vagueness. Therefore the greater concern to fuzziness or ambigous- straints (FC) was first discussed by Bellman and Zadeh (1970) and
ness can be measured at y — co whereas y = 0 implies crisp. It is quite extensively used in many real life decision-making problems under
indespensable that the value of y should be determined by experts fuzziness. Therefore, fuzzy decision set can be defined as follows:

based on the heuristical and experimental studies. The values of B, C
and y are to be determined. An analytical study performed by Peidro
and Vasant (2011) calculated these values as B =1,C =
0.001001001 and y = 13.813 respectively. The continuous flexible
nature of modified S-curve membership function provides an op-
portunity to the decision-maker(s) to execute the desired strategies at Dy = (MY, F,) (n_, Cuw) = (x,p1p(x),vp(x))
different parameters’ values. The graphical representation of modi-

fied S-curve membership and non-membership functions is depicted where
in Fig. 6. Thus the modified S-curve membership y3 (Fn(x)) and non-

FD =FGNFC

Consequently, intuitionistic fuzzy decision set D, with the set of intui-
tionistic fuzzy objectives and constraints, can be defined as follows:

MF, (x)a,"le (x), . 'VMF,,, (x)

membership v, (Fn(x)) functions under intuitionistic fuzzy uncer fp | x| = ming pe, (0, pe, (@), coostic, () $¥ x €X

tainty can be furnished as follows:

uFl(‘x)7UFﬁ(‘X:)7"'7”F/r:('x)
vp | x| =maxq ve, (x),ve,(x),...,vc, (x) PV xeEX

where pp(x) and vp(x) are the membership and non-membership func-

13
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tions of intuitionistic fuzzy decision set D; respectively.

By utilizing the concept of Bellman and Zadeh (1970), our intention
is to maximize the minimum of membership (degree of belongingness)
and minimize the maximum of non-membership (degree of non-
belongingness) functions at a time. Therefore an acheivement function
can be defined as the differences of satisfaction and dissatisfaction de-
grees to reach the optimal solution of each objectives under intuition-
istic fuzzy uncertainty. Thus the mathematical expression for
achievement function is defined as follows (24):

Max min,—1 23 u 4 (Fm (x))
Min maxy—i 25, m V) (Fm (x)) 29
subject to

all the constraints of (21)

where the superscript (-) in the membership yﬁ;l)(Fm(x)) and non-

membership v} (Fm(x)) functions represent the different types of mem-
bership functions such as linear (L), exponential (E), hyperbolic (H) and
modified S-curve (S) respectively.

Using the auxiliary variables a and g, the problem (24) can be
transformed into the following problem (25):

Max (a — p)

subject to

) (Fn (%)) 2@,

V) (Fu(x)) <P (25)
+

a,p€[0,1]

all the constraints of (21)

To solve a MOLPPs, Torabi and Hassini (2008) presented a single-phase
solution method and named as TH-method by overcoming the draw-
backs of existing approaches suggested by Lai and Hwang (1993, 1994),
Li et al. (2006), Selim and Ozkarahan (2008), Werners (1988), Zim-
mermann (1978), Ahmadini and Ahmad (in press). In Torabi and Hassini
(2008) approach, the achievement function is defined as a convex
combination of the lower bound for satisfaction degree of objectives (a),

and the weighted sum of these achievement degrees (,u,(,;) (Fm(x))) to
confirm the yielding an adjustably balanced compromise solution. The
shortcomings of existing methods Lai and Hwang (1993, 1994), Li et al.
(2006), Selim and Ozkarahan (2008), Werners (1988) is pointed out by
Torabi and Hassini (2008) and presented TH method (Torabi & Hassini,
2008) to overcome these issues. Of particular interest, the TH method
(Torabi & Hassini, 2008) deals only the satisfaction degree of each
objective function and do not considers the dissatisfaction degree which
is also an important integrated part of the decision-making processes. All
the above discussed methods Lai and Hwang (1993, 1994), Li et al.
(2006), Selim and Ozkarahan (2008), Werners (1988), Zimmermann
(1978), Torabi and Hassini (2008) do not takes into consideration the
degree of dissatisfation (rejection) that exists in real-life decision-mak-
ing scenarios. To integrate the dissatisfaction degree in TH method
(Torabi & Hassini, 2008), we have re-defined a new achievement
function and consequently proposed a novel interactive intuitionistic
fuzzy programming approach (hereafter the FA method) to obtain the
optimal compromise solution. More specifically, the proposed IIFPA can
be considered as the extended version of TH method (Torabi & Hassini,
2008). Therefore proposed IIFPA (26) can be an equivalent modeling
and optimizing approach for solving the crisp SPWM model (21). Thus
the problem (25) can be transformed into an equivalent proposed IIFPA
(26) and can be summarized as follows:

14
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3 1 (1) (Fa () — 28 (P ()

m=1

Maxy/(x) =Ma—-p)+(1-2)
subject to

W) (F () 20

) (Fa () <B.

azf, 0<a + <1,

a,p,4€(0,1]

all the constraints of (21)

(26)
where yf,’,) (Fn(x)) and e, (Fm(x)) represent the satisfaction and dissatis-
faction degrees of m-th objective function under intuitionistic fuzzy
environment. Also @ = min [MSA) (Fm(x))] and f = max [1/("'1) (Fm(x))] denote
the minimum satisfaction and maximum dissatisfaction degrees of each
objectives, respectively. Thus the formulation of proposed IIFPA (26)
has a new achievement function which is elicited as a convex combi-
nation of the difference between lower and upper bounds for satisfaction
and dissatisfaction degrees of objectives (« —f), and the weighted sum of

the difference between these achievement degrees (M,(,'l)(Fm(x)) -

) (Fm(x))) to make sure generating an established balanced compro-
mise solution. Furthermore, #,, and 1 depict the relative preference of
the m-th objective function and the co-efficient of compensation,
respectively. The 7, parameters are identified by the decision-maker
based on her/his importances such that 7, =1, 5, > 0. Further, 1
monitors the overall satisfaction level of objectives as well as the
compromise achievement degrees among the objective functions
implicitly. It means that the proposed IIFPA (26) is most promising and
reliable of generating both unbalanced and balanced compromised so-
lutions for a given MOLPPs situation based on the decision maker’s
importances through tuning the value of parameter 1.

Remark 1. In current context, a greater value for 1 means more
concern is offered to determine a higher overall bounds for satisfaction
and dissatisfaction degrees of objectives (« —f) and consequently more
balanced compromise solutions.On the other hand, the smaller value for
A means more concern is shown to get a solution with high satisfaction
and low dissatisfaction degrees for some objectives with higher relative
preference without any attention paid to the overall satisfaction degree
of other objective functions. It should be worth important to note that
there exists a correlation between 4 and the range of #,, values (i.e.
maXxm|[#],,] —ming[y,,]) so that there will be specific pre-determined in-
terval of 1 in which it could be chosen for a given 5 vector. Furthermore,
Singh and Goh (2019) also investigated that Torabi and Hassini (2008)
method outperform with respect to their proposed algorithm. For
instance, for the probably high values of this range, consequent 4 should
be chosen as a small value (e.g. less than 0.2) because of explicit
importance of the decision-maker for obtaining an unbalanced
compromise solution in this case.

Definition 10. A vector x* € X is said to be an optimal solution to
proposed IIFPA (26) or an efficient solution to the crisp SPWM model
(21) if and only iff there does not exist any x € X such that, g, (x) >, (x")
and v (X)<um(x7), ¥ m = 1,2,3. Alsw, p,(x) > p,(x") and v¢(x) < ve(x")
for at least one t € (1,2,3).

Theorem 7: A unique optimal solution of proposed IIFPA (26) is also
an efficient solution to the crisp SPWM model (21).

