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Abstract

In many fields, from industry to engineering to the social sector, decision makers are
increasingly required to weigh several, conflicting objectives in their decision-making
processes. Multi-objective optimization models can be used to describe real-world de-
cision difficulties in this scenario.

Conventional optimization methods presume that all of an optimization model’s
parameters and goals are perfectly known. However, due to a lack of information,
subjective viewpoints, insufficient description of objectives, and incapacity to evaluate
the relative importance of the objectives, challenges arise in the building of an accu-
rate mathematical model of the system. In this situation, fuzzy set theory is a suitable
choice for modeling system imprecision and uncertainty since it may define imprecise
information in a more logical and understandable way. Several authors have researched
fuzzy multi-objective optimization issues in the literature.

Teaching-Learning Based Optimization (TLBO) approach is widely accepted in nu-
merous engineering applications.Despite the similarity of this algorithm to other Meta-
heuristic techniques in terms of employing a set of solution and stochastic nature, the
inspiration of algorithm is unique. The effectiveness of this simple and robust paradigm
in the fields of engineering and sciences is gaining popularity rapidly due to its less
complex approach in tuning with the algorithm and other common parameters like pop-
ulation size, number of iterations and stopping criteria, etc. Furthermore, it is concluded
that TLBO is a promising variant in the class of stochastic methods that can be extended
to find solutions of challenging real-world problems.

In fuzzy optimization, we searching for the best possible solution that can be found
in the face of incomplete, imprecise, or uncertainty data. The bulk of real-world opti-
mization issues are fuzzy in nature, despite the fact that they are frequently considered
to be crisp for the sake of solving them. Many of them are multi-objective optimization
problems, in which multiple conflicting objectives must be satisfied while adhering to
the same set of constraints.

Keywords: Linear Programming Problem, Spherical Fuzzy Optimization, Teach-

ing Learning Based Optimization, Pareto Optimal Solution, Mathematical Modelling,

Municipal Solid Waste Management

Thesis Layout
The thesis is divided into following chapters:
Chapter 1: Introduction This chapter includes the basic concepts related to the

terms involved in our presented research work like different models of spherical fuzzy
linear programming problem (single as well as multi objectives), membership functions
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for spherical fuzzy number, objective functions, and constraints, algorithm of proposed
method, spherical fuzzy programming, municipal solid waste management in Indian
cities. This is further followed by literature review, research gap and the defined re-
search objectives of our work.

Chapter 2: Teaching-Learning Based Optimization: A review on its Back-
ground & Development
This chapter is based on one of the sub-objectives of our first research objective. It is
about Teaching-Learning Based Optimization (TLBO) approach which is widely ac-
cepted in numerous engineering applications.Despite the similarity of this algorithm to
other Meta-heuristic techniques in terms of employing a set of solution and stochastic
nature, the inspiration of algorithm is unique. This paper aims at discussing the position
of TLBO within the domain of Nature-Inspired Algorithms (NIA). The effectiveness of
this simple and robust paradigm in the fields of engineering and sciences is gaining pop-
ularity rapidly due to its less complex approach in tuning with the algorithm and other
common parameters like population size, number of iterations and stopping criteria,
etc. The paper also highlights the development, mechanism, mathematical formulation
and algorithm of TLBO. Furthermore, it is concluded that TLBO is a promising variant
in the class of stochastic methods that can be extended to find solutions of challenging
real-world problems. The review is expected to be useful for the freshers in research
area of Optimization techniques.

Chapter 3: Assessment of Municipal Solid Waste Management of Dinanagar
city of Punjab India
This chapter is also contributes as sub-objective of first objective. It is about the as-
sessment of MSWM by MCD in the study area. Unscientific waste management is
increasingly becoming a major reason for environmental issues in Indian cities. Un-
like previous municipal solid waste management in cities of Punjab(India ), this study
analyzes the implementation of solid waste management. Also, examine the factors
responsible for the dysfunction of the municipal corporation of Dinanagar(MCD) city
of Punjab(India). To fulfill the research objectives, primary and secondary data are col-
lected from various sources. However, some drawbacks and flaws were found in the
existing practices of Municipal Solid Waste Management. The Strengths, Weaknesses,
Opportunities, Threats(SWOT) analysis is performed to conclude the present scenario
of MCD. This study is eventually concluded with some suggestions to waste managing
authorities and researchers for contribution in improvement of current system.

Chapter 4: Implementation Analysis of Municipal Solid Waste Management
of Dinanagar city of Punjab India
This chapter is also contributes as sub-objective of first and second objective.It is based
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on the study of implementation analysis of MSWM by MCD, the study area. Unsci-
entific waste management is increasingly becoming a major reason for environmental
issues in Indian cities. Unlike previous municipal solid waste management in cities
of Punjab(India ), this study analyzes the implementation of solid waste management.
Also, examine the factors responsible for the dysfunction of the municipal corporation
of Dinanagar(MCD) city of Punjab(India). To fulfill the research objectives, primary
and secondary data are collected from various sources for qualitative and quantitative
analysis. However, some drawbacks and flaws were found in the existing practices of
Municipal Solid Waste Management. The internal consistency and validity are mea-
sured using Cronbach’s alpha. The importance- performance analysis is performed to
conclude the present scenario of MCD. This study is eventually concluded with some
suggestions to waste managing authorities and researchers for contribution in improve-
ment of current system.

Chapter 5: Prioritizing the indicators responsible for sustainable municipal
solid waste management using SF-AHP and SF-TOPSIS
This chapter contributes to the completion of our one of the sub-objectives of second
objective. It is about the study of various factors responsible for sustainable waste man-
agement in local study area and then prioritize them using spherical fuzzy concept.
Municipal corporations of small cities in India are struggling with the challenges that
emerge from the unstructured solid waste management system. For successful imple-
mentation of the Municipal solid waste management system, all the basic components
of this system need to work effectively and efficiently. Identification of performance
indicators is completed with the help of a literature review and experts information.
Interviews were conducted with the experts working in the field of solid waste manage-
ment and three decisions criteria i.e., importance, performance, and understandability
were defined to evaluate the selected performance indicators. For uncertainties, crite-
ria weights were established using the spherical fuzzy analytical hierarchy process ap-
proach and the combined pairwise comparison matrix was aggregated by applying the
spherical fuzzy TOPSIS method. Eventually, the indicators responsible for sustainable
waste management were selected and ranked. An assessment of the conceptual frame-
work of MSWM is also proposed for practical implementation of the ranked indicators
for the MSWM system in Dinanagar and other cities with similar situations.

Chapter 6: Spherical fuzzy programming approach to optimize the transporta-
tion problem
This chapter also contributes to the completion of our one of the sub-objectives of sec-
ond objective. It is based on the single objective model of transportation problem
involved in municipal solid waste management. In any real-life problem, decision-
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making plays a very important role. It is always observable that uncertainty, hesitation,
vagueness, etc involves in real-life situations. The existence of such factors results in
increases the difficulty for the decision maker(s) to decide the accurate/precise, crisp
value of parameters involved in the specific problem. In the present study, the uncer-
tainty included in the transportation problem deals with the proposed method based on
the derived accuracy function. The function is derived with the centroid method and is
further used to convert the fuzzy number into a crisp value in the proposed approach.
The applicability and validity are presented with the numerical illustration. The supe-
riority and comparative study are shown by applying it to the real-life transportation
problem as a case study of Dinanagar city, India.

Chapter 7: Mathematical Modelling Of Municipal Solid Waste Management
In Spherical Fuzzy Environment
This chapter is based on our last two defined objectives. It is based on the application
of proposed integrated novel method to optimize the waste management. Waste man-
agement is increasingly becoming a global resource management issue. The health and
environmental issues are the main concerns of this management. Municipal solid waste
management systems in developing countries, such as India, are facing challenges as a
result of long-term uncertainty. Despite the fact that numerous studies on waste man-
agement have been conducted in a variety of fuzzy environments around the world.
This study uses a mathematical model to include all of the major components of mu-
nicipal solid waste management. To deal with uncertainty, the mathematical model of
municipal solid waste management is defined using the spherical fuzzy environment.
The designed model is multi-objective so to find the pareto optimal solution teaching
learning based optimization is used in the spherical fuzzy environment. The goal of
this research is to determine the current state of waste management in the Dinanagar
area of Punjab, India. Finally, the constructed mathematical model is in possession of
long-term waste management in the study area, Dinanagar city in Punjab, India. The
findings of comparing the suggested model to the current framework show that the new
model provides better solutions in terms of sustainability.

Chapter 8: Conclusion & Future scope This chapter concludes the various ap-
proaches already discussed and introduces new topics for the future in terms of spheri-
cal fuzzy linear programming problems, numerical illustrations and applications. This
would put forward future aspirations for the area of optimization in other fields. It
summarizes the inputs and identifies the areas that need attention in the near future.
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Chapter 1

Introduction

In many fields, from industry to engineering to the social sector, decision makers are
increasingly required to weigh several, conflicting objectives in their decision-making
processes. Multi-objective optimization models can be used to describe real-world de-
cision difficulties in this scenario.

The three main subjects discussed in this work are Municipal Solid Waste Manage-
ment in India, teaching-learning based optimization, and spherical fuzzy mathematical
programming. Traditional optimization techniques make the assumption that the pa-
rameters and objectives of an optimization model are fully understood. However, diffi-
culties are encountered in creating a precise mathematical model of the system because
of a lack of knowledge, subjective opinions, an inadequate description of the aims, and
an inability to assess the relative importance of the objectives. Since it has the potential
to define imprecise information in a more logical and intelligible way, fuzzy set theory
is a good option in this case for describing system imprecision and uncertainty. Several
authors have been studied multi-objective optimization problems under fuzziness.

In fuzzy optimization, we look for the best feasible outcome in the presence of
insufficient, inaccurate, or uncertain data. Even though they are typically thought of as
being crisp for the purpose of addressing them, the majority of optimization problems in
the real world are actually fuzzy in nature. Numerous them involve balancing multiple
conflicting objectives while keeping to the same set of constraints. These are known as
multi-objective optimization issues.

The TLBO algorithm is divided into two primary phases because it imitates the
learning process by using the class teacher’s and other students’ expertise. The nicest
thing about TLBO is that it’s simpler to learn and use than other optimization ap-
proaches because it only needs two algorithmic parameters. Learners, who make up
the population in a classroom, are generated at random. In programming languages
like MATLAB, MATHEMATICA, SCILAB, etc., the hybrid TLBO method in the SF
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environment can be simulated.
The basic concept of this study is introduced from [6]
In this study a novel hybrid method is developed by integrating linear program-

ming problem(Single or multi objective LPP) under spherical fuzzy environment with
a robust Teaching-Learning based optimization technique.

1.1 Basic terminology

There are many basic terms and concepts are used throughout this research work such
as fuzzy number, extended versions of fuzzy number, hierarchy diagram of different
fuzzy numbers, membership function etc. Some of the crucial definitions and concepts
are given in the proceeding sections.

1.2 Different models of SFMOLPP

The extension of MOLPP by introducing SF concept named as SFMOLPP and can be
expressed as:

Model-I: This model presents the SFMOLPP in which coefficients of objective
functions are represented in spherical fuzzy number(SFN) but the variable’s coefficients
and r.h.s constants of constraints are in real numbers.

Maximize Fo(x) = (f̃1, f̃2, f̃3, ..., f̃o) ∀o = 1, 2, ..., O1

Minimize Fo(x) = (f̃1, f̃2, f̃3, ..., f̃o) ∀o = O1 + 1, O2 + 2, ..., O

Subject to

K∑
k=1

aikxk ≤, =,≥ bi, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

where each f̃o =
K∑
k=1

c̃kxk, c̃k denotes a SFN and aik, bi are real numbers.

Model-II: This model presents the SFMOLPP in which objective function’s coeffi-
cients are in real numbers but the variable’s coefficients and r.h.s constants of constraints
are in SF numbers.

Maximize Fo(x) = (f1, f2, f3, ..., fo) ∀o = 1, 2, ..., O1

Minimize Fo(x) = (f1, f2, f3, ..., fo) ∀o = O1 + 1, O2 + 2, ..., O
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Subject to

K∑
k=1

ãikxk ≤,=,≥ b̃i, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

where each fo =
K∑
k=1

ckxk, ck is a real number and ãik and b̃i are SF numbers.

Model-III: This model presents the SFMOLPP in which coefficients of objective
functions, the variable’s coefficients and r.h.s constants of constraints all are in SF num-
bers.

Maximize Fo(x) = (f̃1, f̃2, f̃3, ..., f̃o) ∀o = 1, 2, ..., O1

Minimize Fo(x) = (f̃1, f̃2, f̃3, ..., f̃o) ∀o = O1 + 1, O2 + 2, ..., O

Subject to

K∑
k=1

ãikxk ≤,=,≥ b̃i, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

where each f̃o =
K∑
k=1

c̃kxk, c̃k denotes a SFN and ãik, b̃i are also SF numbers.

1.3 Membership functions for SFN

Membership functions for crisp formulation of SFLPP :
The SFN ã = (t, i, f) where each t, i, f ∈ [0, 1] .

The truthiness or positive membership function for SFN, ã can be defined as fol-
lows:

tã(x) =


x−t1
t2−t1 , t1 ≤ x ≤ t2
t2−x
t3−t2 , t2 ≤ x ≤ t3

0 otherwise

(1.1)

The indeterminacy or neutral membership function for SFN, ã can be defined as
follows:
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iã(x) =


x−i1
i2−i1 , i1 ≤ x ≤ i2
i2−x
i3−i2 , i2 ≤ x ≤ i3

0 otherwise

(1.2)

The falsity or negative membership function for SFN ã can be defined as follows:

fã(x) =


x−f1
f2−f1 , f1 ≤ x ≤ f2
f2−x
f3−f2 , f2 ≤ x ≤ f3

0 otherwise

(1.3)

1.4 Membership functions for Objective function

Membership functions for objective function
Case-I: For single objective function
Firstly, find the upper and lower bound with respect to every membership functions

as follows:

F t
U = max {F (xk)} and F t

L = min {F (xk)} (Positive membership)
(1.4)

F i
U = F t

L + p0(F
t
U − F t

L) and F i
L = F t

L (Neutral membership)
(1.5)

F f
U = F t

U and F f
L = F t

L + q0(F
t
U − F t

L) (Negative membership)
(1.6)

where po and q0 ∈ [0, 1] real positive numbers which are the predetermined.
On the basis of eqs. (1.4) to (1.6), the objective function’s membership functions

can be as follows:

T(F (x)) =


1 if f ≥ f t

U

f−f t
L

f t
U−f

t
L

if f t
L ≤ f ≤ f t

U

0 if f ≤ f t
L

(1.7)

I(F (x)) =


1 if f ≥ f i

U

f−f i
L

f i
U−f

i
L

if f i
L ≤ f ≤ f i

U

0 if f ≤ f i
L

(1.8)
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F(F (x)) =


1 if f ≥ f f

U

f−f f
L

f f
U−f

f
L

if f f
L ≤ f ≤ f f

U

0 if f ≤ f f
L

(1.9)

where T(F (x)), I(F (x)) and F(F (x)) are the truthiness or positive, indeterminacy or
neutral and falsity or negative membership functions for objective function respectively.

Case-II: For multi objective function
According to [7], the fuzzy decision set includes objectives and constraints under

fuzziness. Hence, based on the theory of fuzzy decision set , the decision set of spherical
fuzzy can be obtained under spherical fuzziness as follows:

D̃ =

(
O⋂

o=1

f̃o

)(
I⋂

i=1

C̃i

)
= (x,TD(x), ID(x),FD(x)) (1.10)

where f̃o, D̃, and C̃ are the objective, decision set, and constraints under spherical
fuzziness, respectively.

& TD̃(x), ID̃(x) and FD̃(x) are the truthiness or positive, indeterminacy or neutral
and falsity or negative membership function under D̃, respectively.