Proof. Consider thatx" be a unique optimal solution of proposed IIFPA
(26) which is not an efficient solution to crisp SPWM model (21). It
means that there must be an efficient solution, say x**, for the crisp
SPWM model (21) so that we can have: p,, (x**)>u,,(x") and vm(x*™)<

Um(x"); Vm =1,2,-.- M. Alsw, there exists t|u, (x**) > p,(x") and v (x™*)
< um(x") for at least one t. Thus for the minimum satisfaction and
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maximum dissatisfaction levels of each objective functions in x* and x**
solutions, we would have (a — f)(x**)>(a — )(x"), and concerning the
related objective values we would have the following inequalities:

Hence, we have arrived at a contradiction that x” is not a unique optimal
solution of proposed IIFPA (26). This completes the proof of Theorem
7.0

4.2.1. Linear-type membership functions approach (LTMFA)

Assuming that p (Fn(x))>a and uL (Fp(x))<B, for all m. Using the
linear-type membership and non-membership functions, the proposed
IIFPA (26) can be transformed into problem (27):

(LTMFA) Maxl//(x) — A= B+ (1= 2) 3 (1 (Fa(3)) — o (Fu ()
subject to
Fu(x) + (Uy — Ly)a<U,,
Fu(x) = (Un = L) <L,
azp, 0<a + p<l,
a,p, A €10,1]

all the constraints of (21)
27)

Remark 2. The ultimate aim of problem (27) (LTMFA) manifests the
maximization of minimum possibility level (degree of belongingness) to
accept the best possible solution and minimization of maximum possi-
bility level (degree of non-belongingness) to reject the worst possible
solution by considering all the objective functions at a time. It means
that we try to determine a solution in such a way that it maximizes the
minimum membership (acceptance) and minimizes the maximum non-
membership (rejection) degrees by taking all objectives simulta-
neously, to attain the optimal compromise solution.

Theorem 7. A unique optimal solution of problem (27) (LTMFA) is also
an efficient solution for the crisp SPWM model (21).

Proof. The proof is similar to Singh and Yadav (2018). [
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4.2.2. Exponential-type membership functions approach (LTMFA)

We assume that yE (F,(x))>a and 1E (Fn(x))<p, for all m. With the
help of exponential-type membership and non-membership functions,
the proposed IIFPA (26) can be transformed into problem (28):

M ~
(ETMFA)  Maxy <x) =Ma—p)+ (1 =2) 3 0, (1 (Fu(x)) — i (Fu(x)))
m=1
subject to
—dp F/v:yf:l*y’;u)
e ( U L _ e—d,,,
R
—dyy (UY/’{Z’(A)
a
e —e
| ),1
1—edn /
azp, 0<a + <1,
a,p,A€[0,1]
all the constraints of (21)
(28)
Remark 3. If d,, — 0, then the exponential-type membership functions

will be reduced into linear-type membership functions.

Theorem 8. A unique optimal solution of problem (28) (ETMFA) is also
an efficient solution for the crisp SPWM model (21).

Proof. The proof is similar to Singh and Yadav (2018). [J

4.2.3. Hyperbolic-type membership functions approach (HTMFA)

Consider that uf! (Fy(x))>a and v (Fy(x))<p, for all m. With the aid of
hyperbolic-type membership and non-membership functions, the pro-
posed IIFPA (26) can be converted into problem (29):
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Table 3
Triangular intuitionistic fuzzy parameters.
Parameters Highly consumed COVID-19 medical equipments
Medical gown Face mask Face shield Hand gloves Hand sanitizer Shoe cover
ﬁ;-](unit) (30,32,34; (34,36,38; 32,36,40) (38,40,42; 36,40,44) (35,39,43; (38,40,42; (35,37,39;
28,32,36) 33,39,45) 36,40,44) 34,37,40)
T, , (inhr) (60,65,70; (66,69,72; 65,69,73) (71,74,77; 70,74,78) (25,27,29; (35,39,43; (50,53,56;
55,65,75) 24,29,34) 33,39,45) 49,53,57)
RFEJVq($/unit) (30,32,34; (34,36,38; 32,36,40) (38,40,42; 36,40,44) (35,39,43; (38,40,42; (35,37,39;
28,32,36) 33,39,45) 36,40,44) 34,37,40)
}/{Cf($/unit) (28,29,30; (35,37,39; 34,37,40) (42,44,46; 40,44,48) (33,36,39; (25,27,29; (45,48,51;
27,29,31) 32,36,40) 24,27,30) 44,48,52)
13\é}7($/unit) (30,32,34; (34,36,38; 32,36,40) (38,40,42; 36,40,44) (35,39,43; (38,40,42; (35,37,39;
28,32,36) 33,39,45) 36,40,44) 34,37,40)
ITI;Z(hr/unit) (40,42,44; (45,48,51; 44,48,52) (50,55,60; 45,55,65) (60,65,70; (66,69,72; (25,27,29;
38,42,46) 58,65,77) 65,69,73) 24,29,34)
’fE‘/Cz (units) (44,48,52; (50,53,56; 49,53,57) (55,59,63; 54,59,64) (52,56,60; (60,63,66; (35,39,43;
42,48,54) 50,56,62) 58,62,66) 33,39,45)
ﬁ?j_n($/unit) (34,36,38; (66,69,72; 65,69,73) (52,56,60; 50,56,62) (60,63,66; (66,67,68; (50,53,56;
32,36,40) 59,63,67) 65,67,69) 49,53,57)
Tﬂa‘;k‘"($/unit) (52,56,60; (60,63,66; 59,63,67) (66,69,72; 65,69,73) (66,67,68; (50,53,56; (34,36,38;
50,56,62) 65,67,69) 49,53,57) 32,36,40)
T%Z_I_"($/unit) (50,53,56; (34,36,38; 32,36,40) (66,69,72; 65,69,73) (52,56,60; (66,67,68; (60,63,66;
49,53,57) 50,56,62) 65,67,69) 59,63,67)
ﬁzw_n($/unil) (34,36,38; (66,69,72; 65,69,73) (66,67,68; 65,67,69) (50,53,56; (66,69,72; (34,36,38;
32,36,40) 49,53,57) 65,69,73) 32,36,40)
Tz‘ij"($/unit) (28,29,30; (35,37,39; 34,37,40) (42,44,46; 40,44,48) (50,53,56; (34,36,38; (66,69,72;
- 27,29,31) 49,53,57) 32,36,40) 65,69,73)
TWC‘?VPVH($/unil) (66,69,72; (30,32,34; 28,32,36) (34,36,38; 32,36,40) (38,40,42; (35,39,43; (38,40,42;
65,69,73) 36,40,44) 33,39,45) 36,40,44)
I‘é;l($/unit) (28,29,30; (35,37,39; 34,37,40) (42,44,46; 40,44,48) (33,36,39; (25,27,29; (45,48,51;
27,29,31) 32,36,40) 24,27,30) 44,48,52)
DTSE‘Z($/unit) (30,32,34; (34,36,38; 32,36,40) (38,40,42; 36,40,44) (35,39,43; (38,40,42; (35,37,39;
28,32,36) 33,39,45) 36,40,44) 34,37,40)
ﬁd@/unil) (40,42,44; (45,48,51; 44,48,52) (50,55,60; 45,55,65) (60,65,70; (66,69,72; (25,27,29;
38,42,46) 58,65,77) 65,69,73) 24,29,34)
ﬁi@/um[) (44,48,52; (50,53,56; 49,53,57) (55,59,63; 54,59,64) (52,56,60; (60,63,66; (35,39,43;
42,48,54) 50,56,62) 58,62,66) 33,39,45)
II\7C§($/unit) (60,65,70; (66,69,72; 65,69,73) (71,74,77; 70,74,78) (25,27,29; (35,39,43; (50,53,56;
55,65,75) 24,29,34) 33,39,45) 49,53,57)
fﬁ&:($/unil) (30,32,34; (34,36,38; 32,36,40) (38,40,42; 36,40,44) (35,39,43; (38,40,42; (35,37,39;
28,32,36) 33,39,45) 36,40,44) 34,37,40)
ﬁf(units) (28.2,29.4,30.5; (35.2,37.5,39.5; (42.8,44.2,46.4; (33.7,36.2,39.9; (25.8,27.4,29.3; (45.4,48.9,51.8;
27.6,29.5,31.9) 34.2,37.8,40.7) 40.5,44.6,48.6) 32.5,36.1,40.5) 24.4,27.6,30.3) 44.9,48.5,52.6)
fb:(units) (32.6,34.8,36.5; (35.6,39.4,43.2; (41.7,42.9,43.4; (50.8,51.6,52.7; (71.4,73.8,75.6; (30.7,32.6,34.4;
30.4,34.2,38.3) 34.5,39.2,44.3) 40.8,42.6,44.2) 48.2,51.9,54.6) 70.1,73.3,76.8) 28.2,32.6,36.9)
SF (0.55,0.60,0.65; (0.65,0.67,0.69;0.64,0.67,0.70) (0.71,0.73,0.75;0.70,0.73,0.76) (0.28,0.29,0.30; (0.35,0.37, 0.39; (0.35,0.37,0.39;
0.54,0.60,0.66) 0.26,0.29,0.31) 0.34,0.37,0.40) 0.34,0.37,0.40)
§($) (350000, 450000, 490000, 550000; 300000, 400000, 500000, 600000)
S (0.98, 0.85, 0.88, 0.94; 0.92, 0.83, 0.89, 0.96)
MC;(hr/unit) (4200, 4600, 5250, 5820, 3800, 4400, 5160, 5980)
WS,-(ftZ/unit) (0.34, 0.48, 0.54, 0.64, 0.28, 0.44, 0.56, 0.36, 0.37, 0.15, 0.24, 0.35, 0.48, 0.21)
MWS(ft%) (5500, 5720, 6180, 6690, 5200, 5650, 6430, 7120, 8420, 8460, 7950, 6940, 7460, 9280)
MCS’ (units) (6180, 6690, 5200, 5650; 7950, 6940, 7460, 9280)
MCC (units) (3600, 4200, 4600, 4400; 3800, 5160, 5980, 6600)
MCD (units) (5500, 5720, 5650, 6430; 7120, 8420, 8460, 7950)
Table 4
Individual best and worst solution for each objectives.
Objective functions Individual solutions
Minimum Maximum Minimum
(F1) (F2) (F3)
Total economic cost Fy (X) 6.2418E+06 12.5438E+05 562327
Maximum revenue gained F, (X) 9.4877E+06 17.0237E+05 512481
Minimum medical equipment 11.3018E+06 13.6489E+05 439471
delivery time F5(X)
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Table 5
Solution results obtained by using proposed IIFPA.

Objective values Proposed IIFPA with LTMFA

4 =01 A =03 A =05 A =07 A =09
Minimum (Fy) 9.0021E+06 9.0154E+06 9.0351E+06 9.0498E-+06 9.0743E+06
Maximum (F») 13.2014E+05 13.1984E+05 13.1821E+05 13.1564E+05 13.1258E+05
Minimum (F3) 502412 512288 522102 531919 539774

Marginal evaluations

(5 (F1), 4 (F1))
(k5 (F2), v5(F2))
(W5 (F3),v5(F3))

(0.8823, 0.5587)
(0.9129, 0.6395)
(0.8725, 0.5421)

(0.8803, 0.5602)
(0.9109, 0.6431)
(0.8709, 0.5436)

(0.8788, 0.5614)
(0.9077, 0.6451)
(0.8684, 0.5455)

(0.8753, 0.5621)
(0.9053, 0.6468)
(0.8671, 0.5468)

(0.8736, 0.5643)
(0.9011, 0.6467)
(0.8669, 0.5477)

Overall satisfaction
(a—p)
CPU Time (sec.)

Objective values

Minimum (F;)
Maximum (F)

Minimum (Fs3)

0.8634 0.8623 0.8611 0.8591 0.8516

0.2541 2.1562 1.6214 2.6514 1.6842
Proposed IIFPA with ETMFA

A =01 2=03 1=05 A=07 2 =09

10.2314E+06 10.2454E+06 10.2549E+06 10.2652E+06 10.2798E+06

11.2654E+05 11.2532E+05 11.2475E+05 11.2367E+05 11.2251E+05

522398 523214 534148 541845 542712

Marginal evaluations

(Wi (Fv), ¥ (F))
(u5(F2), 15 (F2))
(W5 (F3), V5 (F3))

(0.8751, 0.5621)
(0.8839, 0.6401)
(0.8624, 0.6532)

(0.8743, 0.5642)
(0.8821, 0.6418)
(0.8611, 0.6543)

(0.8719, 0.5664)
(0.8806, 0.6429)
(0.8587, 0.6557)

(0.8705, 0.5672)
(0.8789, 0.6441)
(0.8567, 0.6566)

(0.8683, 0.5689)
(0.8773, 0.6454)
(0.8551, 0.6573)

Overall satisfaction

(a—p) 0.8498 0.8474 0.8467 0.8446 0.8422
CPU Time (sec.) 1.2564 0.2154 0.2198 0.6214 2.6315
Objective values Proposed IIFPA with HTMFA

2 =01 2=03 A =05 A =07 4 =09

Minimum (F)
Maximum (Fs)

Minimum (Fs3)

11.6215E+06
10.8451E+05
531398

11.6398E+06
10.8325E+05
532254

11.6481E+06
10.8265E+05
536191

11.6532E+06
10.8162E+05
546847

11.6647E+06
10.8021E+05
547981

Marginal evaluations

(i (F1), v (F1))
(W4 (F2), 4 (F2))
(14 (F3), 1% (F3))

(0.8545, 0.5782)
(0.8635, 0.6512)
(0.8496, 0.6621)

(0.8523, 0.5796)
(0.8619, 0.6523)
(0.8481, 0.6634)

(0.8512, 0.5811)
(0.8604, 0.65419)
(0.8468, 0.6651)

(0.8491, 0.5826)
(0.8393, 0.65531)
(0.8451, 0.6668)

(0.8478, 0.5844)
(0.8367, 0.6571)
(0.8443, 0.6678)

Overall satisfaction

(a—p) 0.8251 0.8227 0.8219 0.8202 0.8183
CPU Time (sec.) 2.0146 0.6487 0.6874 1.3264 1.0548
Objective values Proposed IIFPA with MSMFA

A=01 1=03 A=05 1=07 12=09
Minimum (F; ) 8.6421E+06 8.6547E+06 8.6687E+06 8.6712E+06 8.6851E+06
Maximum (F) 14.6521E+05 14.6482E+05 14.6416E+05 14.6374E+05 14.6325E+05
Minimum (Fs3) 483603 483784 483889 484197 484324

Marginal evaluations

(15 (F1), 15 (F1))
(H5(F2),13(F2))
(W5 (F3),15(F3))

(0.9412, 0.5378)
(0.9616, 0.6204)
(0.9135, 0.5169)

(0.9393, 0.5389)
(0.9592, 0.62026)
(0.9119, 0.5188)

(0.9379, 0.5404)
(0.9576, 0.6239)
(0.9096, 0.5211)

(0.9365, 0.5427)
(0.9565, 0.6256)
(0.9074, 0.5233)

(0.9351, 0.5462)
(0.9552, 0.6271)
(0.9061, 0.5247)

Overall satisfaction

(a—p) 0.9254 0.9243 0.9219 0.9211 0.9202
CPU Time (sec.) 1.6452 0.2451 0.6871 0.6524 0.9532
Objective values (Ahmad, Ahmad, & Sharaf, 2021) approach

A=01 2=03 1 =05 =07 2 =09
Minimum (F;) 8.6529E+06 8.6651E+06 8.6698E+06 8.6772E+06 8.6897E+06
Maximum (F») 14.6481E+05 14.6429E+05 14.6408E+05 14.6351E+05 14.6317E+05
Minimum (F3) 483723 483863 483993 484287 484472

Marginal evaluations

(W5 (Fv), 13 (F))
(W5 (F2),15(F2))

(0.9412, 0.5378)
(0.9616, 0.6204)

(0.9393, 0.5389)
(0.9592, 0.62026)

17

(0.9379, 0.5404)
(0.9576, 0.6239)

(0.9365, 0.5427)
(0.9565, 0.6256)

(0.9351, 0.5462)
(0.9552, 0.6271)

(continued on next page)
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Table 5 (continued)
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Objective values

Proposed IIFPA with LTMFA

A=01

A =03

A =05

A =07

A =09

(0.9135, 0.5169)

(0.9119, 0.5188)

(0.9096, 0.5211)

(0.9074, 0.5233)

(0.9061, 0.5247)

(W5 (F3),v5(F3))

Overall satisfaction
(a—p)
CPU Time (sec.)

0.9254
1.6452

0.9243
0.2451

0.9219
0.6871

0.9211
0.6524

0.9202
0.9532

Maxy/(x) —Ma—p)+(1-2) :21 M (1 (Fu () — 2 (Fw(x)))

(1)) e
)

Vm=1,2,...M

subject to

{1 + tanh|( 6, (

(
(

A

{1 + tanh

2p, On =7—7
’ / Umem

0<a +p<1, a,p,2 € [0,1]
all the constraints of (21)

Equivalently, we have problem (30) as follows:

(HTMFA) Maxy (x) =Na=p)+(1-12) Z Mo (U (Fo

m=1
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—1 Gm
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all the constraints of (21)
(30)

Theorem 9. A unique optimal solution of problem (30) (HTMFA) is also
an efficient solution for the crisp SPWM model (21).