For marginal calculation of each objective function, firstly determine the lower and
upper bounds for every objective function by substituting the resulting values of deci-
sion variables say X1, X2, X3, ...., Xo in each objective function. The expressions for
lower bounds Lo and upper Uo for Oth objective function can be as follows:

Lo = minFo(X
o) and Uo = maxFo(X

o) ∀o = 1, 2, 3, ...., O (1.11)

Now, the lower and upper bounds for truthiness or positive, indeterminacy or neutral
and falsity or negative membership function of each objective function can be expressed
as the following:

UT
o = Uo and LT

o = Lo Positive membership
(1.12)

U I
o = LT

o + p0(U
T
o − LT

o ) and LI
o = LT

o Neutral membership
(1.13)

UF
o = UT

o and LF
o = LT

o + q0(U
T
o − LT

o ) Negative membership
(1.14)
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where po and q0 ∈ (0, 1) real positive numbers which are the predetermined or as-
signed by decision makers.

Subcase-I: Minimum objective function
The truthiness or positive, indeterminacy or neutral and falsity or negative member-

ship function are:

TD̃(x) =


1 if Fo(x) ≤ LT

o

1− Fo(x)−LT
o

UT
o −LT

o
if LT

o ≤ Fo(x) ≤ UT
o

0 if F T
o ≥ UT

o

(1.15)

ID̃(x) =


1 if Fo(x) ≤ LI

o

1− Fo(x)−LI
o

UI
o−LI

o
if LI

o ≤ Fo(x) ≤ U I
o

0 if F I
o ≥ U I

o

(1.16)

FD̃(x) =


1 if Fo(x) ≤ LF

o

1− UF
o −Fo(x)
UF
o −LF

o
if LF

o ≤ Fo(x) ≤ UF
o

0 if F F
o ≥ UF

o

(1.17)

Subcase-II: Maximum objective function
The truthiness or positive, indeterminacy or neutral and falsity or negative member-

ship function are:

TD̃(x) =


1 if Fo(x) ≤ LT

o

1− UT
o −Fo(x)
UT
o −LT

o
if LT

o ≤ Fo(x) ≤ UT
o

0 if F T
o ≥ UT

o

(1.18)

ID̃(x) =


1 if Fo(x) ≤ LI

o

1− UI
o−Fo(x)
UI
o−LI

o
if LI

o ≤ Fo(x) ≤ U I
o

0 if F I
o ≥ U I

o

(1.19)
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FD̃(x) =


1 if Fo(x) ≤ LF

o

1− LF
o −Fo(x)
UF
o −LF

o
if LF

o ≤ Fo(x) ≤ UF
o

0 if F F
o ≥ UF

o

(1.20)

where Lo 6= Uo must hold ∀Fo. If for any objective Lo = Uo then there will be one
membership value.

The decision making Spherical Fuzzy model based on [7] concept for MOLPP can
be as follows:

Max min
o=1,2,....,O

To(Fo(x))
2

Min max
o=1,2,....,O

Io(Fo(x))
2

Min max
o=1,2,....,O

Fo(Fo(x))
2

subject to

K∑
k=1

aikxk ≤, =,≥ bi, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

To(Fo(x))
2 ≥ Io(Fo(x))

2,To(Fo(x))
2 ≥ Fo(Fo(x))

2

0 ≤ To(Fo(x))
2 + Io(Fo(x))

2 + Fo(Fo(x))
2 ≤ 1 (1.21)

Using auxiliary variables, the eq. (1.21) can be formulated again as:

Max α2

Min β2

Min γ2

subject to

To(Fo(x))
2 ≥ α2, Io(Fo(x))

2 ≤ β2,Fo(Fo(x))
2 ≤ γ2
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K∑
k=1

aikxk ≤, =,≥ bi, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

α2 ≥ β2, α2 ≥ γ2, 0 ≤ α2 + β2 + γ2 ≤ 1 (1.22)

After simplifying the eq. (1.22), the following SFMO optimization model is ob-
tained:

Max(α2 − β2 − γ2)

subject to

To(Fo(x))
2 ≥ α2, Io(Fo(x))

2 ≤ β2,Fo(Fo(x))
2 ≤ γ2

K∑
k=1

aikxk ≤, =,≥ bi, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

α2 ≥ β2, α2 ≥ γ2, 0 ≤ α2 + β2 + γ2 ≤ 1 (1.23)

Hence, the optimum model eq. (1.23) gives the optimized solution under the environ-
ment of spherical fuzzy for the MOLPP .

1.5 Membership functions for constraints

Membership functions for constraints:
The truthiness or positive, indeterminacy or neutral and falsity or negative member-

ship functions for constraints under SFN are as follows:

T (Ci(x)) =



1 if bi ≥
K∑
k=1

(aik + dik)xk

bi−
∑K

k=1 aikxk∑K
k=1 dikxk

if
K∑
k=1

aikxk ≤ bi ≤
K∑
k=1

(aik + dik)xk

0 if bi ≤
K∑
k=1

aikxk

(1.24)
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I(Ci(x)) =



1 if bi ≥
K∑
k=1

(aik + dik)xk

bi−
∑K

k=1 dikxk∑K
k=1 aikxk

if
K∑
k=1

aikxk ≤ bi ≤
K∑
k=1

(aik + dik)xk

0 if bi ≤
K∑
k=1

aikxk

(1.25)

F (Ci(x)) =



1 if bi ≥
K∑
k=1

(aik + dik)xk

∑K
k=1(aik+dik)xk−bi∑K

k=1 dikxk
if

K∑
k=1

aikxk ≤ bi ≤
K∑
k=1

(aik + dik)xk

0 if bi ≤
K∑
k=1

aikxk

(1.26)

where dik ∈ [0, 1] is predetermined limit of tolerance for the ith constraint.

1.6 Algorithm for Proposed method

The step wise algorithm to find the solution of the MOLPP under spherical fuzzy con-
ditions using TLBO can be explained as:

• Step-I Construct the table table 1.1 as shown below, for pay-off matrix by finding
the solution of each defined objective and define their the lower and upper bound..

Table 1.1: Pay-off matrix(for SFMOLPP only)

Z1 Z2 ... Zo

X1 Z1(X
1) Z2(X

1) ... Zo(X
1)

X2 Z1(X
2) Z2(X

2) ... Zo(X
2)

... ... ... ... ...

... ... ... ... ...
Xo Z1(X

o) Z2(X
1) ... Zo(X

o)

• Step-II Determine the lower and upper bound for truthiness or positive, indeter-
minacy or neutral and falsity or negative membership function by using respective
lower and upper values.

• Step-III Formulate the positive, neutral and negative membership functions un-
der environment of spherical fuzziness.
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• Step-IV Define the mathematical programming problem under spherical fuzzy
environment( known as SFMPP).

• Step-V(a) Compute the crisp version of SFSOLPP by using robust optimization
techniques to obtain the optimal solution.

• Step-V(b) Compute the obtained optimization model with suitable robust op-
timization techniques like TLBO to obtain the pareto-optimal i.e., compromise
solution of SFMOLPP.

• Step-VI Present some numerical illustration to show applicability and validity of
proposed integrated method for SF single/multi objective LPP with TLBO.

• Step-VII Application of integrated novel method to solve mathematically mod-
eled Municipal Solid Waste Management(MSWM).

1.7 Spherical Fuzzy Mathematical Programming

In the last few years, lots of different robust techniques for mathematical program-
ming problems are being introduced by various authors. The real-life problems like
transportation problems, assignment problems, and problems related to supplier selec-
tion chain etc expressed in the form of multi objective optimization problems. Multi-
objective optimization techniques are most popular to encounter problems in real-life.
In real-life problems having more than one objectives is to be optimize under well-
defined set of constraints. But, it is not always possible to obtain a single solution
satisfying each objective efficiently; however a pareto optimal solution can be obtained.
The compromise solutions set for multi-objective problem is called Pareto optimization.
In literature, various authors approaches for MOLPP under different conditions to han-
dle different real-life problems involving uncertainties. In article [8] author proposed a
fuzzy technique to compute multi objective LPP in a fuzzy set. In article [9] proposed
the programming approach based on intuitionistic fuzzy(IF) for multi objective LPP,
which considers the degree of non-membership and membership of the solution set into
the IF set.

Based on different vague or uncertain sets, like fuzzy set, intuitionistic fuzzy set,
neutrosophic set and etc. various different multi objective optimization techniques have
been developed. The authors of [10] studied on nonlinear transportation problems in the
neutrosophic conditions. The article [11], also presented the neutrosophic optimization
methodology for the optimal shale gas water management system under uncertainty.
Recently, [12] suggested modified version of neutrosophic optimization approach under

10



fuzziness and successfully implemented the proposed method to supply chain planning
problems.

The hybridization of fuzzy set, Pythagorean fuzzy set(PyFS), Intuitionistic fuzzy
set(IFS), is introduced in [13] and named as spherical fuzzy sets (SFS) which is defined
on the basis of three different membership degrees termed as truthiness or positive, in-
determinacy or neutral and falsity or negative membership degrees of the object into the
feasible set of solution. Hence [14], to deal with such situations involving uncertainty
in parameters, the SFS is useful and powerful tool for decision making under the en-
vironment spherical fuzzy. Moreover it incorporate indeterminacy or neutral thoughts
and allows the decision makers to include such factors in decision making processes.

1.8 Municipal Solid Waste Management in India

Municipal Solid Waste Management(MSWM) Municipal solid waste management
decision making becomes more complex with the increase in urbanization so it requires
to design supporting Modelling formulations. Waste generation:

• Residential waste

• Commercial waste

• Industrial waste

• Agriculture waste

Functional elements of MSWM: shown in figure 1. The two major stages of waste
management which requires research methodology are to minimize the cost of trans-
portation and to maximize the revenue generated by transforming the waste into valu-
able material.Including these there are more other challenges also which will also be
the part of this research.

1.8.1 Indian Government initiatives for MSWM [1]

In India’s cities, it is getting harder to meet the incremental infrastructural needs of the
expanding urban population. As per the 2011 census, population of India was 1.21 bil-
lion, having 31% of people living in the cities. By 2050, the population is expected to
be half of it would live in city areas. With the increase in country’s population, MSW
management has become a very serious problem, not only due to aesthetic and environ-
mental concerns, but also due to the massive amount of generated waste every day. As
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Figure 1.1: Functional elements of MSWM

Waste generation
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per the Central Pollution Control Board of India, the amount of waste generated was 1,
27,486 Tons per day of MSW during 2011-12, with an average generation rate of waste
0.11 kg per capita per day. Only 15,881 Tons per day that is 12.45% of the total waste
generated was collected, and only 89,334 Tons per day that is 70% was treated or pro-
cessed. Segregation of waste at the level of source, transportation, collection, processed
or treatment, and scientific disposal of trash were all not satisfactory, as a result it leads
to degradation of environment and a decline in living standards.
The reason behind that MSWM was becoming increasingly important first became ap-
parent during 1990, when concerns about unsuitable MSWM resulted in number of
Public Interest Litigations, prompting the Supreme Court of India to order the Min-
istry of Environment and Forests (MoEF), Government of India, to release Municipal
Solid Waste Management Guidelines in 1996. The rules required all Urban Local Bod-
ies, not just Class I cities and metro cities, to implement a proper system for waste
management, with a deadline for the installation of waste collection, transport, process-
ing, treatment and disposal facilities by the end of year 2003.The Indian government’s
Ministry of Urban Development (MoUD) prepared a solid waste management guid-
ance manual for all Urban Local Bodies and released the same with the defined rules
during the year 2000. All Urban Local Bodies, moreover, were not able to introduce a
long-term municipal solid waste management system, having transportation, collection,
processing, treatment and disposal of waste, until the year 2003. Despite positive ac-
complishments and pilots, most urban local bodies continue to face problems not only
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in transportation systems, advanced collection or selecting adequate and processing or
treatment technologies and disposal techniques, but also in managing long-term finan-
cial requirement in MSWM system. Non-compliance with rules of MSW management
is still a reason for issue of worry 14 years after the compliance of rules for municipal
SW, 2000 were already published. Through the Ministry of Environment and Forests’
draft amended municipal SWM Rules of year 2013, the Indian government continues
to highlight these problems or issues and support states and urban local bodies in cre-
ating adequate and contemporary MSW management systems and the parallel revision
of MSW management manual of year 2000 by the Ministry of Urban Development. It
is based on learning from fourteen years’ experience gained post the notification of the
rules in year 2000. The Indian government has announced and sanctioned the 12th and
13th Finance Commission Grants and finances have been provided for development and
improvement of MSW management under projects (such as UIDSSMT and JnNURM)
from the year 2005 to give an importance to municipal solid waste management in In-
dian cities. State funds are also available for the proper implementation of solid waste
management initiatives.

1.8.2 MSWM in Indian Cities

The study [15] contribute to evaluate the current status of MSWM in India and suggest
some significant improvements for better functioning of waste management. The article
[16] reflects a case study of city Lucknow ,which is one of the main metropolises in In-
dia, and struggles to a major problem of MSW management. Through this community
participation study, a qualitative study using a SWOT analysis (strengths, weaknesses,
opportunities and threats) has been effectively implemented. The SWOT analysis was
found to be a useful tool for investigating the possibilities and strategies for starting
and successfully conducting the MSWM programming.[17] The research analyses the
cost of WM in Mumbai, India, and examines alternate methods for managing munici-
pal solid waste (MSW). The first approach is community participation and the second
is private sector participation. Moreover, there is a need to further analyze the role of
PPP(Public Private Partnership) in waste management. [18]The MSWM, Allahabad
data derived from ArcGIS maps is responsible for this work’s information retrieval,
updating, and essential information visualization. [19]the Master Plan (2005–2021)
provides instructions for the removal and treatment of municipal solid waste for the
entire state of Delhi after the Delhi government recognized the gravity of the matter.
It is concluded that a three-way cooperation between the public sector, the commercial
sector, and the general public is necessary to make any significant changes to the cur-
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rent situation. [20], By measuring the site-specific emission variables in conjunction
with pertinent activity data and using the IPCC’s 1996 procedures for CH4 inventory
preparation, an inventory of Chennai’s landfills’ glasshouse gas emissions has been
created. As intermediate phases of waste management also affect its quantity, it is
crucial to examine MSW reaching landfills along with the generation of waste and its
composition determination at source level for CH4 emission inventory. By separat-
ing garbage at the source and encouraging recycling or reuse of separated items, waste
volume and the strain on landfills are reduced, and producers have access to raw mate-
rials. The author of [4] highlights the current practices of MSW in Puducherry, proper
record of generated, collected, treated, and disposed waste is needed as per rules drafted
by GoI. The physical & chemical composition is also a necessary aspect to be main-
tained by municipality authorities. [21], this article helps characterize the municipal
solid trash that currently exists in Jalandhar, India, and assess its viability for different
waste-processing methods. The author of [22] Guided with the specific objective of
analyzing the implementation of various SWM programs in Ludhiana city, the study
found political commitment, facilities provided to the staff, participation of public and
commercial sector significantly affected the successful solid waste management imple-
mentation. The study also revealed some problems from administration that affected
implementation at the initial stages like inadequate land for final disposal of untreated
waste, inadequate resources, shortage of staff, public unawareness, lack of integrated
solid waste management plan, etc. In article [23] the purpose of this paper is to add
to the characterizations of the current municipal solid waste in Jalandhar, India, and to
assess its suitability for different waste-processing methods.

1.8.3 Teaching Learning Based Optimization

The literature review of TLBO shows that this technique is very versatile to be applica-
ble in solving the various optimization problems. The results in various research articles
proved that different variants and hybridization of TLBO is also very interesting field
to explore more about its applicability. The variety of different benchmark functions in
this field of optimization gives so many gaps to study or introduce new hybrid or modi-
fied versions of optimization techniques. Metaheuristic methods perform differently in
different problems. One may results better than the other in a particular problem and
worse in other problems. In literature survey, it is concluded that TLBO is superior than
other popular optimization techniques in obtaining the optimal solution. Besides previ-
ously developed metaheuristic methods, the investigations on metaheuristic techniques
are still being done and new algorithms are being developed continually. For future
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works, suggest developing a unified platform for analyzing, evaluating, and comparing
different optimization techniques.
Some proposed variants are shown in table 1.2 and some areas of application are given
in table 1.3.

Table 1.2: Hybrid/Modified variants of TLBO.

Proposed variant Abbreviation Authors
Teaching & peer-learning PSO TPLPSO [24]
Bidirectional TPLPSO BTPLPSO [25]
Hybrid with PSO HTL-MOPSO [26]
Hybrid with GA G-TLBO [27]
Hybrid with ABC TLBO-ABC [28]
Hybrid with GSA TLBO-GSA [29]
Hybrid with CS TLCS [30]
Hybrid with HS HSTL [31]
Elitist TLBO ETLBO [32]
Hybrid with Simulated Annealing SAMCCTLBO [33]
Hybrid with Grid based search MO-ITLBO [34]
Hybrid with NNA TLNNA [35]
Hybrid with JAYA & SVM ITLBO-IPJAYA-SVM [36]

In the last few years, lots of different robust techniques for mathematical programming
problems are being introduced by various authors. The real-life problems like trans-
portation problems, assignment problems, supplier selection problems etc expressed in
the form of MO optimization problems. MO optimization techniques are most popular
to encounter problems in real-life. In real-life problems having multiple objectives is
to be optimize in well-defined constraints set. But, it is sometimes impossible to find
a single solution satisfying every objective; moreover a pareto optimal solution can be
obtained. The compromise solutions set for multi-objective problem is called Pareto
optimization. In literature, various authors approaches for MOLPP under different con-
ditions to handle different real-life problems involving uncertainties. The author of [8]
proposed a fuzzy programming approach to find the solution of multi objective LPP in
a fuzzy environment. In article [9] (IF) technique for MOLPP is introduced, involves
the degree of non-membership and membership of the solution set into the intuitionistic
fuzzy environment.

Based on different uncertain sets, such as fuzzy set, intuitionistic fuzzy set, neutro-
sophic set etc. different multi objective optimization approach have been introduced.
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Table 1.3: Some more applications of TLBO.

Variants of TLBO Area of application Reference
ETLBO Mechanical Engg. [37]
TLBO + DE Time series prediction [38]
TLBO + DE Power dispatch [39]
TLBO + DE Proton exchange membrane [40]
GBTLBO Thermal power system [41]
HTLBO Flow shop scheduling [42]
TLBO Two sided assembly lines [43]
MO-ITLBO Plate-fin heat ex-changer [44]
TS-TLBO Stirling heat engine [45]
TLBO Solar micro CCHP [46]
TLBO + JAYA structure optimization [47]
ETLBO Hybrid clustering [48]
TLBO + NN Bio-diesel [49]
AutoTLBO Micro-array datasets [50]
TLBO + FUZZY Geometric image segmentation [51]
TLBO + FLANN Learning from non-lin data [52]
Modi-TLBO Min surface roughness of alloy [53]
TLBO+PST Automated power system [54]
ETLBO Network design for resilience [55]
TLBO Surface roughness in EDM [56]
TLBO Energy storage system [57]

Further, The authors of [10] developed a method on nonlinear transportation problems
in the neutrosophic environment. The authors of [11] studied and developed the neu-
trosophic optimization approach for the optimum value of shale gas water management
system in fuzziness . Recently, [12] proposed modified version of neutrosophic opti-
mization in fuzziness and successfully solved supply chain management problems.

The generalization of Pythagorean fuzzy set(PyFS), fuzzy set, and Intuitionistic
fuzzy set(IFS) is developed in [13] and named as spherical fuzzy sets (SFS) which
is defined on the basis of three different membership degrees termed as truthiness or
positive, indeterminacy or neutral and falsity or negative membership degrees of the
object into the set of feasible solution. The limitations of fuzzy, IF, PyF sets can be
explained by the following illustration:

Consider a decision making problem with multi attribute, in which 0.6, 0.7 and
0.8 are the acceptance degree, the rejection degree, and the indeterminacy or neutral
degree corresponding to selected alternative then this condition is nt in the coverage
of mentioned fuzzy sets. Hence, to tackle with such constraints, the SFS is useful and
powerful tool for decision making in the spherical fuzzy environment [14]. It permits
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the decision takers to include neutral and indeterminacy findings in decision making
problems.

1.9 Research Gap

Over the past few decades, numerous inexact optimization models have been devel-
oped for handling the uncertainties involved in MSWM systems. In article [58], the
author has developed a GA aided with fuzzy chance constraint programming problem
model(GAFCCP) for solving uncertainty in municipal solid waste (MSW) manage-
ment. The developed model is a combination of the genetic algorithm and fuzzy chance
constraints programming problem(FCCP) method which makes a unique contribution
to enhancement of the applicability and feasibility of the optimization method. In re-
search article [59] an interactive method is introduced for computing MOOPs. The pro-
posed method can be used to obtain those Pareto-optimal solutions of the mathematical
models of linear as well as nonlinear multi-objective optimization problems modeled
in fuzzy or crisp environment which reasonably meet users aspirations. The authors of
article [60] targeted to develop a mathematical model with multiple intermediate facili-
ties and multiple depots to minimize variable and fixed waste collection cost. Because
the amount of garbage produced every day is not deterministic in reality, a fuzzy op-
timization strategy suggested to deal with the problem of uncertainty in the generated
waste. As per literature review it is observed that the characterization(physical and
chemical) of waste varies according to the lifestyle of inhabitants, running industries,
role of government or non-government local bodies, public awareness and so on. Fo-
cus on minimizing the generation of waste at local level which implies requirement of
smaller landfill areas or open dump sites. Integration of waste/unwanted resources and
energy generation system at city level. Finally, converge towards the concept of zero
waste strategy.

1.10 Research Objectives

This study address a fuzzy mathematical (single or multi-objective) programming issue
in which the functional relationships between decision variables and objective func-
tions are unknown. It might be difficult to determine the exact functional link between
objectives and choice factors in real-life decision situations due to uncertainty.

A fuzzy concept is supposed to be the information source from which some knowl-
edge about the goal functions can be derived. Decision-making is difficult in such
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scenarios, and the inclusion of several objectives leads to a multi-objective optimiza-
tion problem with fuzzy constraints. Appropriate fuzzy reasoning strategies are utilized
to discover crisp functional relations between the objective functions and the choice
variables to find the solution of the problem. The original fuzzy-based multi-objective
optimization model is therefore transformed into a multi-objective optimization prob-
lem. A deterministic single-objective optimization problem is reformed with the help
of fuzzy optimization techniques to solve the resultant problem.

Finally, the Teaching Learning-Based Optimization (TLBO) algorithm is used to
solve the resulting linear programming model, and numerical examples are used to
demonstrate the computing procedure.

The following are the main objectives of our study to achieve the defined aim or
goal of our research work:

• To explore Teaching learning-based Optimization, spherical fuzzy environment,
different optimization techniques are aided by variants of fuzzy sets.

• Teaching learning-based optimization algorithm integrated with spherical fuzzy
sets.

• Design and model an interactive method for multi-objective linear programming
problems in the spherical fuzzy environment using teaching-learning-based opti-
mization.

• Application of the proposed integrated novel method to solve the mathematically
modeled municipal solid waste management
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Chapter 2

Teaching-learning based
optimization-a review on background
and development

2.1 Introduction

Survival is primary aim of all living beings. Every creature on the earth has different
properties of the fittest survival. These variant properties are one of the reason behind
the rapid increase in number of Nature-Inspired Algorithms(NIA) and second reason
is NO FREE LUNCH theorem proved by [61] states the non-existence of universal
algorithm. Most of NIA are based on the specific community group of species like PSO
developed by simulating the behavior of swarms such as birds flocking, fish schooling
etc.In-spite of this, there is competition of survival between the dominated one specie(s)
over the other(s), here the balance in nature is required. The concept of fittest survival
can be categorize in two ways:

• best fittest survival within the same species community.

• best fittest survival between the two or more different species community.

Till now, all NIA belongs to first category.
Artificial intelligence has many categories and one of the most specialized is Com-

putational Intelligence(CI),some researchers considered it to be equivalent to Soft Com-
puting(SC). The field of Computational Intelligence can be divided into further three
sub fields: Evolutionary Computation(EC), Fuzzy Logic, and Neural Network. NIA
investigates natural phenomenon define in computational programming to find optimal
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solution of well defined problem. Further this review covers the conventional applica-
tions in the field of Evolutionary computational algorithms, meta-heuristic techniques,
and swarm intelligence. Finally, focus on the basic terminology, mechanism and appli-
cations of already developed technique called TLBO.

2.2 Nature Inspired Optimization Techniques(NIOT)

Fields of sciences and engineering involves different problems requires an optimal so-
lution or near to optimal solutions. Optimization is a process to find global or near-
est to global(local) optima of objective function defined in terms of decision variables
and within the constraints(if applicable). The problem can be single or multiple ob-
jective depending upon application field. The presence of restrictions over the objec-
tive make it as constrained optimization problem otherwise unconstrained. The sim-
ulated NIOT is initialized with random population consist of members having differ-
ent values bounded within the range of parameters. This population is updated over
each generation after following the procedure of position update because it is a step
where members learn from their environment and improve accordingly. The popula-
tion belongs to DE(Differential Evolution), GA(Genetic Algorithm), ES(Evolutionary
Strategy), EP(Evolutionary Programming), GP(Genetic programming) and ACO(Ant
Colony Optimization), ABC(Artificial Bee Colony), PSO(Particle Swarm Optimiza-
tion), SMO(Spider Monkey Optimization) [62] is said to be competitive(also named
as first category) and cooperative(also named as second category), respectively. The
brief introductions of some popular optimization techniques which are hybridized with
TLBO to enhance its performance are as follows:

In article [63] developers introduced a Swarm Intelligence technique named as PSO
inspired by the collective behavior of cooperative societal population to construct dis-
tributed plan for finding the optimal solution or near to the optimal solution of a prob-
lem. Bees swarming around their hive, Ants food foraging behavior,flocking of birds
in the sky, fish schooling under water, immune system is swarm of cells, crowd of
people is human swarm are some examples of swarm. Self organization, division of
labor, simultaneous tasks performance by specialized individuals are some basic prop-
erties of swarms. PSO mimics the social behavior of birds flocking, each bird/particle
associated with it’s own position and velocity. Particles update their position and veloc-
ity by maintaining the balance between exploration and exploitation [64] i.e. local or
global best. [65], in this paper the developers proposed a new modified PSO called as
selectively-informed PSO which is based on the strategy of dense connections between
the particles as it gets more and more information from its neighbor while less dense
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with few connections gives only a single best performed neighbor. The dense particles
converge towards the correct direction to attain optimization.

DE belongs to [66], categorize as evolutionary algorithm introduced by Kenneth
Price & Rainer Storn in 1997 is a simple and efficient heuristic technique for global
optimisation over continuous region. The population in DE is stochastic and com-
petitive,each member is chromosome consists of genes.Every chromosome undergoes
mutation followed by recombination. Greedy selection strategy is performed to update
the population. GA introduced by [67] is another meta-heuristic technique inspired by
the principles of natural genetics and selection known as Darwin’s principle of natural
evolution. Like DE, in GA each member is chromosome undergone tournament selec-
tion to enter mating pool as parent produces offspring after crossover. These offspring
mutated to obtain more offspring and constitute population-offspring.

Among these, candidate with best fittest value will survive. During the process
of GA good solutions are retained and bad are eliminated. In Binary coded GA, real
variables are encoded into binary variables i.e.0 and 1 which constitutes discrete search
space. The increase in bit-length lead to higher precision but population becomes very
large which is drawback of BGA. To overcome the drawbacks of BGA, Real coded
GA is introduced, has real variable population instead of binary. Therefore, encoding
of real to binary is not required which means decision variables can be directly used to
compute the objective function value. [68], this paper concludes that the combination of
two or more optimized methods can obtain the solution with high accuracy and will have
good application prospect in other biological problems. The developers combines GA
with ANN to optimize the plant tissue cultural conditions because plants have different
properties when grows under different environments for example medicinal plants. This
method is flexible to set experimental factors and levels to achieve success quickly.

The authors of [69] discovered ABC which is another swarm intelligence technique
inspired from the cooperative population of honey bees. Working of bees distributed
into three phases: Employed bees, Scout bees and Onlooker bees. Employed bees
try to find out the better food source than the one associated with it and follow the
greedy selection to update the solution. Scout bees phase may or may not encountered
in generation. It occurs only when the trial counter of at least one solution is greater
than limit. Limit is a user specified integer value. Onlooker bees select food source
according to probability of nectar amount and accept new solution if it is better than
current solution(i.e.greedy selection). Every solution is associated with an individual
trial counter. There is possibility of elimination of best solution from population during
second phase due to limit value, therefore it is required to memorize the best solution
before performing the scout phase.
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ACO is designed by [70], a very popular and efficient cooperative population based
technique commonly used for solving vehicle routing problems. This technique simu-
lates the behavior of real ants to search the shortest route which connects a food source
to their nest. Ants are capable to search the shortest route using their feature of de-
positing trail of pheromones on the path followed by them. The amount of deposited
pheromone is inversely proportional to the length of route followed by the ants towards
food destination. Therefore, all other ants follow the route with more pheromone be-
cause it must be the shorter path. Slightly modified version is used to solve some bigger
traveling salesman problems. To explore more about ACO applications go through pa-
per [71].The article [72] based on investigating the behavior of arboreal turtle ant to
find the alternatives for broken links in network and maintain the network. This pro-
posed probabilistic algorithm uses less computational resources than other graph search
algorithms, and thus it is more useful in other search spaces. In [73] paper, the author
and co-authors proposed an effective hybrid gene selection method based on ReliefF
algorithm and ACO algorithm called as RFACO-GS. The experimental results success-
fully proves the efficacy of proposed algorithm that it can decrease the conditionality
of gene expression dataset, and concentrate on most relevant genes with high classi-
fication accuracy. Some recently proposed optimization techniques are Marine preda-
tors algorithm(MPA)[74], Arithmetic optimization algorithm(AOA)[75], Tree growth
algorithm(TGA)[76], Equilibrium optimizer(EO)[77] and many more explore and de-
velop.

2.2.1 Deterministic vs Stochastic Methods

Deterministic methods search entire feasible region which is a time consuming process
and then gives exact solution. It can be applied to limited problems only and not much
efficient to solve NP hard, combinatorial, non-linear continuous, complex constrained
optimization problems. This inefficiency is alleviates by introducing stochastic methods
and the respective algorithm is termed as search algorithm designed to locate desired
solution from a given set of all possible solutions to optimize the single/multiple ob-
jective(s). The main challenge with this, search is exponentially increase proportional
to the size of the problem and number of objectives. However this issue arises when
solving problems having wide range.

Stochastic methods become more popular because of gradient-free nature and ran-
dom population initialization, therefore applicable to non-convex, continuous or explic-
itly defined problems. Stochastic algorithms are single or multiple solution based algo-
rithms. Hill Climbing(HC)[78], Simulated Annealing(SA)[79], Tabu Search(TS)[80],
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Iterated Local Search(ILS)[81] are some most popular single solution based algorithms
and GA, PSO, ACO, GE are multiple solution based algorithms. Stochastic methods
also have some demerits like sometimes get stuck at local optima and in some cases
converges to global optima probabilistically.

2.2.2 Heuristic vs Meta-heuristic techniques

Heuristic methods are problem dependent whereas meta-heuristic(MH) techniques can
work well with the black box problem. Due to this meta-heuristic methods are more
popular in the field of optimization. A comprehensive review on MH can be collected
from [82]. A general scheme of meta-heuristic method is given in the form of flowchart
figure 2.1.

2.2.3 Benchmark functions

To study or to develop the optimization techniques, the benchmark functions(also known
as test functions) plays a very important role. These are the pre-defined functions de-
signed by well experienced scientists/researchers which have been used to compare and
validate the optimization (heuristic or metaheuristic) algorithms. The algorithms that
perform well on the different test functions are considered as effective for solving real
world problems. In terms of applied mathematics, also known as artificial landscapes
which are helpful to visualize or evaluate the characteristics, precision, robustness and
convergence rate of optimization problems. These are categorized on the basis of sim-
ilarities in their shapes and physical properties. These are also play a significant role
in understanding the advantage or disadvantage of newly developed algorithm over the
popular algorithms. There are some issues with test functions, one issue is that these
are often well-defined and sufficiently smooth, but the real world problems are diverse
in nature and different from these functions. Second issue is that these are typically
unconstrained or with regular search space, but the real world applications many non-
linear complex constraints and irregular search space. Therefore, the algorithm that
works well with test functions may not works well with real world applications.