Proof. The proof is similar to Singh and Yadav (2018). [J

4.2.4. Modified S-curve membership functions approach (MSMFA)

Alsw, assume that y5 (Fn (x))>a and v5, (Fr(x))<p, for all m. Using the
modified S-curve membership and non-membership functions, the pro-
posed IIFPA (26) can be converted into problem (31):

/(¥) = U (Fa (%))

Mary(x) = a9+ (1= ) 35 1 (03 (B ) = 4 (Fa ()

subject to

:
B
7 (“)
1+Ce

, (3D
B
) ﬁ<ﬂ7

2q,

Um—Fm(x)

/ 7( Un—Lm
14+Ce

azp, 0<a + <1,

a,p,4€[0,1]
all the constraints of (21)

Consequently, we have problem (32) as follows:

(MSMFA) Maxy (x) =Ma=p)+(1-2) Z M (i, (Fo

m=1

subject to

Lm

,<J ) "

/ Un—Lm

Ce > (— — 1)7
a

| Un—Fm) /
;7 ( Oor~ton ) B
Ce <\l - ’

azp, 0<a+ p<l,

=

a,p,4e0,1]

all the constraints of (21)
(32)

Theorem 10. A unique optimal solution of problem (32) (MSMFA) is also
an efficient solution for the crisp SPWM model (21).

Proof. Suppose that (X, @, ) be a unique optimal solution of problem
(32) (MSMFA). Then, (@ — f))(a — ) for any (x,a,p) feasible to the
problem (32) (MSMFA). On the contrary, assume that (X, @, §) is not an
efficient solution of the crisp SPWM model (21). For that, there exists
x"(x" # X) feasible to the crisp SPWM model (21), such that Fy,(x")<
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Fig. 7. Production and waste management policies for COVID-19 medical equipments.

Fu(X) forallm = 1,2, .- M and Fy(x") < F(X) for at least one m.
Hence, we have
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Um —Im
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1 y( Ot ) 1 y( fntm )
Thus, min, | e > ming, | e

~——
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|

Vv
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Similarly, we have %’W?%’Zf) for all m=1,2,---,M and

Un—

Un—Fn(x') %”iff) for at least one m.

Unlm =
Consequently, it gives

Um—Fm (x") Um—Fm (%)

/ ( -t ) / ( =t )

e <e forallm=1,2,--,M and
e <e for at least one m.

Um—Fm(x") Un~Fm (%)
V(W) 7( Um—Lm )
Hence, max,, | e < maxn, | e

R r U”;Fl"ﬁf)) L
Assuming f = maxp | e ( o , we have f <(<)p.

This gives (@ — f)((a” — f*). Thus, we have arrived at a contradiction
with the fact that (X, @, §) is the unique optimal solution of (MSMFA).
Therefore, it is also an efficient solution of the crisp SPWM model (21).
This completes the proof of Theorem 11. []

4.3. Performance analysis based on multiple criteria

e Savings compared to baseline solution: The most reasonable compro-
mise solution is assumed to be a baseline solution for each objective
function. The comparison is made with a different optimal solution
which is then selected in terms of more savings.

o Co-efficient of variation (CV): It is a relative measure and most suit-
able method to compare two series. The size of the measure of
dispersion also depends on the size of the measurement. Thus, it is an
appropriate measure of dispersion to compare two series which dif-
fers largely in respect of their means. Moreover, a series or a set of

19

values having a lesser co-efficient of variation as compared to others
is more consistent. It also indicates how much fluctuation is
happening in the existing mean response. The lower value of co-
efficient of variation indicates the more homogeneous and robust-
ness of the data.

Degrees of desirability: The concept of degrees of desirability has been
first proposed by Baril, Yacout, and Clément (2007, 2011, 2013).
Linear physical programming Abdel Haleem (1991) is a method that
is used to depict the degrees of desirability (priority) for each
objective function of MOLPP. The degree of desirability is a benefi-
cial and handy tool for assigning the target values (T,) for the
objective function and for categorizing the solutions. By obtaining
the individual best and worst solution of each objective function, the
upper and lower bound for target values (T,) can be determined
directly. By using the pay-off matrix (individual best and worst so-
lutions of each objective function), bound (Tymax) and (Tpmin) can be
obtained. These bounds provide the reduction in solvability set
which can be denoted as ¥ and mathematically it can be shown
expressed as y = U Trmin<Tin<Tmmax; YMm=1,2,...,M} where y isa
set of parameter values for which the problem is solvable. Thus, the
reduced solvability set can be used for defining the degree of desir-
ability in the form of linguistic preferences. For more information
and a stepwise procedure, one can visit the research paper by Baril
et al. (2011). The details can be found in Baril et al. (2007, 2011,
2013).

4.4. Proposed solution algorithm

The step-wise procedures for modeling and optimization of inte-

grated production-transportation planning problem is summarized as
follows:

Step-1. Formulate the IFSPWM (18) under intuitionistic fuzzy
uncertainty.

Step-2. Using accuracy function, obtain the crisp SPWM model (21).
Step-3. Solve each objective function individually and determine the
upper U, and lower L, bounds using Eq. (23).

Step-4. With the help of Uy, and Ly,, define the membership and non-
membership functions under intuitionistic fuzzy envirnment.
Step-5. Elicit the various types of marginal evaluations such as linear,
exponential, hyperbolic or modified S-curve membership functions
(see Section 4.1) according to decision-makers’ preferences.

Step-6. Follow up with proposed IIFPA (26), construct the various
approaches with diffrent membership functions such as LTMFA (27)
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Fig. 8. Overall satisfaction level (a — f3).

Table 6
Overall satisfaction level (@ — $) achieved by using ETMFA and MSMFA.

Degree of vagueness Compensation co-efficient

(dm) 4=01 1=03 i1=05 1=07 2=09
0.5 0.8289 0.8277 0.8268 0.8261 0.8156
1 0.8187 0.8179 0.8171 0.8167 0.8156
1.5 0.8121 0.8113 0.8198 0.8187 0.8173
2 0.8076 0.8064 0.8059 0.8056 0.8049
2.5 0.8027 0.8022 0.8013 0.8005 0.7986
3 0.7931 0.7919 0.7902 0.7989 0.7971
3.5 0.7822 0.7809 0.7896 0.7881 0.7873
4 0.7788 0.7781 0.7776 0.7771 0.7767
4.5 0.7667 0.7653 0.7641 0.7635 0.7622
5 0.7543 0.7534 0.7531 0.7524 0.7518
Degree of vagueness Compensation co-efficient

&) A1=01 1=03 1=05 1=07 A=09
4 0.9125 0.9166 0.9157 0.9151 0.9144
8 0.9063 0.9059 0.9051 0.9046 0.9037
12 0.8943 0.8927 0.8921 0.8916 0.8907
16 0.8898 0.8881 0.8876 0.8869 0.8861
20 0.8779 0.8772 0.8766 0.8758 0.8742
24 0.8661 0.8657 0.8651 0.8646 0.8635
28 0.8528 0.8522 0.8515 0.8509 0.8501
32 0.8412 0.8403 0.8491 0.8486 0.8477
36 0.8384 0.8376 0.8371 0.8366 0.8358
40 0.8251 0.8248 0.8243 0.8236 0.8229

Table 7
Degrees of desirability for each objective functions.
Objective functions Most Desirable Desirable (D) Most
(MD) Undesirable
muU)

Minimum F; (X) (Total
economic cost)

7.1687E+06 11.6459E+06 14.2876E+06

Maximum F, (X) 16.6312E+05 13.2823E+05 10.3821E+05
(Maximum revenue
gained)

Minimum F3(X) 425122 556842 598142

(Minimum medical
equipment delivery
time)

or ETMFA (28) or HTMFA (30) or MSMFA (32) under the well-
defined constraints of the crisp SPWM model (21).

Step-7. Solve the obtained intuitionistic fuzzy programming model to
determine the balanced optimal compromise solution using appro-
priate techniques or some optimizing software packages.

Step-8. To generate the desired number of solution sets, tune the
compensation co-efficient A parameter. Moreover, one can tune some
additional parameters such as dp,,y and 7, to get the ample number
of solution sets.

Step-9. Execute performance analyses by using different criteria such
as savings compared to baseline solution, CV and degree of desir-
ability (discussed in subSection 4.3) to analyze the better perfor-
mance of different solution schemes and choose the desired balanced
compromise solutions.

5. A case study

The central government has ramped up domestic manufacturing of
personal protective and medical equipment, including ventilators, to
meet the increasing demand, amid serious concerns over shortage of PPE
for health workers. The prevention, containment, and management of
COVID-19 in the country are monitored at the highest level governing
body. Various actions have been initiated in collaboration with the
States. Talking about the criterion used, besides the number of cases,
”density of population, testing ratio and the likelihood of an area posing
a challenge have also been considered while classifying States into red
and orange zones.” The biggest challenge is not whether a State is in the
red or orange zone, but if the containment measures are being
adequately followed to curb the spread of the COVID-19. Containment
zones should be delineated duly, considering mapping cases and con-
tacts, geographical dispersion of cases and contacts, areas with a well-
demarcated perimeter, and enforceability. States and UTs are also
advised that containment zones can be residential colony/mohallas/
municipal wards or police station area/municipal zones/towns in urban
areas as appropriate. In containment zones, stringent perimeter control,
active search for cases through house-to-house surveillance by special
teams formed for the purpose, testing all cases as per sampling guide-
lines, contact tracing, and clinical management of all confirmed cases
need to be done. In buffer zones, extensive surveillance through moni-
toring of ILI/SARI cases in health facilities need to be expedited.