2.3 TLBO: Teaching-Learning based Optimization

In present era it is gaining the popularity of being less complex and only two algorith-
mic parameters based algorithm. Due to this it become flexible to inculcate with other
optimization techniques in the form of hybridization or modification, so that standard
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Figure 2.1: General scheme of MH.

TLBO can be enhanced to perform well with fast convergence towards the local/global
optima as compare to other optimization algorithms. The more detailed discussion
about its background, development and variety of applications is as follows:
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2.3.1 Background and Development

TLBO is stochastic based population technique developed by Rao et.al. in 2011 [83],
inspired from the transfer of knowledge between teacher-student and within students in
class-room environment. In this paper proposed method is explained by the develop-
ers and tested its performance on various benchmark functions, mechanical engineering
testing functions and other design problems which show the better results over other na-
ture inspired optimization techniques. This novel method is applicable for the various
engineering optimization designs. TLBO is efficient to find optimum solution for con-
tinuous non-linear large scale problems [84]. With some modifications in the method,
it becomes capable to solve complex constrained optimization problems [32].

Author introduced the concept of elitism with TLBO and tested on 35 constrained
benchmark functions to investigate elitist effect on its performance. This modified
method can be easily optimize various industrial problems like job scheduling, pric-
ing policies, supplier selection, order lot sizing, inventory control production planning
and control, vehicle-routing etc.
Other papers [85] and [86] by Rao proved that TLBO can be successfully applicable
for solving multi-objective problems also.

TLBO’s dominance over existing NIAs steered focus of Matej Crepinsek [87] and
reported to reveal quantitative and qualitative mistakes in TLBO. Furthermore, the au-
thors had presented results and tried to invalidate the TLBO algorithm on the basis of
only two papers of Rao [83], [84], without reviewed the latest research on TLBO. After
that Waghmare [88] clarifies those doubts or misconceptions about algorithm in an ob-
jective way. In this paper author presented valid performance of TLBO on the problems
having low fitness-distance correlations by proper setting of algorithm parameters.

One more paper by Rao et al. [89], proposed an elitist TLBO for solving uncon-
strained optimization problems is tested on 76 unconstrained benchmark functions(uni-
modal, multi-modal, separable, non-separable) and compared with other algorithms.
The statistical results have proved that elitist TLBO is better than that not considered
elitism.

2.3.2 Applications

The applications of TLBO are introduced in almost every field of engineering to solve
various types of optimization problems. In [90] the author proposed an optimized
method by combining the hybrid TLBO-DE with Elan neural network to estimate the
proton exchange membrane fuel cell parameters and its performance is compared with
popular techniques based on well-known benchmark functions. The authors of [91]
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proposed a new method of non-dominating sorting TLBO (NSTLBO) on the basis of
group learning and experienced learners to find the solution of MOOPs. The algo-
rithm named as NSGLTLBOLE is introduced based on the concept of micro teaching
in which the learners of a class (called population) are divided into subgroups (called
sub-populations) and algorithm is applied one by one for all the subgroups and after
achieving some improvements collected together to form a diverse population. The al-
gorithm find the optimal set of solutions for each subgroup using NSTLBO and crowd-
ing distance technique which are continued to the next iteration of whole population.
Moreover, learner phase use the basis of learning from other experienced learners within
the population. The concept of exploitation is incorporated within the group, whereas
the exploration search completely inculcated in randomly regrouping of subgroups. Its
efficiency over other algorithms is cross verified for various bi-objective benchmark
functions which proved that NSGLTLBOLE has performed better. SCA–TLBO is pro-
posed in [92] which is a novel hybrid optimization algorithm, for finding optimum so-
lutions to the problems arises in the field of visual tracking. The convergence of TLBO
with SCA to escape from local optima is faster than the individual SCA and TLBO. The
performance of this algorithm is confirmed using several benchmark functions. Statis-
tical methods are used to calculate the qualitative efficiency of the SCA–TLBO, and
results prove its capability. This hybrid algorithm is applied for real visual tracking
case study. The different parameters of visual tracking such as object root mean square
error, tracking error, tracking detection rate, absolute error, and time cost are experi-
mentally measured by using SCA-TLBO based tracking framework. The capability of
hybrid SCA & TLBO based tracking framework over another, like alpha–beta filter,
particle filter, extended Kalman filterand linear Kalman filter, particle swarm optimiza-
tion, scale-invariant feature transform, and bat algorithm, is explained in the paper. One
of the interesting application of TLBO is introduced in [93]. The main concern of au-
thor is optimize the aerodynamic shape of aircraft. The author proposes a novel TLBO
mimetic algorithm (TLBO+MA) for attaining his main concern to search for optimal
shape parameters which have significant role in characterizing aerodynamic vehicle. In
the introduced TLBO+MA, an adaptive teaching factor, conservation of information
inspired operator and multi-meme learning are incorporated to enhance the searching
behavior of standard TLBO. Simulation based on well-known benchmarks and ASO
for HTV-2 prototype demonstrates the efficiency of the proposed TLBO-MA. In [94]
article, the authors obtained the multi objective optimal solution to power flow by imple-
menting TLBO. A MO problem is formulated in terms of desired decision variables de-
pending upon parameters. The results of TLBO are compared with mixed integer PSO
which clearly proves that the new TLBO is better than the former in terms of conver-
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gence and searching globally. The developer of standard TLBO compiled applications
inculcated to solve unconstrained and constrained optimization problems in [95]. One
can go through this article to know more about applicability area of TLBO algorithm.
The authors of [96] contributes to develop surrogate-based optimization technique using
teaching learning optimization (TLBO) algorithm and modeling technique called high-
dimensional model representation (HDMR). The aim of this techniques is to solve the
problems of high-dimensional engineering optimization like optimize high-dimensional
design space and meta-modeling. The difficulty of high-dimensional model is reduced
by dividing it into low dimensional model with HDMR modeling technique. The au-
thors verify the effectiveness of developed optimization method for high-dimensional
problems using various pre defined functions. Moreover, The proposed optimization
based on surrogate technique is successfully applied to find the solution of a typical
engineering optimization problem: optimize parameters of high-dimensional aerody-
namic shape of aircraft. It concludes that the performance of traditional surrogate-
based optimization framework become improved with HDMR-based modeling tech-
nique and TLBO algorithm for high-dimensional engineering problems. In [97] paper,
a new optimization technique i.e. teaching learning based optimization (TLBO) is pre-
sented to optimize power dispatch (CHPD) problem and combined heat having feasible
& bounded space. The basic TLBO algorithm is hybridized with Opposition based
learning (OBL) to achieve better results and fast convergence towards optima. The
efficiency and accuracy of the hybrid OTLBO algorithms are proved better by com-
paring the results with other popular optimization techniques through the simulation
in MATLAB programming. [98] introduces a two-stage method approach, using Finite
Element Method (FEM) and two-dimensional Isogeometric Analysis (IGA) incorporate
with TLBO, PSO, Bat algorithm(BA) to observe damage in beam-like structures. On
the basis of laboratory experiments it is concluded that the introduced approach can be
used to find out the location and severity damage in beam-like structures. To explore
applications on various manufacturing process one can read the paper [99]. A new
hybrid version of TLBO and the mutated fuzzy adaptive particle swarm optimization
(PSO) algorithm is developed in [100] to diagnose the genes responsible for develop-
ment of breast cancer. The mathematical formulation of problem is defined in terms
of multi objective function which means minimization of the number of infected genes
and maximization of the classification performance. The obtained results concludes
that this hybrid technique is capable to attain the desired accuracy, sensitivity and the
specificity in the breast cancer. The authors of [101] contributes to develop a novel
hybrid method having ability to solve complex multi-objective optimization problem
without entangling in local optima. An improved TLBO is proposed to achieve eco-
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nomic dispatch of power generation through distributed energy resources considering
environmental constraints. In [102] article a multi-unit production planning based op-
timization strategy that involves a set of integer and continuous variables to overcome
the challenges of formulation/strategies and able to find efficient production plannings.
In addition, they have designed an effective strategy to manage the constraints. The
proposed methods are verified on eight cases, which have been already discussed in lit-
erature to potentially guide the petrochemical industries, and increases the profit. They
also discusses the computational performance of other popular optimization algorithms
such as sanitized TLBO, differential evolution, binary PSO, ABC and the popular real
coded GA. The exploration and exploitation of search space is improved in the basic
MO-TLBO (multi objective teaching-learning-based optimization) by inculcating the
strategy of tutorial training and self motivated learning. The multi-objective TS-TLBO
approach can be adopted to find the non-dominated solutions maintained in an external
archive. The various applications are presented to support the efficiency and accuracy
of TS-TLBO algorithm.

2.4 Algorithm structure

TLBO algorithm constitutes of two main phases as it mimics the learning process via
class teacher’s and other student’s knowledge within the class. The best feature of
TLBO is, it requires only two algorithmic parameters which makes it easier to under-
stand and less complex than other optimization techniques. Generate learners randomly
which constitutes the population that is classroom environment. The population rep-
resents in the form of matrix say P (i, j) where 1 ≤ i ≤ m and 1 ≤ j ≤ n, m rows
depicts as number of students and n columns as number of subjects(decision variables)
in course.

2.4.1 Teacher Phase

This phase simulates the process of increase in knowledge of student through teacher
and deviation of result of particular student from the subject-wise mean(M) result of
whole class. The efforts of teacher to improve the knowledge of students leads towards
the best objective function value. The evaluated fitness function value for each student
act as their results and best learner among all plays the role of teacher. The obtained
results of learners is to be considered as new solution if it lies within defined range of
decision variables and obtain respective fitness function value. The updated learner’s
knowledge at tth iteration through teacher’s efforts is evaluated by using the relation
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given as:

Xnew,t = Xold,t + r × (Mnew − Tf ×Mj) (2.1)

where r ∈ (0, 1) is random number.
Tf ∈ 1, 2 is known as teaching factor which is chosen by using the relation:
Tf = round[1 + rand(0, 1)]

2.4.2 Learner Phase

In this phase the learner gains knowledge from other students may have more or less
information about the subjects of course. The improvement in learner’s Xi knowledge
at tth iteration through mutual interaction with other student Xj , which is randomly and
uniquely selected from classmates by the learner.

Evaluate the corresponding fitness function f(Xi) and f(Xj).
The updated solution is calculated by using one relation as follows accordingly:

X
′

new,t = Xnew,t + rand(Xi −Xj) if f(Xi) ≤ f(Xj) (2.2)

X
′

new,t = Xnew,t + rand(Xj −Xi) if f(Xi) ≥ f(Xj) (2.3)

The two essential elements in the TLBO Algorithm are the teacher and the students.
This outlines two fundamental learning methods: instructor-led instruction (known as
the teacher phase) and student-led interaction (known as the learner phase). A teacher is
typically thought of as a highly educated somebody who instructs students to get better
achievements in terms of their grades or marks. Additionally, students learn by their
interactions with one another, which also enhances their performance. The TLBO ap-
proach is population-based. The results of the learners are equivalent to the fitness value
of the optimization issue in this optimization algorithm, which considers a population
of learners and various design factors as various subjects presented to the learners. The
instructor is seen as the best answer across the board. The instructor phase and learner
phase are the two primary working stages of the TLBO algorithm. The author of [99]
concluded that in the engineering fields like chemical, electrical, production, thermal,
and civil, TLBO proved to be the best. Moreover it excels in bio-medicine, mainte-
nance, and process planning. This optimization approach can be applied to problems
with several restrictions and multiple objectives. The TLBO algorithm also included
duplicate solution removal and the elitism concept. TLBO is an algorithm-specific pa-
rameter that just needs standard control factors, such the size of the population, the
number of generations, and the size of the elite.
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The step by step working of standard TLBO is briefly explained in 1. By making the
desired changes in 1, anyone can prepare the algorithm of any hybrid or modified ver-
sion of TLBO. On the basis of algorithm, the problem which requires optimal solution
can be simulated in programming codes like MATLAB, MATHEMATICA, SCILAB
etc.

2.4.3 Pseudocode of TLBO

Algorithm 1 Pseudo-code of TLBO
Require: Problem settings: Fitness function, Domain of search space
Require: Algorithm parameters: Number of learners, Maximum Iterations
Ensure: Best Fitness function value

1: Generate random learners
2: Evaluate fitness function value of each Learner
3: TEACHER PHASE: Assign the best Learner as a Teacher
4: Obtain the mean of each subject of learners
5: Generate new solution in teacher phase using 2.1
6: Apply corner bound strategy if solution does not lies within domain of search space

7: Evaluate the fitness function value of new solution
8: Apply greedy selection strategy on new and old solution to choose the better solu-

tion
9: LEARNER PHASE: Choose any random solution as partner

10: Generate the new solution in learner phase using 2.2 or 2.3 accordingly
11: Apply corner bound strategy if solution does not lies within domain of search space

12: Evaluate the fitness function value of new solution
13: Apply greedy selection strategy on new and old solution to choose the better solu-

tion
14: Repeat the steps or vary the maximum number of iteration to get the desired results
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List of Abbreviations

ABC Artificial Bee Colony

ACO Ant Colony Optimization

ANN Artificial Neural Network

CI Computational Intelligence

DE Differential Evolution

EP Evolutionary Programming

ES Evolutionary Strategy

GA Genetic Algorithm

GP Genetic Programming

iter iteration

MH Meta-heuristic

NIA Nature Inspired Algorithm

NIOT Nature Inspired Optimization Techniques

param parameters

pop population

PSO Particle Swarm Optimization

rand random

SMO Spider Monkey Optimization

sol solution
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T Maximum Iterations

t Current Iteration

2.5 Conclusion

This review article of TLBO shows that this technique is very versatile to be applicable
in solving the various optimization problems. The results in various research articles
proved that different variants and hybridization of TLBO is also very interesting field
to explore more about its applicability. The variety of different benchmark functions in
this field of optimization gives so many gaps to study or introduce new hybrid or modi-
fied versions of optimization techniques. Metaheuristic methods perform differently in
different problems. One may results better than the other in a particular problem and
worse in other problems. In literature survey, it is concluded that TLBO is superior than
other popular optimization techniques in obtaining the optimal solution. Besides previ-
ously developed metaheuristic methods, the investigations on metaheuristic techniques
are still being done and new algorithms are being developed continually. For future
works, suggest developing a unified platform for analyzing, evaluating, and comparing
different optimization techniques. In present era it is gaining the popularity of being less
complex and only two algorithmic parameters based algorithm. Due to this it become
flexible to inculcate with other optimization techniques in the form of hybridization or
modification, so that standard TLBO can be enhanced to perform well with fast conver-
gence towards the local/global optima as compare to other optimization algorithms.
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Chapter 3

Assessment of Municipal Solid Waste
Management in Dinanagar city of
Punjab, India

3.1 Introduction

Indian government introduced and implemented the various rules, policies and schemes
to handle & manage the different types of waste [103].With rapid increase in modernize
population the challenges to manage the trash is encountered in developing countries.
So, different methods and technologies such as Geographical Information System aided
methods [104], MSWM using mathematical modeling [105], simulation optimization
method [106] are developed by the researchers.The authors of [107] proposed Genetic
Algorithm to solve the issue of transportation cost involved in collecting the generated
waste from various source sites to transfer station and to other interlinked stations such
as incineration, composting and landfills. In the article [108], author presented a new
optimization-simulation approach based method on firefly algorithm & procedure is
demonstrated using MSWM case study.The review article [109] is presented the chal-
lenges related to economic optimization of SWM. The classification of waste modeling
methods on the basis of regions, time series interval, waste stream are reviewed in article
[110]. According to literature one major reason behind poor WM is inhabitants percep-
tion, concern, behavior, participation and awareness. The typical characterization of
waste in India is: Biodegradable, Non-biodegradable, hazardous. On the basis of char-
acterization three main ways followed to manage and handle the waste are: centralized,
decentralized, integrated SWM. Biodegradable waste is preferably handled at decen-
tralize level as it reduces its value with delay in treatment. Whereas non-biodegradable
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and hazardous trash can be managed at centralized level as it generally requires to es-
tablish a long term plant investment, which are successfully run with at least 5 tons of
waste as per drafts of SWM. The proper utilization of wastes leads to the advantages
[111] such as reducing Greenhouse Gas emission, biogas generation, quality compost
production, soil fertility improvements etc. The article is based on the assessments of
5.4current implication as per following aspects

• Sources of waste generation.