The Central Government of India has scaled up medical equipment
production in response to the coronavirus disease (Covid-19) outbreak
and ordered its preparedness to tackle the infectious disease. Some
government institutes like Defense Research and Development Organi-
zation (DRDO), South India Textile Research Association (SITRA), and
Ordnance Factory Board are the front runners in developing new tech-
nologies, materials, and testing facilities. DRDO has also developed new
PU coated nylon/polyester for supply to domestic manufacturers.
Arvind, The Trident Group, Welspun JCT Mills, and Shahi Exports are
domestic companies involved in the production.

The strategy devised is to see an opportunity to create supply chains
and manufacturing in India by helping existing producers expand and
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Table 8

Solution 1: (F;<7.1687E+06, F2>16.6312E+05 and F3<425122).
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Objective functions

Proposed IIFPA

LTMFA ETMFA HTMFA MSMFA
Baseline solution Solution (9% Solution (9% Solution Ccv Solution Ccv
F1(X) (Total economic cost) 7.2154E+06 6.6218E+06 1.23 6.9248E+06 1.34 6.26584E+06 1.05 6.2451E+06 0.93
F,(X) (Revenue gained) 15.9218E+05 15.9624E+05 0.93 15.9236E+05 1.02 15.9318E+05 0.91 15.9818E+05 0.87
F3(X) (Medical equipment delivery time) 452184 452136 1.17 452062 1.14 451981 1.09 451824 1.02
Table 9
Solution 2: (F1<11.6459E+06, F2>13.2823E+05 and F3<556842).
Objective functions Proposed IIFPA
LTMFA ETMFA HTMFA MSMFA
Baseline solution Solution (9% Solution (9% Solution Ccv Solution Ccv
F1(X) (Total economic cost) 7.2154E+06 6.8293E+06 1.39 6.3912E+06 1.84 6.7218E+06 1.71 6.1925E+06 1.23
F5(X) (Revenue gained) 15.9218E+05 16.3029E+05 0.78 16.2698E+05 0.89 16.1364E+05 0.98 16.7291E+05 0.73
F3(X) (Medical equipment delivery time) 452184 452118 1.29 452089 1.43 451912 1.67 451866 1.21
Table 10
Solution 3: (F;<14.2876E+06, F2>10.3821E+06 and F3<598142).
Objective functions Proposed IIFPA
LTMFA ETMFA HTMFA MSMFA
Baseline solution Solution (9% Solution (9% Solution Ccv Solution Ccv
F1(X) (Total economic cost) 7.2154E+06 6.7521E+06 1.37 6.8164E+06 1.17 6.9384E+06 1.49 6.2910E+06 1.11
F5(X) (Revenue gained) 15.9218E+05 16.6145E+05 0.98 16.7822E+05 0.87 16.4254E+05 1.13 16.9061E+05 0.81
F3(X) (Medical equipment delivery time) 452184 452041 1.26 451995 1.01 451901 1.14 451851 0.96

identify new manufacturers. To meet the requirement of PPEs, especially
medicated gown, face masks, face shields, hand gloves, sanitizers, and
shoe covers, factories producing essential items are working around the
clock, and ordinance factories are trying to produce personal protection
equipment for medical personnel. Thus in containment zones, a leading
Indian based automobile company gear up its production towards the
above furnished COVID-19 medical equipment for the first time. For the

Co-efficient of variation

Solution 1

Y evra HTMEA MSMFA

Proposed IIFPA

(a) (Solution 1)

Objective values

Solution 1

——o1

. e

-0 03

BN evra HTMEA MSMFA

Proposed IIFPA

(d) (Solution 1)

Co-efficient of variation

Objective values

Solution2

-0z

S

._//-\\-

03

™A ETVFA HTMFA MsMEA

Proposed IIFPA

(b) (Solution 2)

Solution2

-0 o3

LvFa A HTMEA MSMFA

Proposed IIFPA

(e) (Solution 2)

Solution3

——o1 -2 03

Co-efficient of variation

Mra ETFA HTMFA

Proposed IIFPA

(c) (Solution 3)

Solution3

-0 ——03

e —

Objective values

[

[N Evra HTMFA

Proposed IIFPA

(f) (Solution 3)

Fig. 9. Co-efficient of variation and objective functions v/s Proposed IIFPA.
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[

MsMFA

MSMFA

raw material acquirement, the company has an agreement with six raw
materials suppliers in Chennai, Coimbatore, Bengaluru, Kochi, Delhi,
and Patna, respectively. The automobile company has established
twelve advanced manufacturing plants in a different part of the nation.
The medical equipment is transported to highly demanded zones at
thirty-two markets of Maharashtra, Delhi, Chandigarh, Punjab, Karna-
taka, and Chennai from these production units. The six medical
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equipment is identified as an essential requirement for health personnel
and sanitation workers to fight with COVID-19 battle, namely; medi-
cated gown, face masks, face shield, hand gloves, sanitizers, and shoe
covers are successfully produced to meet the anticipated demand. The
end-of-life phase is initiated after its use, where the well-functional
collection centers are responsible for collecting used medical equip-
ment for further processing. For this purpose, eight different collection
centers are established near the medical equipment’s high demand
zones. After accumulating used medical equipment, four distribution
centers receive the generated wastes for assembling and recovery pur-
poses by inspecting them one-by-one with proper safety measures. Those
wastes that can be recovered are shipped to the advanced manufacturing
plants for further processing. Finally, non-recoverable or end-of-use
wastes are transported to six different disposal facilities such as under-
ground dumping and incineration purpose to reduce the social and
ecological impacts. Thus the SPWM model under intuitionistic fuzzy
uncertainty is easily implemented on the presented case study data. To
examine the applicability and validity of the proposed modeling and
optimizing approach, the manager has will-fully provided the relevant
data in uncertain form except for the maximum machine capacity,
available warehouse space limitation, and maximum available ware-
houses space. All the relevant data-set are summarized in Table 3. The
managers intend to minimize the total economic costs and delivery time
and maximize the revenue gained by enhancing it as an objective
function under the well-defined constraints.

5.1. Analysis of the solution results

The case study consisting of multiple objectives under the set of
constraints, is implemented to show the crisp SPWM model modeling
and optimization algorithms’ validity and applicability. The crisp SPWM
model is coded in AMPL language and solved using solver Knitro 10.3.0
through NEOS server version 5.0 on-line facility provided by Wisconsin
Institutes for Discovery at the University of Wisconsin in Madison for
solving optimization problems, see Dolan (2001), Server (2016).

The individual best and worst solution sets are calculated and pre-
sented in Table 4. Based on some vague experience and by using pay-off
matrix (summarized in Table 4), the baseline solution for each objectives
is assumed to be $ 7.2154E+06 (total economic cost), $ 15.9218E+05
(revenue gained) and 452184 h (medical equipment delivery time)
resectively. The reduced solvability set for the proposed IIFPA with
LTMFA is $ 7.1687E4+06 <Ti<$ 9.9238E+09, 12.3846E+05
<T2<16.2815E+05 and 436521 h <T3<562841 h; the reduced solv-
ability set for ETMFA is $ 8.2356E+06 <T;<$ 11.4132E+06, $
12.7311E+405 <T><$ 15.8343E+05 and 452672 h <T3<552864 h; the
reduced solvability set for HTMFA is $ 8.4842E+06 <T;<$
11.2133E4+06, 11.3861E+05 <T><13.3974E+05 and 442987 h
<T3<536428 h and; finally, the reduced solvability set for MSMFA is $
8.6824E+06 <T;<$ 11.8642E+06, 10.4251E4+05 <T»<13.6821E+05

Table 11
Comparision of optimal solutions with multiple criteria.
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and 452196 h <T3<502874 h, respectively. Thus these reuduced sets are
used to define the degree of desirability in three different linguistic scale
such as most desirable (MD), desirable (D) and most undesirable (MU)
and, can be represented in Table 7. The problem isn solved three times to
obtain the three compromise solution sets. The scope for generating
many number of solutions can be carried out by tuning the compensa-
tion co-effcient A untill satisfaction. At first, the degree of desirability for
each objectives are fixed at F;<$ 7.1687E+06, F»>16.6312E+05 and
F3<425122 h (best among all solutions using different approaches).
Secondly, the degree of desirability for each objectives are fixed at F; <$
11.6459E+06, F>13.2823E+05 and F3<556842 h (most desirable). At
third time, the degree of desirability for each objectives are fixed at F; <$
14.2876E+06, F3>10.3821E+05 and F3<598142 h (most undesirable).
The proposed IIFPA with four types of membership and non-
membership functions namely; LTMFA (Section 4.2.1), ETMFA (Sec-
tion 4.2.2), HTMFA (Section 4.2.3), and HTMFA (Section 4.2.4) methods
have been applied to solve the crisp SPWM model optimization model
and results have been summarized in Table 5, respectively.