• Quantification & Characterization of waste.

• Citizen’s awareness and participation.

• Willingness to pay for SW services.

• Suggestion to implement more effective & sustainable waste management plan.

It is observed that the some problems or challenges related to MSWM are different in
different cities so there is need to monitor the WM practices at local level.

Table 3.1: Details of Study area-Dinanagar

Municipal Corporation Area 14.36 km sq.
Total No. of wards 15
Total Houses 4840
No. of Households 300(approx)in each ward
Total Population(2011) 23976
Present Population(2021) 25000(approx.)
Literacy rate 88.66%
Male Literacy 92.26%
Female Lieracy 84.73%
State avg. Literacy rate 75.84%

Source:Census of India and DMC

3.1.1 Sources & characteristics of MSW

The generators of MSW are broadly categorize into Residential and Non-residential
waste. Further, the residential waste includes kitchen waste(left over food items), pa-
per, cardboard, plastic, sanitary waste, inert and Non-residential waste includes bulk
quantity of refused fruit, vegetables, packaging cardboard, plastic, construction & de-
molition waste, Industrial, restaurants & hotels waste etc. In Dinanagar, the average
Municipal solid waste generation is about 6 metric tonnes(only of residential area, no
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Figure 3.1: Life cycle of waste in Dinanagar city

record found for non-residential contribution in trash production), and typical physi-
cal composition of waste is mainly three types biodegradable, non-biodegradable, and
hazardous. No any record is available for chemical composition of waste generated in
city.

3.1.2 Problem identification

The Indian government establishes new targets to minimize the quantity of biodegrad-
able waste in landfill or dumping sites. To achieve this target, the composting is pri-
marily solution in small municipality like Dinanagar. Using this technique the waste
volume is reduced by 50-65%. Composting can be done either manually or mechan-
ically. Presently, 33 number of manual composting pits at different locations are suc-
cessfully maintained by Municipal Corporation of Dinanagar(MCD). There is need to
improve the collection rate of generated waste, treatment rate of collected waste, and
disposal rate of untreated waste. The population of Dinanagar is 25376 inhabitants and
15 square km land area which is further distributed in 15 wards with average of 376
inhabitants each. The MSW generated is only about 0.2-0.25 kg per capita per day, of
which 60% is wet waste, 40% is dry waste and only 50-60% of generated waste in the
city is collected with the utilization of presently provided collection services. In particu-
lar, material recovery facility(MRF) is also adapted by the MCD to treat all metal, paper
and plastic from the perspective of cost management. The need of effective and efficient
MSWM is increasing as the poor management contributes adverse effects on economy,
health, environment and one major threat is global warming which is due to increase
in Green House Gas(GHG) emissions because of uncollected/untreated waste lying in
open dump sites. The inefficient collection and treatment services are the reasons for
gap existence in present practices of MCD (see table 3.2).
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Parameters Existing Benchmark Gap-existing
Waste collection 60% of waste generated 100% 40%
Waste treatment 65% of waste collected 100% 35%

Table 3.2: Gap analysis
Source:Municipal corporation of Dinanagar

3.1.3 Waste Management

Almost in every residential regions of 15 wards, the unpleasant view of openly dumped
commingle waste is spreading odor, threat of health issues, causing environmental prob-
lems, stray animals(like dog, cow) are creating more mess with waste(like diapers, sani-
tary napkins and left over food). The blockage of sewage is also a very frequently faced
problem especially in rainy season. All these issues or problems are directly or indi-
rectly related to the biodegradable fraction present in the openly dumped commingle
waste by the unaware or may be aware inhabitants. The only solution to all issue is not
to dump such type of waste in open areas, it should be collected separately and treated
in decentralized manual composting plant as early as possible to produce good quality
compost. Because, the delay in treatment of biowaste leads to low quality of compost.
Further, it can be used for gardening purpose and the rest can be convert into revenue
by marketing which could be led to compensate the expenditure by some extent. The
life cycle of waste in the city is shown in figure 3.1.

3.2 Common indicators influencing the proper function-
ing of MSWM

Citizen’s participation(CP)

In the earlier plans of waste management it was a belief that public participation is the
least most factor affecting the MSWM but in recent years the researchers and the expe-
riences proved that it is the most primarily aspect to be focused for proper utilization
of waste as resources. Without citizen’s participation, it is impossible to meet the chal-
lenges emerges out from the waste quantification. So, it is important to think out off the
box to handle and manage with the issues related with WM. It is necessity to inspire
and aware each other about the impacts of poor waste management. The negligence
towards it’s bad effects will be finally ended up with the loss of inhabitants life.
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Waste minimization(WM)

Now a days, to manage the waste production in the country, concept of waste minimiza-
tion becomes more important to focus. This practice will led to converge towards the
successful achievement of waste management objectives. It is the most effective way to
reduce the quantity of waste, the cost associated with its handling and its environmental
& aesthetic effects. Waste minimization strategies requires national or state level in-
terventions such as extended producer responsibility can be established for waste like
electronics, batteries, ban to use or sell certain types of products and packaging that can-
not be reused, repaired, recycled or composted. Waste minimization usually requiring
ULB support or action like promoting & developing at source level reduction program,
awareness & education programs, banning the use of plastic products by replacing with
reusable and recyclable material.

Five R’s policy(FRP)

The technique of five R’s is responsible for sustainable and zero waste objective of solid
waste management. The definition of 5 R’s are :

• Refuse: Say no to non-biodegradable material or products.

• Reduce: Replace the non-biodegradable with biodegradable material.

• Reuse: Do not use disposable products. Replace them with more sustainable
alternatives.

• Recycle: Use the material which can be transform into another usable form.

• Recover: Convert the kitchen waste into compost.

By adopting these 5R’s policy in daily routine life, the challenges of waste management
can be achieved effectively and efficiently.

Segregation at source level(SAS)

Segregation of waste into different fractions at source level is an essential practice for
effective and efficient WM. Unwanted material should be treated or stored by the source
of trash until it is collected for treatment or disposal by the waste collectors. It should be
separated by waste generators into three fractions: wet, dry and hazardous. Apart from
these wastes horticulture waste, construction & demolition and sanitary waste should
be collected separately and designated for treatment. Collection and transportation of
segregated waste from source to destination is highly essential in SWM system.

37



Waste collection(WC)

Waste collection is next essential step after segregation at source level. Inefficient col-
lection services of waste has a bad impact on and aesthetics of cities & public health.
Waste collection is generally divided into primary collection which refers to the collec-
tion of waste directly from waste generators and secondary collection includes picking
up waste from community bins, waste storage depots and transfer to treatment facilities
or disposal sites. A proper synchronized primary collection and secondary collection
and transportation system is necessary to avoid waste littering and container’s overflow
in the city.

Service charges(SC)

Households that produce the majority of solid waste and are directly affected by un-
collected solid waste should be able to participate in improving SWM. As a result, the
contribution of city dwellers to SWM service plays a significant role in improving SWM
in the community. As result, service rates for SWM should be set at a level that discour-
ages illegal dumping while still maximizing cost recovery. Before it’s implementation,
the proposed sanitation cost must be changed based on willingness and ability to pay.
At present only 1500 households are paying for the waste management services. The
residents are paying directly to waste collectors as an incentive. So, it is not a part
of revenue for MCD. MCD expects to receive |197,295 every month in revenue from
households. When correctly collected, this revenue covers 85% of the cost of providing
100% solid waste collection coverage in study area.

Training & awareness of WM staff(TAS)

The workers involved in collection and treatment process of Waste Management should
be trained enough to run the system effectively. The number of safai sewaks, sewadars,
laborers etc working with MCD are 72, which is more than enough but as per formal
talk with municipal authorities ” The maximum number of workers are females(not
to be involved in field work), of old age or suffering from some disease, some(the
most efficient workers) are deputed at ministers and their relatives residents for per-
sonal(cooking, cleaning, gardening etc) purposes ”. Their work and duties are divided
as sweeper, collector from primary and secondary source , separator at transfer sta-
tion and manage and inspect working of composting plant etc. The overall working of
workers is further supervised by a sanitary inspector. One person is appointed for main-
taining the records of waste in terms of dry & wet waste and other information related
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to compost production, utilization and recycled, non-recycled waste at MRF. No record
is available in terms of components of generated waste, physical-chemical composition
of collected, treated or disposed waste. The lack of well qualified and experienced staff
to manage finance, accounts, propose and suggest to generate the revenue from the col-
lected resources. The present staff is not capable to maintain the proper records which is
responsible for insufficient planning and processing of waste management. Other pro-
fessionals like environmental engineers, medical officers, security and legal personnel’s
are also lacking in present WM practices.

Selection of appropriate technique(SAT)

The treatment of produced waste depends upon its quantity, sources, physical & chemi-
cal composition, collection services, disposal facility and perception & participation of
inhabitants. The sources of waste are domestic, commercial, fruit and vegetable market,
fish and meat market, green waste from parks, gardens, construction & demolition etc.
The physical composition includes food, plastic, paper, metal, rubber, glass, sanitary
pads, napkins, diapers, wood, textile, dust, stone and inert. The MSWM is responsi-
ble for maintaining the waste produced in household as well as commercial regions of
the city. As per record available by MCD the maximum fraction of generated waste
is biodegradable. In small cities, the most effective and efficient technique to manage
the waste is manual decomposition of biowaste at decentralized level which includes
kitchen waste(left overs of food and vegetables), wet paper, cardboard(non-recyclable).
The rest waste is transfer to material recovery facility(MRF) for further segregation
and treatment accordingly . At present both(manual composting and MRF) techniques
are adapted by MCD. But the improper & manipulated record, delayed & incomplete
waste collection, processing of whole generated waste, awareness & participation of
residents, dedication of workers, political influence in the system are the major reasons
behind inefficiency of MSWM in Dinanagar.

Marketing of resources(MR)

Marketing of resources obtained from city waste is also become more challenging after
collection & segregation of recyclable material and compost prepared from biowaste.
For complete utilization of resources, an effective marketing strategy has to be designed.
The compost produced at different composting plants of MCD is distributed free of cost
to the citizens. The wet waste collected at MRF is further sold via waste collectors.
The rate list of recyclable or resalable material is given in table 3.4 as per local waste
collector.
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Environmental & economic effects(EEE)

Another main effects of poor management of solid waste are environmental and eco-
nomic effects. The improper planning of SWM destroy the soil, water, air and habitat.
Leachate released from the openly dumped waste contaminates the soil, air and water
which is very harmful for plants, animals and human. Stray animals & scavengers lit-
ter the waste and invade the roadside garbage causing damage to the surroundings. As
organic solid wastes decompose, release an unpleasant stench that pollutes the envi-
ronment. Waste items such as plastic and rubber emit poisonous gases into the atmo-
sphere. The clogging of drains by plastic trash causes water logging, which encourages
mosquito breeding and the spread of diseases.

Political role(PR)

The role of politicians is very important and influential in local areas of small munici-
palities. Without the support of political leaders, the proper implementation of SWM is
not possible. The study area is divided into 15 wards and each ward is associated with a
municipal commissioner(MC). It should be MC’s responsibility to inspect the working
of MCD in the associated ward. They can promote the campaigning to aware and in-
spire the residents of ward. They should be more interactive with the public to resolve
their problems. A responsive and dedicated leader can contribute in sustainable SWM.
Both the national and local governments must make a clear commitment to waste man-
agement in order to improve the city’s garbage condition. National strategies for proper
waste management should be vigorously promoted. To attract more attention to this
sector, the jobs available to both skilled and unskilled labor should be made more ap-
pealing. Public knowledge and education on many facets of waste management should
accompany political commitment. Environmental education and awareness should be
made a requirement in all schools.

National policies & initiatives(NP)

MSWM in urban areas has emerged as one of the biggest challenge encountered by de-
veloping countries like India, not only in terms of aesthetic impact and environmental
but also the potential threat to public health, resulting from improper and non-scientific
handling of municipal waste. Acknowledging the magnitude of this challenge, on 2nd

October 2014 the GoI launched Swachh Bharat Mission(SBM) with a goal to make In-
dia clean & free from open defecation. Under SBM 100% scientific management of
MSW has been identified as one of the critical objectives. The GoI has taken several
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initiatives to achieve these objectives. As a part of these initiatives the government is fa-
cilitating assistance for market development in form of financial assistance of |1500 per
ton on sale of compost to farmers to increase and encourage compost sale. The Central
Electricity Regulatory Commission(CERC) has announced mandated 100% procure-
ment of power generated from WtE plants and generic tariff for Waste-to-Energy(WtE)
of |7.90 per unit of power. These initiatives will ensure financial viability of setting up
of waste-to-Compost(WtC) and WtE plants.

In order to assist cities and states to understand and effectively implement SWM
systems, the Ministry of Urban Development, in partnership with Government of Ger-
many has published the revised MSWM manual 2016, in alignment with the SWM rules
2016.

Citizen’s awareness(CA)

Inhabitants of the region are responsible for waste generation. Public awareness is
critical to the successful implementation of SWM’s strategic plans. The public’s un-
derstanding and attitudes toward waste disposal have a direct impact on the SWM plan.
Several academics concluded that it is a critical aspect in determining the fate of any
area’s waste management strategy. Local government units should stimulate citizen
engagement by providing widespread information. Non-governmental organizations
(NGOs) might be enlisted to help organise public awareness campaigns. It’s also criti-
cal to encourage the usage of composts made from organic resources. The media has a
significant role to play in public education.

Effective & efficient management(EEM)

The city’s integrated SWM policy is a necessity for improvement. To prioritize the best
waste management techniques, the MCD should use the waste hierarchy model. By
developing a national strategy, it is feasible to gather the necessary resources, develop
norms and processes, and establish other supporting organizations. Only a nationwide
plan, which engages the entire country in developing a well-developed strategy, would
provide an effective solution to the solid waste problem. SWM entails the planning and
long- term implementation of all aspects of a waste management plan that are relevant
to the region’s waste management. The available waste management strategy must be
adopted and implemented in such a way that local governments are prepared to face any
issues that may arise. Innovations should also be integrated into the planning.
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Table 3.3: Decomposition period of waste material [4]

S.No. Waste material Decomposition rate

1. Kitchen waste 10-14 days
2. Paper 3-4 weeks
3. Cotton cloth 2-5 months
4. Wood 10-15 years
5. Metal 100-500 years
6. Plastic more than 1 million years

Table 3.4: Rates of recyclable material( in |(Rupee): symbol for Indian currency )

S.No. Recyclable material Resale rates(per kg)

1. Copper |350
2. Aluminum |100
3. Steel |35
4. Rigid iron |25
5. Plastic bottles |22
6. Mix plastic |20
7. Rigid plastic |19
8. Light iron |18
9. Paper |12
10. News paper |10
11. Cardboard |10
12. Glass |3

Waste record & accounting(WR)

The analysis of implementation of SWM is completely dependence upon the proper
maintenance of waste record in terms of quantification, composition. On the basis of
record, the better planning and decisions can be made for successful and sustainable
SWM.

3.3 Methodology

The methodology adopted for preparing this article is mainly based on literature review
and the data collected by means of questionnaire survey, interviews with citizens of
different localities(low,medium and high income regions), local waste collectors, waste
management staff of MCD, persons involved in commercial sector. The reason behind
selecting this method is that there is no proper record maintained by MCD. All data is
recorded manually by the data operator in the form of hard copies, and by observing
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Figure 3.2: SWOT analysis of WM in MCD

the figure it was quite clear that the data is completely manipulated just to meet the
guidelines issued by GoI. So, the assumed data is used as per standard waste generation
value and the state wise data available at different online sites and research articles.
The quantitative analysis is performed on numeric data collected from various primary
and secondary locations. The qualitative analysis is further expressed and explained in
narrative form on the basis of interview, small group discussions & responses collected
in structured questionnaire survey from samples selected in the categories: low,middle
and high income localities. The SWOT analysis of present practices of MCD is briefly
described in figure 3.2.