Due to space limitations, the optimal allocation of COVID-19 medical
equipment among different echelons is not presented. The compromise
solution for all three conflicting objectives is obtained at (3 =17, =115 =
0.33) and different compensation co-efficient (1). From Table 5, it can be
observed that by using proposed IIFPA with LTMFA; the value of first
objective (Minimization of total economic cost), second objective
(Maximization of revenue) and the third objective (Minimization of
medical equipment delivery time) are found to be $ 9.0021E+06, $
13.2014E+05, and 502461 h at compensation co-efficient 4 =0.1
respectively. As for compensation co-efficient A increases, each objec-
tive’s values also reach towards its worst solution, and at 1 = 0.9, the
worst values of each objective are $ 9.0743E+06, $ 13.1258E+05, and
539794 h which shows the more consciousness of decision-makers to-
wards the vagueness or uncertainty. The overall satisfaction level (a — j)
is also maximum at A = 0.1 which is 0.8634 and approaching towards its
worst values 0.8516 at A = 0.9 which shows the inverse effects of
compensation co-efficient 4 with the satisfactory degrees.

Similarly, proposed IIFPA with ETMFA also yield in different
compromise solution sets. The obtained compromise solution outcomes
are depicted in Table 5. At 1 = 0.1, the values of each objectives by using
ETMFA have been found to be $ 10.2314E+06, $ 11.2654E+05, and
522461 h, respectively. As for compensation co-efficient 1 increases, all
the objectives reach towards their worst solution, and at 4 = 0.9, it
approaches to $ 10.2798E+06, $ 11.2251E+05, and 542794 h due to
supreme importance has been given to risk violation by decision-
makers. The overall satisfaction level (@ — f8) is found to be maximum
at 2 = 0.1, which is 0.8498 and approaching towards its worst values
0.8422 at 4 =0.9 which shows the inverse relationships between
compensation co-efficient and the overall satisfactory degrees.
Furthermore, the proposed IIFPA with HTMFA results in different
objective values at various compensation -co-efficient 1. The

Multiple criteria

Prpopsed IIFPA

LTMFA ETMFA HTMFA MSMFA
F1:55.01% | 55.81% | 56.13% | 57.22% |
Baseline solution F5:23.12% t 16.63% 1 23.24% 1 25.91% 1
F3: 87.45% | 87.15% | 87.66% | 88.11% |
F;:1.05 1.39 1.17 0.99
Ccv F5: 091 0.78 0.87 0.76
F53:1.09 1.29 1.01 0.97
F;: 9.0553E+09 (MD) 10.0714E+09 (MD) 10.9421E+09 (MD) 8.0391E+09 (MD)
Degree of desirability F,: 13.4162E+05 (MD) 11.3954E+05 (MD) 10.4235E+05 (MD) 14.3751E+05 (MD)
F3: 445897 (MD) 458139 (MD) 475291 (MD) 436521 (MD)
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corresponding compromise solution results are presented in Table 5. At
A = 0.1, the magnitude of each objectives have been obtained as $
11.6215E+06, $ 10.8451E+05, and 531461 h, respectively. With the
increase in compensation co-efficient J, it is observed that each objective
reaches towards their worst outcomes, which reveals that the manager
has given more importance to the risk violation under vagueness or
uncertainty. The overall satisfaction level (o —f) is found to be
maximum at 4 = 0.1, which is 0.8251 and approaching its worst values
0.8183 at 4=0.9 which shows the inverse relationships between
compensation co-efficient and the overall satisfactory degrees. Finally,
from Table 5, it can be observed that by using proposed IIFPA with
MSMFA, the total economic cost, maximum safety factors for the
products, and minimum multi-products delivery time are found to be $
8.6421E+06, $ 14.6521E+05, and 483652 h at compensation co-
efficient 1 = 0.1 respectively. As for compensation co-efficient 1 in-
creases, the values of each objective also reach towards its worst solu-
tion, and at 1 = 0.9, the worst values of each objective are $
8.6851E+06, $ 14.6325E+05, and 484381 h which shows the more
consciousness of decision-makers towards the vagueness or uncertainty.
The overall satisfaction level (a« — f) is also maximum at 4 = 0.1 which is
0.9254 and reaching towards its worst values 0.9202 at 4 = 0.9 which
shows the inverse effects of compensation co-efficient 4 with the satis-
factory degrees.

Moreover, if we perform the comparison among all four approaches
concerning objective functions, then it can be observed that MSMFA
results in better outcomes for all the objectives over the other three
approaches for each compensation co-efficient 1. Consequently, the
performances can be evaluated based on the marginal evaluations as
ModifiedS —curve(MSMFA) > Linear
(LTMFA) > Exponential(ETMFA) > Hyperbolic(HTMFA),  respectively.
Hence all four approaches are well capable in generating a better solu-
tion for different objectives. The proposed SWPM model explicitly
captures the production company’s actual problem regarding the
transportation and safety factors of the multi-products and delivery
time.

The main aim of this study is to establish a wholesome and reliable
trade-off among multiple conflicting objectives under intuitionistic
fuzzy uncertainty. The obtained results unanimously reflect the unifying
characteristic features of each goal according to the decision-maker’s
preferences. The two essential aspects have indicated that inherently
involved in decision-making processes: (1) violation of risk under vague
uncertainty and (2) balancing the global optimality of each objective.
The proposed research work solely highlights the modeling and opti-
mization framework for the SWPM model under an intuitionistic fuzzy
environment. Uncertainty is discussed in the parameters’ values, which
is resolved by robust ranking function techniques. Various multi-
objective optimization methods are suggested to solve MOLPPs. The
optimal production, consumption, and waste management policies are
derived after obtaining the outcomes. A concise overview of sustainable
production and waste management strategies related to various impor-
tant aspects is depicted in Fig. 7. It includes consumption of raw mate-
rials, budget shares holding for production, different service operation
and transportation purpose, pre-determined safety factors while
handling, utilization of various waste management options, total shares
in revenue generation, and finally the contribution to fulfill the total
expected demand of the various COVID-19 medical equipment.

Regarding the consumption of raw materials required to manufac-
ture the medicated gown, face mask, face shield, hand gloves, hand
sanitizer, and shoe cover, the total shares are shown by obtaining the
ratio of total availability and consumed amount of raw materials.
Fig. 7a, consumption of raw material is found to be 29% for the medi-
cated gown, 19% for the face mask, 13% for a face shield, 17% for hand
gloves, 06% for hand sanitizer and 16% for shoe cover, respectively. The
maximum proportion of raw material is consumed to produce the
medicated gown for the doctors or medical personals, which ensures the
gown’s foremost need to treat the COVID, infected patients. From
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Fig. 7b, it can be observed that the total budget that is exhausted over
various medical equipment are 24% for the medicated gown, 21% for
the face mask, 10% for a face shield, 16% for hand gloves, 18% for hand
sanitizer and 11% for shoe cover, respectively. In this case, the
maximum allocation of budget is utilized to produce the medicated
gown to fulfill total expected demands. Pre-cautionary safety measures
are also calculated based on the ratio of required safety factors for each
medical equipment and availability of useful practicing protective
measures at different sources point to various destinations. In Fig. 7c,
safety factors associated with the COVID-19 medical equipment are
found to be 22% for the medicated gown, 17% for the face mask, 15% for
a face shield, 19% for hand gloves, 11% for hand sanitizer and 16% for
shoe cover. The high safety measures are associated with medicated
gown production due to its more significant contamination during the
treatment of COVID-19 infected patients.