3.3.1 Conclusion

The study, which had the explicit goal of analyzing the implementation of several SWM
programs in Dinanagar city, discovered that improper record about quantification, col-
lection, treatment and disposal of wastes, political commitment, personnel facilities,
and public and commercial sector commitment all had a substantial impact on the suc-
cess of solid waste management implementation. The study also revealed some ad-
ministrative issues that hampered implementation in the early stages, such as a lack of
resources, unscientific land for final waste disposal, a lack of an effective and efficient
solid waste management plan, public awareness, staff training, and poor enforcement
of laws and regulations.For successful and effective management of solid waste in the
Punjab city of Dinanagar, encouraging waste reduction, adequate resources, political
leadership support, providing monetary incentives for recyclable items, encouraging
workers, developing a strong policy, composting, incorporating technological innova-
tions, and recycling techniques have been suggested and recommended. Other areas
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which are linked and have a direct impact on the city’s waste management but are
understudied were observed. It includes like revenue from local sources, waste man-
agement finance and commingled waste analysis in the city, and adequate logistics and
modern technologies for SWM to be used in the city.Future research will focus on urban
growth and related concerns in order to gain a better knowledge of such difficulties and
create solutions for long-term development and enhancing environmental sanitation in
Dinanagar.
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Chapter 4

Implementation Analysis of Municipal
Solid Waste Management in Dinanagar
city of Punjab, India

4.1 Introduction

4.1.1 Indian Government initiatives for MSWM [1]

In Indian cities, it is becoming more difficult to provide the growing urban population
with the infrastructure demands. As per the 2011 census, population of India was 1.21
billion, having 31% of people living in the cities. By 2050, the population is expected
to be half of it would live in city areas. With the increase in country’s population, MSW
management has become a very serious problem, not only due to aesthetic and environ-
mental concerns, but also due to the massive amount of generated waste every day. As
per the Central Pollution Control Board of India, the amount of waste generated was 1,
27,486 Tons per day of MSW during 2011-12, with an average generation rate of waste
0.11 kg per capita per day. Only 15,881 Tons per day that is 12.45% of the total waste
generated was collected, and only 89,334 Tons per day that is 70% was treated or pro-
cessed. Segregation of waste at the level of source, transportation, collection, processed
or treatment, and scientific disposal of trash were all not satisfactory, as a result it leads
to degradation of environment and a decline in living standards.
The reason behind that MSWM was becoming increasingly important first became ap-
parent during 1990, when concerns about unsuitable MSWM resulted in number of
Public Interest Litigations, prompting the Supreme Court of India to order the Min-
istry of Environment and Forests (MoEF), Government of India, to release Municipal
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Solid Waste Management Guidelines in 1996. The rules required all Urban Local Bod-
ies, not just Class I cities and metro cities, to implement a proper system for waste
management, with a deadline for the installation of waste collection, transport, process-
ing, treatment and disposal facilities by the end of year 2003.The Indian government’s
Ministry of Urban Development (MoUD) prepared a solid waste management guid-
ance manual for all Urban Local Bodies and released the same with the defined rules
during the year 2000. All Urban Local Bodies, moreover, were not able to introduce a
long-term municipal solid waste management system, having transportation, collection,
processing, treatment and disposal of waste, until the year 2003. Despite positive ac-
complishments and pilots, most urban local bodies continue to face problems not only
in transportation systems, advanced collection or selecting adequate and processing or
treatment technologies and disposal techniques, but also in managing long-term finan-
cial requirement in MSWM system. Non-compliance with rules of MSW management
is still a reason for issue of worry 14 years after the compliance of rules for municipal
SW, 2000 were already published. Through the Ministry of Environment and Forests’
draft amended municipal SWM Rules of year 2013, the Indian government continues
to highlight these problems or issues and support states and urban local bodies in cre-
ating adequate and contemporary MSW management systems and the parallel revision
of MSW management manual of year 2000 by the Ministry of Urban Development. It
is based on learning from fourteen years’ experience gained post the notification of the
rules in year 2000. The Indian government has announced and sanctioned the 12th and
13th Finance Commission Grants and finances have been provided for development and
improvement of MSW management under projects (such as UIDSSMT and JnNURM)
from the year 2005 to give an importance to municipal solid waste management in In-
dian cities. State funds are also available for the proper implementation of solid waste
management initiatives.

4.1.2 MSWM in Indian Cities

The study [15] contribute to evaluate the current status of MSWM in India and suggest
some significant improvements for better functioning of waste management. The article
[16] reflects a case study of city Lucknow ,which is one of the main metropolises in In-
dia, and struggles to a major problem of MSW management. Through this community
participation study, a qualitative study using a SWOT analysis (strengths, weaknesses,
opportunities and threats) has been effectively implemented. The SWOT analysis was
found to be a useful tool for investigating the possibilities and strategies for starting and
successfully conducting the MSWM programme.[17] The research analyses the cost of
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WM in Mumbai, India, and examines alternate methods for managing municipal solid
waste (MSW). The first approach is community participation and the second is private
sector participation. Moreover, there is a need to further analyze the role of PPP(Public
Private Partnership) in waste management. [18]The MSWM, Allahabad data derived
from ArcGIS maps is responsible for this work’s information retrieval, updating, and
essential information visualisation. [19]the Master Plan (2005–2021) provides instruc-
tions for the removal and treatment of municipal solid waste for the entire state of Delhi
after the Delhi government recognised the gravity of the matter. It is concluded that a
three-way cooperation between the public sector, the commercial sector, and the gen-
eral public is necessary to make any significant changes to the current situation. [20],
By measuring the site-specific emission variables in conjunction with pertinent activity
data and using the IPCC’s 1996 procedures for CH4 inventory preparation, an inven-
tory of Chennai’s landfills’ glasshouse gas emissions has been created. As intermedi-
ate phases of waste management also affect its quantity, it is crucial to examine MSW
reaching landfills along with the generation of waste and its composition determination
at source level for CH4 emission inventory. By separating garbage at the source and en-
couraging recycling or reuse of separated items, waste volume and the strain on landfills
are reduced, and producers have access to raw materials. The author of [4] highlights
the current practices of MSW in Puducherry, proper record of generated, collected,
treated, and disposed waste is needed as per rules drafted by GoI. The physical & chem-
ical composition is also a necessary aspect to be maintained by municipality authorities.
[21], this article helps characterize the municipal solid trash that currently exists in Ja-
landhar, India, and assess its viability for different waste-processing methods. The
author of [22] Guided with the specific objective of analyzing the implementation of
various SWM programs in Ludhiana city, the study found political commitment, fa-
cilities provided to the staff, participation of public and commercial sector significantly
affected the successful solid waste management implementation. The study also re-
vealed some problems from administration that affected implementation at the initial
stages like inadequate land for final disposal of untreated waste, inadequate resources,
shortage of staff, public unawareness, lack of integrated solid waste management plan,
etc. In article [23] the purpose of this paper is to add to the characterizations of the cur-
rent municipal solid waste in Jalandhar, India, and to assess its suitability for different
waste-processing methods.

47



Figure 4.1: Quadrant chart-Importance Performance Analysis

4.2 Quantitative and Qualitative Analysis

Literature review is broadly used to prepare the questionnaire, which contains respon-
dents personal information like age, gender, qualification, total family members, along
with the knowledge, awareness, participation interest about SWM in city. The maxi-
mum responses are collected through Google form so as to follow the COVID-19 guide-
lines. The responses from the staff workers is collected via interview by following the
measures of COVID-19 instructions that is wearing masks and maintain the precaution-
ary distance. The questionnaire is broadly divided into three sections of indicators: 1.
Inhabitants, 2. Waste management staff & Actors, 3. Policies & initiatives. The in-
cluded questions are designed on the basis of importance and performance of existing
practices. The respondent has to give rank between 0 to 5 as per the experience and
knowledge with respect to the particular question. On the basis of collected responses
the importance-performance analysis is completed using excel and the IP chart is shown
in figure 4.1. In table 4.1 the performance and importance column are representing the
mean of total responses w.r.t each indicator. The internal consistency analysis of col-
lected data is performed using R / R studio software with cronbach’s alpha.

4.3 Descriptive Analysis

Importance performance chart and scores are constituted on the basis of responses
(shown in table 4.2) collected from the citizens of Dinanagar. The internal consis-
tency & validity of collected responses is performed using coefficient alpha(also known
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Table 4.1: Importance Performance score Analysis

S.No Indicators Performance Importance

1. CP 1.62 4.45
2. WM 0.86 4.83
3. FRP 0.59 3.9
4. SAS 1.04 3.88
5. WC 0.79 4.5
6. SC 1.11 2.17
7. TAS 1.75 4.28
8. SAT 3.18 4.24
9. MR 1.29 1.52

10. EEE 0.96 3.25
11. PR 1.06 2.54
12. NP 1.3 2.77
13. CA 2.2 3.94
14. EEM 0.9 4.26
15. WR 1.17 4.59

as cronbach’s alpha). The range of alpha is 0.65-0.69 with respect to each indicator.
as shown in table 4.3. The significance of defined indicators with effective & efficient
management is also done using chi-square test shown in table 4.4. Importance per-
formance analysis of 15 indicators is represented in figure 4.1 in the form of quadrant
chart. The quadrant chart is divided into four sections: first, second, third and fourth
quadrant divided as good work, concentrate here, less prior and possible over-skill re-
spectively. The indicator defined as selection of appropriate technique is lying in first
quadrant which means the treatment facilities presently used by MCD are satisfactory.
Presently, MCD has adopted material recovery facility for other waste materials and
composting of organic waste. IP analysis shows that the indicators SC(Service charges)
and MR(Marketing resources) are lying in less prior category. Rest of the 12 indicators
are required to focus for improved and better working of MSWM in Dinanagar city.
The IP scores are given in table 4.1.

4.4 Results & Conclusion

The following are the suggested conclusions and recommendations to improve the
present status of municipal waste management.
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Table 4.2: Response frequency

Indicators 0 1 2 3 4 5

CP1P 0.17 0.27 0.33 0.23 0 0
CP1I 0 0 0.02 0.07 0.35 0.56

WM2P 0.36 0.42 0.22 0 0 0
WM2I 0 0 0 0 0.17 0.83
FRP3P 0.42 0.58 0 0 0 0
FRP3I 0 0 0.17 0.07 0.46 0.3
SAS4P 0.24 0.48 0.28 0 0 0
SAS4I 0 0 0.13 0.17 0.39 0.31
WC5P 0.44 0.33 0.23 0 0 0
WC5I 0 0 0 0 0.5 0.5
SC6P 0.31 0.27 0.42 0 0 0
SC6I 0 0.54 0.04 0.13 0.29 0

TAS7P 0.17 0.26 0.32 0.2 0 0.05
TAS7I 0 0 0 0.13 0.46 0.41
SAT8P 0 0 0.3 0.22 0.48 0
SAT8I 0 0 0.08 0.08 0.36 0.48
MR9P 0.49 0 0.24 0.27 0 0
MR9I 0 0.67 0.14 0.19 0 0

EEE10P 0.22 0.6 0.18 0 0 0
EEE10I 0 0 0.15 0.45 0.4 0
PR11P 0.21 0.52 0.27 0 0 0
PR11I 0 0 0.46 0.54 0 0
NP12P 0.19 0.32 0.49 0 0 0
NP12I 0 0.37 0 0.12 0.51 0
CA13P 0 0.27 0.41 0.17 0.15 0
CA13I 0 0.09 0.05 0.14 0.27 0.45

EEM14P 0.41 0.28 0.31 0 0 0
EEM14I 0 0 0 0.14 0.46 0.4
WR15P 0.22 0.39 0.39 0 0 0
WR15I 0 0 0 0.05 0.31 0.64

4.4.1 Proper Planning of SWM

The proper planning to manage the generated waste in city is a most essential part of
municipal corporation. The first step is to maintain the record related to the waste like
waste generation, sources of waste production, physical & chemical composition of
waste. This data is necessary to decide the transportation services to collect the waste
from primary and secondary sources. The selection of treatment facility is depending
upon the production of waste composition in city. The data collection of waste by MCD
from every aspect is very poor. But still the selection of appropriate technique for waste
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Table 4.3: Internal consistency analysis
(-) indicates the reverse order of ranking

Indicators alpha correlation mean sd

CP1P- 0.67 0.254759 3.38 1.022771
CP1I- 0.67 0.233417 0.55 0.715979

WM2P 0.66 0.417917 0.86 0.75237
WM2I 0.68 0.117238 4.83 0.377525

FRP3P- 0.65 0.459812 4.42 0.496045
FRP3I- 0.69 0.04228 1.11 1.023906
SAS4P 0.67 0.301158 1.04 0.723627
SAS4I 0.67 0.227993 3.88 0.997775
WC5P 0.66 0.364242 0.79 0.795124
WC5I- 0.67 0.30323 0.5 0.502519
SC6P 0.64 0.590311 1.11 0.851558
SC6I 0.64 0.673897 2.17 1.348812

TAS7P 0.68 0.18003 1.75 1.242147
TAS7I 0.67 0.174783 4.28 0.682834
SAT8P 0.69 0.021649 3.18 0.868995
SAT8I- 0.65 0.525136 0.76 0.911431
MR9P 0.66 0.412223 1.29 1.320354
MR9I- 0.67 0.235712 3.48 0.797471

EEE10P- 0.67 0.195442 4.04 0.634369
EEE10I 0.68 0.136521 3.25 0.70173
PR11P 0.66 0.410833 1.06 0.693695
PR11I- 0.66 0.339648 2.46 0.500908
NP12P 0.66 0.389869 1.3 0.771984
NP12I 0.68 0.127879 2.77 1.398809
CA13P 0.68 0.176834 2.2 1.005038
CA13I- 0.65 0.53882 1.06 1.269853

EEM14P 0.68 0.149841 0.9 0.84686
EEM14I- 0.66 0.373542 0.74 0.690776
WR15P- 0.66 0.301907 3.83 0.76614
WR15I- 0.67 0.154316 0.41 0.587668

treatment is satisfactory. Mainly two waste treatment facilities are adopted by MCD,
one is composting of biodegradable waste and second is material recovery facility. No
doubt these two are sufficient for treatment of collected waste but only 60% of generated
waste is collected by MCD. Moreover, 65% of collected waste is treated using available
facilities because of commingled waste which cannot be segregate manually. Finally,
the uncollected waste creating the several common issues like odor, choking of sewage
etc and the untreated waste if dumped to open dump sites.

The district authorities are encouraging and motivating the concept of no bins and
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Table 4.4: χ2 test at 95% level of significance

EEM with
other indicators χ2 df p-value

CP 17.629 6 0.007229
WM 11.189 4 0.002452
FRP 1.021 2 0.6002
SAS 8.2861 4 0.08164
WC 9.5515 4 0.0487
SC 16.361 4 0.002571

TAS 32.202 8 8.57E-05
SAT 20.813 4 0.0003449
MR 12.913 4 0.01171
EEE 0.65504 4 0.9568
PR 3.5048 4 0.4771
NP 47.083 4 1.47E-09
CA 12.959 6 0.04369
WR 1.9134 4 0.7517

no landfill site by focusing on the zero waste approach. The issues of resource conser-
vation cannot be fully addressed by striving for zero waste. Continued dependence on
waste management strategies that have been shown to be ineffective in addressing the
growing complexity of solid waste and a lack of data characterizing and quantifying
waste generating patterns are the main causes of this [112].

SWM makes use of a variety of technologies to manage waste generation,collection,
transportation, handling, processing, storage, treatment and disposal. Ineffective man-
agement of MSW cause human health problems, create long term environmental issues
& degradation of valuable land resources. A sustainable and sufficient waste manage-
ment approach is required to balance the quality of human life, the need for develop-
ment, and clean environment. [112, 113].

4.4.2 Availability of equipment & funds

In-spite of various schemes or policies are framed for funds to improve WM services
by GoI, the acceptance of grant proposal is not an easy task. The waste management
problems related to small municipalities are not much important to focus on by the gov-
ernment. On the other end, any establishment which depends on government funding to
manage waste related services will never be able to perform effectively and efficiently.
The lack of instruments like brooms, brushes, dust pans & bins, choppers etc has led to
improper cleanliness services. As per records provided by data operator of MCD, one
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separator machine is installed but not in functioning condition. One bailing machine is
also installed which is in functioning condition. Moreover, the three E-rickshaws, three
trolleys, six cycle rickshaws and four hand carts are used for collection and transporta-
tion purposes like transfer waste from secondary point to MRF, to compost pits in local
nearby areas. The number of waste bags/bins provided for collection of segregated wet
and dry waste from secondary point located near PSPCL(Punjab State Power corpo-
ration limited) is 60(30 for wet waste + 30 for dry waste). The total number of com-
posting pits is 33, out of which 26 are lying filled at different location(near municipal
council(6/7), sewa kendra(9/11), singowal road(11/15)) in the city. All the composting
plants are managed scientifically and the manure is distributed free of cost to people as
per the demand. One MRF is also developed at singowal road, to segregate the recy-
clable material from collected dry waste which is further sold via local waste collec-
tors. An agreement is also executed on 22/02/2021 between ”THE SHAKTI PLASTIC
INDUSTRIES, Mumbai” and MCD, district Gurdaspur for purchase/lift/process and
disposal of mixed plastic waste under ”The Punjab Municipal Act, 1911” and ”Punjab
Municipal Corporation Act, 1976”.
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Chapter 5

Prioritizing the indicators responsible
for sustainable municipal solid waste
management using SF-AHP and
SF-TOPSIS

5.1 Introduction

Unscientific and unplanned management of solid waste is becoming a major reason
of environmental problems in the cities of developing countries. Solid waste manage-
ment(SWM) by municipal committee is one of the major task creating many challenges
for the Municipal Corporations, in Indian cities. The rise in urbanization and population
also increases the waste generation quantity. As the life style of the population changes,
the number of different kinds of discarded material also changes.

Waste management is one of the most important concerns in environmental protec-
tion and natural resource conservation. To manage solid waste, a variety of approaches
can be used. MSWM is a complicated topic that is influenced by a number of specific
aspects relating to the state of the country. For decision makers, choosing the optimal
option for handling and managing MSW in terms of environmental quality and eco-
nomic value is a critical priority. The use of spherical fuzzy environment with Multi
Criteria Decision Making(MCDM) in MSWM is still limited. According to the find-
ings of several research, this approach has the ability to handle dataset uncertainty, and
decision makers can readily evaluate attributes using linguistic expressions.

Human beings are the worlds largest source of garbage, everyone has the power and
obligation to prevent it. Waste management has become a key issue to address on a pri-
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ority basis as a result of negligence. Waste is treated as a resource rather than trash or
garbage all over the world. Research and Development is becoming increasingly pop-
ular for resource management. Researchers in all disciplines are continuously focusing
on recreating valuable resources from the trash. Nowadays, the 6 R’s strategy (Refuse,
Reduce, Repair, Reuse, Recover, Recycle) could be adopted in tandem with modern
technological inventions. In general developing countries produce more waste than that
of under development. The government of every country initiated various projects to
alter the different type of waste to resources.

This research will lead to better waste management planning and decision-making.
In addition, waste will be managed self-sustainably to some extent through effective
application of the recommended methodology.

5.2 Literature review

Intutionistic fuzzy sets (IFS), Neutrosophic fuzzy sets (NFS), and Intutionistic fuzzy
sets of second type (IFS2) are the extensions of ordinary fuzzy sets with membership
functions in three dimensions, aiming at defining the judgments of decision makers
with a detailed description. The authors of [114] introduced spherical fuzzy sets (SFS)
in terms of a generalized three dimensions, including some required differences from
the already defined fuzzy sets.. [115] introduced index-based PFVIKOR method which
includes vague information defined by PF values and solved problems like service qual-
ity, R&D project investment, internet stock performance evaluation, and internet stock
problems. [116] introduced a approach of PFVIKOR for solving the problems related
to site selection for charging stations of electric vehicles. [117] introduced an approach
of MCDM whivh is stochastic and solving the problems related to warehouse location
in the uncertain environment. In this method, the stochastic AHP technique is used to
calculate the weights criteria. The ranking of alternatives was calculated by FVIKOR
method. [118] introduced an integrated FVIKOR and ANP (analytical network pro-
cess) method with the help of IT2FSs, solving problem related to supplier selection in
supply chain management. [119] introduced modified and extended FVIKOR model
for the construction of an automatic robotic system in the healthcare department or
industry. [120] developed a new extension of VIKOR model for DM problems us-
ing Pythagorean hesitant fuzzy system. [121] developed a method based on VIKOR
and AHP to solve the supply chain management and business analysis by formulating
both long-term and short-term flexible decision making strategies for successfully im-
plementing and managing the reverse logistics adoption in the supply chain systems.
[122] introduced SFVIKOR to deal with the waste management problems. In [123] an
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Table 5.1: Linguistic terms, SFN and score index for constructing PCM

Linguistic terms Spherical fuzzy number Score index

Absolutely strong important [0.9, 0.1, 0.0] 9
Very strong important [0.8, 0.2, 0.1] 7
Fairly strong important [0.7, 0.3, 0.2] 5
Slightly strong important [0.6, 0.4, 0.3] 3
equal important [0.5, 0.4, 0.4] 1
Slightly low important [0.4, 0.6, 0.3] 1/3
Fairly low important [0.3, 0.7, 0.2] 1/5
Very low important [0.2, 0.8, 0.1] 1/7
Absolutely low important [0.1, 0.9, 0.0] 1/9

Table 5.2: Eleven point spherical fuzzy linguistic term scale.

Linguistic terms Spherical fuzzy number

Extremely low [0.045, 0.955, 0.045]
Very low [0.135, 0.865, 0.135]
Low [0.255, 0.745, 0.255]
Fair [0.335, 0.665, 0.335]
Medium [0.410, 0.590, 0.410]
Good [0.500, 0.500, 0.500]
Very good [0.590, 0.410, 0.410]
High [0.665, 0.335, 0.335]
Very high [0.745, 0.255, 0.255]
Exceptionally high [0.865, 0.135, 0.135]
Excellent [0.955, 0.045, 0.045]

efficient algorithm is presented by the authors with combination theory and combined
fuzzy TOPSIS method to select the best suitable alternative out of all possible hybrid
and single energy resources in Turkey. In [124] the authors developed an approach to
calculate the light business jet aircraft provide less travel time, long-range, on-board
lavatory facility, cozy seating arrangements, other aesthetic ambiance (audio systems,
and light systems, and temperature-noise control) and appliances at affordable cost of
flight.

Table 5.3: Random indices for consistency ratio [5]

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
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5.3 Evaluation of selected methodology

This research is based on the article [125], a novel work is established by integrating
TOPSIS and AHP with the spherical fuzzy set. Integrated AHP with SF is used to
determine the spherical fuzzy criteria weights, while integrated TOPSIS with SF is used
to calculate the final ranking of the alternatives. A new geometric mean formula for SF
is developed for determining the spherical fuzzy weights of criteria. Also presented, a
new 11-point spherical fuzzy linguistic term scale, which can be used by the decision
experts to quantify the preferences. The step by step procedure is as follows:

5.3.1 Stage1: Spherical fuzzy analytical hierarchy process(SF-AHP)-
To construct SF weights of criteria

This stage involves major three steps: Firstly, structure decision hierarchy by defin-
ing criteria for selected performance indicators through decision makers or experts.
Secondly, construct the spherical fuzzy pairwise comparison matrix(SF-PCM) with the
help of expert(s) to determine criteria weights on the basis of 9-pt linguistic scale given
in table 5.1, using SF-AHP. In case of multiple experts the PCM has to be constructed
by each expert and then the combined SF-PCM will be computed using spherical fuzzy
geometric mean(SFGM). Let S̃GMi

be the SFGM for criteria i is as follows:

S̃GMi
=(S̃i1 × S̃i2 × ...× S̃in)

1
n

=

 n∏
j=1

(µij)
1
n ,

√√√√1−
n∏

j=1

(1− ν2ij)
1
n ,

√√√√ n∏
j=1

(1− ν2ij)
1
n −

n∏
j=1

(1− ν2ij − π2
ij)

1
n


(5.1)

Let [P̃ 1
ij]n×n, [P̃

2
ij]n×n, ...., [P̃

k
ij]n×n be the SF-PCM for different ′k′ number of ex-

perts. So, the combined SF-PCM will be calculated as:

[P̃C
ij ]n×n = ([P̃ 1

ij]n×n ⊗ [P̃ 2
ij]n×n ⊗ ...⊗ [P̃ k

ij]n×n)
1
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where [P̃ k
ij]n×n =


S̃11 S̃12 . . . S̃1n

S̃21 S̃22 . . . S̃2n

...
... . . . ...

S̃n1 S̃n2 . . . S̃nn

 for all finite k and S̃ij = (µij, νij, πij) for

i, j = 1, 2, ..., n.
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Last and important step is to check the consistency ratio, CR =
CI

RI
which should

be less than 0.1 and is calculated by taking the corresponding score index number of
values substituted in pairwise comparison matrix. Eventually, the second step is com-
pleted with the satisfying condition of consistency ratio. The score index is calculated
by equation: SI = (|100 × ((µ − π)2 − (ν − π)2)|) 1

2 . Consider the same formula as
1

SI
to find the inverse of score index corresponding to the spherical fuzzy number. Fi-

nalize, weights of criteria using formula (5.1) of SFGM, if the CR is satisfied otherwise
reconstruct the SF-PCM.

5.3.2 Stage2: Spherical fuzzy technique for order preference by
similarity to ideal solution(SF-TOPSIS)- To select the best in-
dicator/alternative

At this stage, we apply SF-TOPSIS method proposed in the article [114] with 11-pt
linguistic term scale of spherical fuzzy shown in table 5.2. At this stage six steps in-
cludes: 1. Initially, construct the spherical fuzzy evaluation matrix using eleven point
SF linguistic term scale. 2. Compute the weighted SF evaluation matrix by multiplying
the SF evaluation matrix with the weights of criteria. 3. Determine the SF positive and
SF negative ideal solutions of defuzzified weighted SF evaluation matrix. The formula
(5.2) to defuzzify the SFN adopted from the article [126]. 4. Now, find the Euclidean
distance from SF-PIS and SF-NIS for each alternatives using the formula (5.3) and
(5.4.) 5. Calculate relative closeness to the SF positive and negative ideal solutions
based on the formula (5.5). 6. Finally, on the basis of relative closeness values assign
the ranking to multiple alternatives such that the best one is ranked with higher value.√

|100× [(3µ− π

2
)2 − (

ν

2
− π)2]| (5.2)
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5.4 Application to MSWM- A case study of Indian city,
Dinanagar

5.4.1 Current situation in study area

The study area selected in this research is Dinanagar, which is a small city located in
Punjab, India. The details of this area is shown in table 5.4. Waste management prac-
tices in Punjab is more challenging because of various reason such as human resources,
financial and political constraints influencing the effectiveness of SWM process in the
cities. The Municipal corporation/committee, Dinanagar city of Punjab(India) is fac-
ing a lot of hindrances due to insufficient funds for maintaining the services related
waste management, non-supportive behavior of urban local bodies, unawareness and
lack of interest of inhabitants. It is observed via thorough literature review over In-
dian cities that the problems or challenges related to MSWM are different in different
cities so there is need to monitor the WM practices at local level. Municipal solid waste
management(MSWM) is one of the major task creating many challenges [127] for the
Municipal corporations, in India [128]. With the rise in population & urbanization the
waste generation also increases. As the lifestyle of the population changes, the number
of produced garbage kinds also increased. For MSWM, the collection of waste materials
from primary, secondary or other source is the major problem. According to municipal
corporations and in literature, it is clear that the expenditure over waste management
is almost 70-80 percent of municipalities total budget. Instead of trash treatment, the
major objective of this research is to concentrate on waste minimization by examining
existing adapted strategies. This study will lead to better waste management planning
and decision-making.The generators of MSW are broadly categorize into Residential
and Non-residential waste. Further, the residential waste includes kitchen waste(left
over food items), paper, cardboard, plastic, sanitary waste, inert and Non-residential
waste includes bulk quantity of refused fruit, vegetables, packaging cardboard, plastic,
construction & demolition waste, Industrial, restaurants & hotels waste etc. In Di-
nanagar, the average Municipal solid waste generation is about 6 metric tonnes(only of
residential area, no record found for non-residential contribution in trash production),
and typical physical composition of waste is mainly three types biodegradable, non-
biodegradable, and hazardous. No any record is available for chemical composition of
waste generated in city.

The Indian government establishes new targets to minimize the quantity of biodegrad-
able waste in landfill or dumping sites. To achieve this target, the composting is primar-
ily solution in small municipality like Dinanagar. Using this technique the waste vol-
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ume is reduced by 50-65%. Composting can be done either manually or mechanically.
Presently, 33 number of manual composting pits at different locations are successfully
maintained by Municipal Corporation of Dinanagar(MCD). There is need to improve
the collection rate, treatment rate and disposal rate of generated solid waste. The popu-
lation of Dinanagar is 25376 inhabitants and 15 square km land area which is further dis-
tributed in 15 wards with average of 376 inhabitants each. The MSW generated is only
about 0.2-0.25 kg per capita per day, of which 60% is wet waste, 40% is dry waste and
only 50-60% of generated waste in the city is collected with the utilization of presently
provided collection services.

Parameters Numbers or %
Municipal Corporation Area: 14.36 km sq.
Total No. of wards: 15
Total Houses: 5637
Population in each ward: 376(approx.)
Total Population(2011): 23976
Present Population(2021): 25376(approx.)
Literacy rate: 88.66%
Male Literacy: 92.26%
Female Literacy: 84.73%
State avg. Literacy rate: 75.84%

Table 5.4: Details of Study area-Dinanagar
Source:Census of India and MCD

In particular, material recovery
facility(MRF) is also adapted by
the MCD to treat all metal, pa-
per and plastic from the per-
spective of cost management.
The need of effective and ef-
ficient MSWM is increasing
as the poor management con-
tributes adverse effects on econ-
omy, health, environment and
one major threat is increase in
Green House Gas(GHG) emis-
sions which further responsible
for global warming due to uncol-
lected/untreated waste lying in open dump sites. The inefficient collection and treatment
services are the reasons for unsuccessful practices of MCD.

5.4.2 Defining criteria and indicators

Three criteria were defined C1-importance, C2-performance and C3-understandability
based on judgments by the experts. Furthermore, a communication considering present
condition of MSWM was done with experts of waste management. It led to define dif-
ferent alternatives-performance indicators responsible for sustainable municipal solid
waste management. Some performance indicators (PIs) were identified by thorough lit-
erature review and some were developed by the experts based on the actual situation of
study area. Finally, the potential PIs were selected by the experts as per the limitations
like data availability and other inadequacies(shown in table 5.5).

As per the experts in the field of MSWM, the criteria matrix & PSPA evaluation
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Table 5.5: Selected performance indicators for sustainable MSWM

Performance indicators (PIs)

Operational Economic

-waste minimization
-six Rs policy
-composition of waste generated
-waste collection & handling
-segregation of waste at source level
-composting facility
-material recovery facility
-landfill & disposal sites

-collection cost per ton of generated waste
-transportation cost
-sorting cost
-cost of operating & maintaining composting facilities
-recycling cost
-disposal cost of rejected waste
-losses due to inefficient MSWM
-operators revenue

Waste management staff Public service, participation and awareness

-employees per ton of daily waste
-employees per 100 household served
-employees for waste collection per 100 household served
-employees working at MRF per ton of daily waste generated
-staff training & awareness
-on duty accidents
-qualification of waste management staff
-staff incentives

-public satisfaction with waste management
-waste generation per capita per day
-public participation in current practices
-public acceptance for waste management plans & actions
-performance of waste collection
-incentives for sorting at source level
-recycling practices
-public awareness about importance of MSWM

Technology & innovation Environmental

-equipment/instrument relevance
-equipment/instrument efficiency
-degree of innovation
-employees reluctance
-technological capacity for adaptability

-physicochemical quality parameters of Leachate
-air quality parameters of leachate & landfill
-application of environment standards at disposal sites
-water saving
-visual and odor impact

matrix with their respective score indices are shown in appendix, table 8.1, 8.2, 8.3, 8.4.