Moreover, the management of generated waste after using medical
equipment is of prime concern as its impact is severe both socially and
environmentally. The contamination or transfusion rate of used medical
equipment is very high and may severely impact if the concrete waste
management initiatives have not been taken. Thus the opportunity of
disposing of is depicted. From Fig. 7d, it can be observed that the used
medical equipment wastes are efficiently managed by under-ground
disposal facility, incineration, and advanced manufacturing plants and
are found to be 652354, 236548 and 712564 units of the medicated
gown are transported for under-ground disposal, incineration and
advanced manufacturing plants respectively. Similarly, 269541,
352145, and 865239 units of face mask are shipped for under-ground
disposal, incineration, and advanced manufacturing purposes, about
241365, 248931 and 569245 units of face shield are sent for under-
ground disposal, incineration, and advanced manufacturing processes,
respectively. Further, 265874, 352947, and 784325 units of hand gloves
are transported for under-ground disposal, incineration, and advanced
manufacturing purposes. Similarly, the respective units of hand sanitizer
and shoe cover are 265842, 397842 and 698741 units, and 312896,
386721, and 583194 units, respectively. The outcomes emphasize
manufacturing each medical equipment, and the maximum units are
shipped for manufacturing purposes to meet the anticipated demand.

In Fig. 7e, the contribution of each medical equipment in generating
the revenue is found to be 27% from the medicated gown, 20% from a
face mask, 18% from face shield, 26% from hand gloves, 08% from hand
sanitizer and 06% from shoe cover respectively. The medicated gown
also contributes the larger shares to revenue generation. The total ex-
pected demand is met by either newly produced or re-manufactured
medical equipment. Fig. 7f, the expected demand for the medicated
gown is met by 782473 newly produced and 287391 re-manufactured
units, respectively. Similarly, 872943 newly produced and 398456 re-
manufactured face mask units are shipped to the market for the fulfill-
ment of anticipated demand. About 572913 newly produced and
286179 re-manufactured units of face shield are sent to the market.
Further, 786245 newly produced and 358746 re-manufactured units of
hand gloves are transported to meet the expected demand. Similarly, the
respective units of hand sanitizer and shoe cover are 684265 and
584921 newly produced units, and 492875 and 386172
manufactured units, respectively.

The proposed research work solely highlights the modeling and
optimization framework for the crisp SPWM model under an intuition-
istic fuzzy environment. Uncertainty is discussed in the parameters’
values, which is resolved by robust ranking function techniques. Various
multiobjective optimization methods are suggested to solve MOLPPs.
The proposed IIFPA solution approaches may solve many other prob-
lems in different fields, such as engineering, management sciences,
economics, agriculture. Different criteria for selecting a better solution
amongst best are also among the remarkable strengths of the proposed
study. Apart from these contributions, a few more aspects have been left
untouched, reflecting the presented work’s weakness. Uncertainty due
to randomness and opportunity for choices of parameters’ values have

re-
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not been addressed in this research since the proposed solution methods
are conventional optimization techniques that may not be appropriate
for the large dimensions of the crisp SPWM model.

5.1.1. Overall satisfaction degrees for managers at various d,, and y

After getting the fruitful solution results by using the proposed IIFPA
with different sorts of membership and non-membership functions as
presented in Tables 5, there is still an ample opportunity to obtain more
specific and comprehensive outcomes by tuning additional parameters
dp, and y (vagueness degrees) present in the exponential and modified S-
curve membership functions, respectively. The Table 5 illustrate an
overall satisfaction level solution for single value of vagueness degree at
dn = 0.1 and y = 13.813. Hence it would be worth useful for managers
to observe or record the influence of these parameters (d,, and y) with
the overall satisfaction level (a« — f) which is graphically represented in
Fig. 8. For exponential-type membership and non-membership func-
tions, the parameter dy, is tuned for different values and the results are
shown in Table 6. The graphical representation are depicted in Fig. 8a.
As Table 6 and Fig. 8a reveal that when parameter d,, (vagueness de-
gree) increases, the overall satisfaction degree of managers decreases. It
may be concluded that the nearer the d,, values reaches to 0, the more
likely the problem be to a crisp SPWM model and the overall degree of
satisfaction will always 1. This same behavior is noticed for different
compensation co-efficient A values, the only difference being the initial
point for the minimum vagueness degrees. For d,, = 0.5,4 = 0.1, the
satisfaction level is found to be 0.8229 and reaches towards its worst at
dm = 5,4 = 0.9 which is 0.7518. As discussed before, a higher overall
satisfaction level (a — f8) can be attained with higher compensation co-
efficient A values. In Fig. 8a, the downward trend is shown for the
parameter d,, means that an increment in these values will lead to the
reduction in overall satisfaction level (a« — ) and vice versa.

In a similar manner, for modified S-curve membership and non-
membership functions, the parameter y is changed for different values
and the results are depicted in Table 6. The graphical representation is
shown in Fig. 8b. As Table 6 and Fig. 8b reflect that when parameter y
(vagueness degree) increases, the overall satisfaction degrees of man-
agers decreases. For a value y = 4,4 = 0.1, the oveall satisfaction level is
depicted to be 0.9125 and moves towards its worst at y = 40,4 = 0.9
which is 0.8229. It may be deduced that the closer the y values comes to
0, the more surely the problem be to a crisp SPWM model and the overall
degree of satisfaction will always 1. The exact behavior is observed for
different compensation co-efficient 1 values, the only difference being
the starting point for the minimum vagueness degrees. As discussed
earlier, a higher overall satisfaction level (@ — §) can be achieved with
higher compensation co-efficient A values. In Fig. 8b, the downward
trend is revealed for the parameter y means that an increase in this value
will results in the reduction of overall satisfaction level (a« — f) and vice
versa.

In order to determine the best possible outcomes in the proposed
ITIFPA, the managers has to identify the most appropriate parameters (dp,
and y) when exponential and modified S-curve is implemented for
marginal evaluation purpose. Thus, the presented ETMFA and MSMFA is
more flexible, versatile and convenient than the LTMFA and HTMFA.
Consequently, the proposed IIFPA is most promising and reliable while
dealing with MOLPPs. Moreover the proposed IIFPA can generate both
unbalanced and balanced efficient solutions based on the managers
choices, and can offer the suitable flexibility to provide different solu-
tions helping in the selection of most preferred compromise solution.

5.2. Performances analysis

The three different solution sets based on the degree of desirability
scenario have been generated, and the corresponding performances of
each solution method (e.g. Proposed IIFPA with LTMFA, ETMFA,
HTMFA and MSMFA) under the different solution sets are also recorded.
From Table 8 (solution 1), the LTMFA reveals that total economic cost
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can be reduced by 24.82%, total revenue can be enhanced by 11.83%,
and product delivery time can be mitigated by 38.68% as compared to
the savings from baseline solution. Furthermore, ETMFA yield in the
reduction of economic cost by 13.24%, a significant increment in the
revenue gained by 18.84% and notably decrement in the product de-
livery time by 73.83% as compared to the baseline solution. Similarly,
on applying HTMFA, it is observed that the economic cost can be
reduced by 12.84%, revenue generation can be enhanced by 17.61%,
and product delivery time can be mitigated by 22.49% as compared to
the baseline solution. At last, it is found that the MSMFA results in the
significant reduction in the total economic cost by 17.21%, enhance-
ment in revenue generation by 23.73%, and product delivery time can
be mitigated by 21.63% as compared to the baseline solution. Likewise,
from Table 9 (solution 2), the LTMFA shows that total economic cost can
be diminished by 15.81%, revenue gained from re-manufactured prod-
ucts can be increased by 22.77%, and product delivery time can be
reduced by 17.15% as compared to the baseline solution. Furthermore,
The ETMFA results in the reduction of economic cost by 13.63%, a
significant increment in the revenue generation by 19.56%, and notably
decrement in the product delivery time by 13.55% as compared to the
baseline solution. Similarly, on applying HTMFA, it is observed that the
economic cost can be mitigated by 15.01%, revenue gained from the re-
manyfactured products can be enhanced by 16.63%, and product de-
livery time can be reduced by 19.26% as compared to the baseline so-
lution. Finally, it is found that the MSMFA results in the significant
reduction in the total economic cost by 18.61%, enhancement in reve-
nue gained by 22.94%, and product delivery time can be mitigated by
12.97% as compared to the baseline solution. From Table 10 (solution
3), the LTMFA ensures that total economic cost can be reduced by
13.64%, revenue generation can be achieved by 21.62%, and products
delivery time can be mitigated by 18.36% as compared to the baseline
solution. Furthermore, the ETMFA results in the reduction of economic
cost by 15.54%, a significant increment in the revenue gained by
20.65%, and remarkable decrement in the products delivery time by
17.66% as compared to the baseline solution. Similarly, on applying the
HTMFA, it is observed that the total economic cost can be reduced by
14.31%, revenue generation from the products can be enhanced by
17.27%, and products delivery time can be mitigated by 18.61% as
compared to the baseline solution. Lastly, it is observed that the MSMFA
results in the significant reduction in the total economic cost by 19.61%,
enhancement in revenue gained by 23.61%, and product delivery time
can be mitigated by 13.54% as compared to the baseline solution.

For solution 1, a comparative study with the co-efficient of variation
shows that all the objective functions are more homogeneous under
variation while using the LTMFA over others. Similarly, more robust
(homogeneous) results of each objective function have been achieved
for solution 2 while using ETMFA. Furthermore, it is also observed that
all the objective functions are more homogeneous under variation while
using the MSMFA for solution 3. The trending behavior of co-efficient of
variations has also been shown in Fig. 9. The representation of fluctu-
ating behavior for solution 1 (Fig. 9a), solution 2 (Fig. 9a), and solution
3 (Fig. 9¢) by using different techniques reflects homogeneity or
robustness under the variation. In addition to the co-efficient of varia-
tions, the behavior of the different techniques has been depicted in Fig. 9
for each solution set. The graphical representation of solution 1 (Fig. 9a),
solution 2 (Fig. 9a), and solution 3 (Fig. 9¢) by using different techniques
reveals the performances of proposed IIFPA with each types of marginal
evaluations. Finally, the optimal solution results for three different so-
lution sets have been summarized in Table 11. From Table 11, all the
solution sets are under the most desirable zone, which provides an op-
portunity to select a better one amongst the best solution sets. Thus these
criteria (savings compared to baseline solution, CV, and degrees of
desirability) for selection of optimal solution results are proven to be
quite helpful tools while dealing with multiple objective optimization
problems.
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5.3. Managerial insight

The presented study inherently includes managerial level implica-
tions by exploring promising SPWM model practices in an automobile
company in the Indian context, which also contemplates over a scientific
approach that recognizes and eradicates the internal hurdles among the
SPWM model. A significant output of the study provides in-depth aid
and supports to the managers or practitioners of automobile companies
to identify, classify, and analyze the current policies’ hidden short-
comings for a continuous period. It also indicates the more suitable and
appropriate practices that can be adopted for attaining sustainability in
the SPWM model.

The current research contribution towards managerial insight is
classified into four leading categories depending on the nature of the
issues addressed. The first managerial implication can be identified to
develop a robust model for sustainable production and waste manage-
ment policies for the COVID-19 medical equipment. The optimal pro-
duction, consumption, and waste management policies for new or first-
time medical equipment producing for the automobile company leads to
systematic and well-organized decision-making scenarios. The SPWM
model formulation unanimously adheres and exhibits realistic decision-
making processes while producing COVID-19 medical equipment. The
depiction of different objective functions and associated constraints are
a much reliable optimization framework in the current COVID-19 situ-
ation. The proposed SPWM model act as an aid and support to the
managers or practitioners to adopt the prominent strategy and get the
optimal results. On implementing the proposed SPWM model, the out-
comes have shown the dynamic and promising characteristic features
about the production policies and waste management strategies. The
second managerial implication is identifying the most critical aspects of
uncertainty among parameters and selecting appropriate techniques to
capture uncertain behavior parameters. A more practical approach to
overcome the issue of uncertainty in a more practical way, triangular
intuitionistic fuzzy numbers are suggested that provide both aspects of
parameters’ acceptance and rejection under hesitations.

Most importantly, the third managerial implication can be consid-
ered to develop a novel IIFPA approach, a scientific solution method, to
solve the proposed SPWM model. The propounded IIFPA is easily
applicable and very co-operative with different membership and non-
membership functions such as linear, exponential, hyperbolic, and
modified S-curve, respectively. The opportunity to obtain the optimal
solution’s desired number is also a remarkable aid to the managers or
policy-makers. Based on different comparing criteria, the selection of
better optimal solution sets among the bests is a benchmarking contri-
bution to the fourth managerial implication. Performances analyses are
also performed on the obtained solutions and can be implemented ac-
cording to the resources, demand, budget, and time. The current SPWM
model outcomes ensure maximum emphasis on the medicated gown
production and its management to meet the anticipated demand and
extract the revenues regularly. It can be further analyzed that sanitizer
production is comparatively lower than other medical equipment that
reveals the less demand and waste management policies are required.
An increase in the production of unit medicated gown can contribute to
fulfilling the current demand and results in a significant revenue gen-
eration too.

The strategy advised is to provide an opportunity to create supply
chains and manufacturing within India by helping existing manufac-
turers to expand, identifying new manufacturers, hand-holding and
facilitating, teams of officers, engineers, and scientists deployed and
import only if necessary to meet timelines. Thus during COVID-19
pandemic, any non-pharmaceutical company or organization can start
production and waste management initiatives to strengthening and
enabling the nation while fighting with the virus. Finally, managers or
policy-makers can take advantage of the current study and extract the
fruitful pieces of information and knowledge regarding the optimal
policies and strategies while making decisions.
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The advantages and disadvantages of the proposed IIFPA method can
be highlighted. The propounded IIFPA considers both the membership
and non-membership functions consisting of the element’s acceptance
and rejection degrees into the same feasible solution set and ensures less
violation of risks due to hesitation degree. The proposed IIFPA is
exempted from the various shortcomings and drawbacks of the existing
methods such as Lai and Hwang (1993, 1994), Li et al. (2006), Selim and
Ozkarahan (2008), Werners (1988), Zimmermann (1978), Torabi and
Hassini (2008). It also provides an ample opportunity to generate as
many solution sets as decision-makers or managers want and select the
most desired ones. The proposed IIFPA deals with the degree of accep-
tance and the rejection in the solution set. Sometimes, a situation may
arise where the degree of indeterminacy exists. In such a case, the
proposed IIFPA cannot be used to solve the multiobjective optimization
problem. The proposed IIFPA may not generate the optimal solution for
large-dimensional problems due to the model’s complex configuration.

There are some limitations of this research work. The study is
designed and developed according to the current situation of the COVID-
19 pandemic; however, situations will be changed with time, and the
modeling approach would be outdated and are not eternal. The SPWM
model is not considered sustainable, as it is indispensable to address
sustainability in current scenarios. Environmental impact assessment is
not performed in this research study, which can be regarded as a limi-
tation of the study. Health personnel safety, such as their service hour, a
routine checkup of health workers, and 24 x 7 availability of PPEs, is not
considered in the proposed SPWM model, which is the essential aspects
in the current situations.

In the future, proposed IIFPA can be applied to a vast range of real-
world applications such as humanitarian relief logistics management,
inventory control, supply chain management, supplier selection, trans-
portation problem, assignment problems, etc. The proposed SPWM
model is implemented on small data-set and dimensions, but it can be
further applied to large-scale or state and country level.

6. Conclusions

The mixed-integer multiobjective modeling and optimization
framework for sustainable production and waste management policies
for COVID-19 medical equipment is presented under uncertainty.
Triangular intuitionistic fuzzy numbers have depicted impreciseness
among different parameters. A robust ranking function based on ex-
pected values (EV) is introduced to quantify the triangular intuitionistic
fuzzy parameters scientifically into its crisp form. The working effi-
ciency of the proposed SPWM model is also discussed through the ex-
istence of its convexity property. Furthermore, a new solution method
IIFPA with different membership and non-membership functions is
developed and successfully employed to solve the proposed SPWM
model. A tremendous amount of solution results are generated by tuning
the various parameters that allow managers or decision-makers to select
the most favorable or desirable solution sets. Moreover, the multiple
criteria such as savings from baseline solution, CV, and degrees of
desirability are introduced to measure the performance analysis of the
proposed IIFPA with LTMFA, ETMFA, HTMFA, and MSMFA approach.
The outcomes and findings are elaborately discussed in the context of
the compelling managerial implications. Thus modeling and optimiza-
tion texture of the proposed SPWM model reveals a similar scenario for
newly engaged manufacturing companies to produce the COVID-19
medical equipment the first time. The achieved objectives are highly
favorable and satisfactory, which encourages automobile companies to
manufacture such medical equipment.

Some crucial aspects have been untouched due to manuscript writing
constraints and can be studied as future research scope. The crisp SPWM
model has not considered the distribution of products integrated into the
supply chain design. Implementation of other uncertain forms of pa-
rameters such as multi-choice and stochastic random variables can also
be regarded as future research scope. The various conventional
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techniques such as TOPSIS, fuzzy TOPSIS, and intuitionistic fuzzy
TOPSIS can be further applied to compare the performances of the
proposed IIFPA. Additionally, some metaheuristic optimization tech-
niques such as Artificial Neural Network, Genetic Algorithm, and Par-
ticle Swarm Optimization can also be implemented to solve the crisp
SPWM model.
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