5.4.3 Results and Discussions

The reason behind using the SF-AHP and SF-TOPSIS methods in prioritizing the in-
dicators responsible for sustainable MSWM is the occurrence of uncertainty at various
stages involved in waste management. Initially, spherical fuzzy evaluation matrix of
PSPA (Public service participation & awareness) is constructed (shown in table 5.6).
Now, the weighted SF PSPA evaluation matrix is constructed(shown in table 5.7) by
multiplying the SF-PSPA with weights of criteria, calculated by SF-AHP(refer to table
5.10).

Table 5.10: SF criteria weights us-
ing SFGM

µ ν π

C1 0.643 0.334 0.298
C2 0.509 0.474 0.319
C3 0.268 0.730 0.213

The SFP and SFN ideal solutions of defuzzified
values(obtained in table 5.8) are also calculated
and shown below the table 5.7. The relative
closeness is calculated using the euclidean dis-
tances and finally the ranking of indicators PSPA
is shown in table 5.9. From this table, it is clear
that PU2 ranked 1, which means for effective im-
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Table 5.6: SF PSPA evaluation matrix

C1 C2 C3

µ ν π µ ν π µ ν π

PU1 0.865 0.135 0.135 0.5 0.5 0.5 0.745 0.255 0.255
PU2 0.745 0.255 0.255 0.955 0.045 0.045 0.865 0.135 0.135
PU3 0.865 0.135 0.135 0.41 0.59 0.41 0.5 0.5 0.5
PU4 0.59 0.41 0.41 0.335 0.665 0.335 0.5 0.5 0.5
PU5 0.745 0.255 0.255 0.865 0.135 0.135 0.665 0.335 0.335
PU6 0.5 0.5 0.5 0.59 0.41 0.41 0.255 0.745 0.255
PU7 0.41 0.59 0.41 0.355 0.665 0.335 0.5 0.5 0.5
PU8 0.745 0.255 0.255 0.5 0.5 0.5 0.59 0.41 0.41

SF wts 0.643 0.334 0.298 0.509 0.474 0.319 0.268 0.73 0.213

Table 5.7: Weighted SF PSPA evaluation matrix

Criteria C1 C2 C3

Indicators µ ν π µ ν π µ ν π

PU1 0.556 0.291 0.453 0.255 0.488 0.662 0.200 0.642 0.398
PU2 0.479 0.302 0.551 0.486 0.453 0.369 0.232 0.673 0.327
PU3 0.556 0.291 0.453 0.209 0.541 0.606 0.134 0.646 0.506
PU4 0.379 0.378 0.651 0.171 0.593 0.552 0.134 0.646 0.506
PU5 0.479 0.302 0.551 0.440 0.423 0.450 0.178 0.633 0.438
PU6 0.322 0.441 0.699 0.300 0.445 0.621 0.068 0.738 0.369
PU7 0.264 0.512 0.638 0.181 0.593 0.552 0.134 0.646 0.506
PU8 0.479 0.302 0.551 0.255 0.488 0.662 0.158 0.634 0.471

SFP 0.556 0.291 0.453 0.486 0.453 0.369 0.232 0.673 0.327
SFN 0.264 0.512 0.638 0.181 0.593 0.552 0.068 0.738 0.369

Table 5.8: Defuzzified values of table 5.7

Indicators C1 C2 C3

PU1 14.087 1.088 3.923
PU2 10.905 12.657 5.320
PU3 14.087 0.892 1.063
PU4 6.690 1.002 1.063
PU5 10.905 10.694 2.915
PU6 3.864 4.361 0.204
PU7 2.770 0.726 1.063
PU8 10.905 1.088 1.828

Maximum 14.087 12.657 5.320
Minimum 2.770 0.726 0.204
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Table 5.9: Euclidean distances and rank of indicators

D+ D- C Rank

0.157 0.193 2.024 3
0.051 0.215 2.751 1
0.175 0.185 1.840 4
0.213 0.103 0.541 6
0.084 0.197 2.369 2
0.212 0.094 0.427 7
0.244 0.073 0.000 8
0.175 0.161 1.504 5

0.244 0.073

Table 5.11: Consistency check

C1 C2 C3 Matrix weights SFN weights Ratios

C1 1.000 3.195 7.901 8.447 3.433 2.46
C2 0.319 1.000 4.742 3.107 1.087 2.858
C3 0.123 0.200 1.000 0.835 0.195 4.28

λmax = 3.2

plementation of MSWM the quantity of generated
waste per capita per day has to be as accurate or certain as possible. After this, PU5 i.e.,
performance of waste collection is ranked at 2, which concludes that proper and in time
collection of generated waste from sources led to maximize the expected revenue. The
achievement of PU2 & PU5, the indicator PU1 i.e., public satisfaction is ranked with
number 3. As per λmax = 3.2 after consistency check (see table 5.11) the SF criteria

Table 5.12: Ranking of indicators PSPA

Public service, participation and awareness Short form Ranking

Public satisfaction with waste management PU1 3
Waste generation per capita per day PU2 1
Public participation in current practices PU3 4
Public acceptance for WM plans & actions PU4 6
Performance of waste collection PU5 2
Incentives for sorting at source level PU6 7
Recycling practices PU7 8
Public awareness about importance of MSWM PU8 5

weights are acceptable and the obtained CI = 0.1 and CR = 0.089 < 0.1.
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5.5 Conclusion

The majority of multi-criteria decision-making procedures in the literature use scoring
methods, which are quite basic. These strategies contain physical and intangible criteria
in real-world challenges, which makes assigning a single numerical value difficult. For
cases like this, fuzzy sets can be helpful. Although a wider range of linguistic scales
introduces subjectivity into decision-making, current article has applied the developed
larger linguistic scale (moving from a five-point to a seven-point linguistic scale) that al-
lows decision-makers to choose from a wider range of linguistic words. The framework
is used to solve a problem of sustainable MSWM by prioritizing the performance indi-
cators, and it is discovered that the ranks generated from spherical fuzzy AHP-TOPSIS
are the best. This approach can also be used in variety of real world problems involving
uncertainty. In future, the same method applied to rest of the defined PIs to find the
global ranking.
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Chapter 6

Spherical Fuzzy Programming
Approach to Optimize the
Transportation Problem

6.1 Introduction

The transportation problem is initially introduced by the author of [129]. The goal
of [130] study is to handle a symmetric trapezoidal fuzzy number-related fuzzy linear
programming issue. It is possible to solve fuzzy LPPs without first turning them into
crisp version of LPPs according to several significant and intriguing findings.The au-
thors of [131] provide a model of estimating uniformity and demonstrate the system’s
capabilities for monitoring and rescheduling. The resulting method can handle situa-
tions requiring poorly defined expertise, provide plans that are roughly consistent, and
modify the execution of strategies to account for unexpected events. In [132] authors
formulate the problem and utilize triangular intuitionistic fuzzy numbers to deal with
uncertainty and hesitation. In [133] authors define a transportation problem in which
costs are represented as triangular intuitionistic fuzzy numbers. The ideal solutions
to the stated problem are determined using two methods in article [134], namely in-
tuitionistic fuzzy programming and goal programming, and the optimal solutions are
then contrasted. In study [135], a multi objective nonlinear transportation problem for-
mulated in terms of fuzzy parameters.The method involves neutrosophic compromise
programming approach, which is based on neutrosophic decision set has been investi-
gated which contains the concept of indeterminacy mf or degree along with truthiness
membership function and falsity membership function of different goals. The fuzzy
programming approach of Zimmermann and the concept of neutrosophic sets serve as
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inspirations for the development of a new compromise method for the multi-objective
transportation problem (MO-TP) in this [136] paper. In the paper [137], authors used
and applied Interval-valued spherical fuzzy AHP approach to solve the public trans-
portation problem. The obtained results are observed and analyzed & step-by-step
explanation of the approach might useful to other applications. The authors of [138]
introduced Fuzzy Analytic Hierarchy Process to the model with two extensions which
are Intutionistic Fuzzy Sets and Spherical Fuzzy Sets to evaluate the solution set and
also provided with a traditional AHP in order to check the robustness of the former
methods. In [139] work, authors investigated the solution of the spherical fuzzy trans-
portation problem (SFTP) and presented three different models of the spherical fuzzy
transportation problem. In [123] an efficient algorithm is developed by the authors with
the help of combination theory and combined fuzzy TOPSIS method to choose the best
suitable alternative out of all possible single and hybrid energy resources in Turkey. In
[124] the authors developed an approach to calculate the light business jet aircraft pro-
vide less travel time, long-range, on-board lavatory facility, cozy seating arrangements,
other aesthetic ambiance (audio systems, and light systems, and temperature-noise con-
trol) and appliances at affordable cost of flight.

6.2 Preliminaries

6.2.1 Fuzzy set

Definition 6.2.1 Ordinary Fuzzy set : [7] Let U be the universe of discourse then a

fuzzy set X̃f in U is defined as follows:

X̃f = {(x, tX̃f
(x)) |x ∈ U}

such that tX̃f
(x) : U −→ [0, 1] is the membership function and 0 ≤ tX̃f

(x) ≤ 1 ∀x ∈
U, represents the membership degree of each x ∈ U to X̃f .

Definition 6.2.2 Triangular fuzzy number: The ordered triplets X̃f (t1, t2, t3) denoting

lower value, middle value & upper value of a m.f, is known as triangular fuzzy number

if its m.f defined as:

tX̃f
(x) =


x− t1
t2 − t1

if t1 ≤ x ≤ t2

t3 − x
t3 − t2

if t2 ≤ x ≤ t3

0 otherwise

(6.1)
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6.2.2 Defuzzification of triangular fuzzy number

In literature, there are various methods available to defuzzify the fuzzy number [140].
Among all, the centroid method is most widely used as it gives a value which is deter-
ministic based on center of gravity of fuzzy numbers. In this article, the same method
is used to obtain the defuzzified version of the triangular fuzzy number, defining as
follows:

def(X̃) =

∫
x

xtX̃(x)dx∫
x

tX̃(x)dx
(6.2)

where x is the output variable and tX̃(x) is the m.f.
Hence, by calculating the integrals of (7.2), the defuzzified version of the TFN

X̃(t1, t2, t3) is:

def(X̃) =
(
t3 − t1

2
)(
3t1 + t2 + 3t3

3
)

(
t3 − t1

2
)

=
3t1 + t2 + 3t3

3
(6.3)

Definition 6.2.3 Pythagorean fuzzy set: [141] Let U be the universe of discourse then

a fuzzy set X̃p in U is defined as follows:

X̃p = {(x; tX̃p
(x), fX̃p

(x)) |x ∈ U}

such that tX̃p
(x) : U −→ [0, 1] and fX̃p

(x) : U −→ [0, 1] are the truthiness m.f

and falsity m.f respectively. Also 0 ≤ t2
X̃p
(x) + f 2

X̃p
(x) ≤ 1 ∀x ∈ U, represents the

membership degree with respect to every element x ∈ U to X̃p.

Definition 6.2.4 Spherical fuzzy sets: [6] Let U be the universal set then a fuzzy set X̃

in U is defined as follows:

X̃s = {(x; tX̃s
(x), iX̃s

(x), fX̃s
(x)) |x ∈ U}

such that tX̃s
(x) : U −→ [0, 1],iX̃s

(x) : U −→ [0, 1] and fX̃s
(x) : U −→ [0, 1] are

the truthiness m.f , indeterminacy m.f and falsity m.f respectively. Also 0 ≤ t2
X̃s
(x) +

i2
X̃s
(x) + f 2

X̃s
(x) ≤ 1 ∀x ∈ U, represents the membership degree with respect to every

element x ∈ U to X̃s.

Definition 6.2.5 Spherical triangular fuzzy number(STFN) The spherical triangular

fuzzy number X̃s = (t, i, f) = (t1, t2, t3; i1, i2, i3; f1, f2, f3) s.t t, i, f ∈ [0, 1]
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The m.f for t, i, and f can be defined by using (7.1):

tX̃s
(x) =


x− t1
t2 − t1

if t1 ≤ x ≤ t2

t3 − x
t3 − t2

if t2 ≤ x ≤ t3

0 otherwise

(6.4)

iX̃s
(x) =


x− i1
i2 − i1

if i1 ≤ x ≤ i2

i3 − x
i3 − i2

if i2 ≤ x ≤ i3

0 otherwise

(6.5)

fX̃s
(x) =


x− f1
f2 − f1

if f1 ≤ x ≤ f2

f3 − x
f3 − f2

if f2 ≤ x ≤ f3

0 otherwise

(6.6)

6.3 Ranking of STFN

In the literature, the [142] authors proposed ranking functions for ordering the SFNs
but the procedure is not clear, so the existing ranking functions are not universal and
cannot be used for ordering or defuzzify the SFNs. To overcome this situation, we
develop a new score function using the centroid method (7.2) and used this to develop
an algorithm to optimize the transportation problems.

Definition 6.3.1 Score function & Accuracy function Let X̃s = (t, i, f) = (t1, t2, t3;

i1, i2, i3; f1, f2, f3) such that t, i, f ∈ [0, 1] be a STFN. Score functions for the m.f

tX̃s
(x), iX̃s

(x), andfX̃s
(x) are denoted and defined respectively as follows:

Sc(tX̃s
) =

3t1 + t2 + 3t3
3

;Sc(iX̃s
) =

3i1 + i2 + 3i3
3

;Sc(fX̃s
) =

3f1 + f2 + 3f3
3

(6.7)
Now, the accuracy function of X̃s is denoted and defined by:

Acc(X̃s) =
Sc(tX̃s

) + Sc(iX̃s
) + Sc(fX̃s

)

3

=
(3t1 + t2 + 3t3) + (3i1 + i2 + 3i3) + (3f1 + f2 + 3f3)

9
(6.8)
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Example 6.3.2 Let X̃s = (2.5, 3, 4.5; 2.4, 3, 4.8; 2.3, 3, 5) and Ỹs = (4.5, 5, 6.3; 4.3, 5,

6.5; 4, 5, 6.7) be the two STFNs, then their respective accuracy functions using proposed

method (7.8) are 2.5000 and 3.9222.

Theorem 6.3.3 The score functions for truthiness, indeterminacy, & falsity are linear

functions and accuracy function is the average of their score functions. The accuracy

function is also a linear function.

proof: Let X̃ = (t1, t2, t3; i1, i2, i3; f1, f2, f3) & Ỹ = (t′1, t
′
2, t
′
3; i
′
1, i
′
2, i
′
3; f

′
1, f

′
2, f

′
3) are

any two STFNs. Then for any scalar a, we have

Acc(aX̃ + Ỹ ) =Acc(a(t1, t2, t3; i1, i2, i3; f1, f2, f3)

+(t′1, t
′
2, t
′
3; i
′
1, i
′
2, i
′
3; f

′
1, f

′
2, f

′
3))

=Acc((at1, at2, at3; ai1, ai2, ai3; af1, af2, af3)

+(t′1, t
′
2, t
′
3; i
′
1, i
′
2, i
′
3; f

′
1, f

′
2, f

′
3))

=Acc(at1 + t′1, at2 + t′2, at3 + t′3; ai1 + i′1, ai2 + i′2,

ai3 + i′3; af1 + f ′1, af2 + f ′2, af3 + f ′3)

={(3(at1 + t′1) + (at2 + t′2) + 3(at3 + t′3)) + (3(ai1 + i′1)

+(ai2 + i′2) + 3(ai3 + i′3)) + (3(af1 + f ′1) + (af2 + f ′2)

+3(af3 + f ′3))}/9

=a
(3t1 + t2 + 3t3) + (3i1 + i2 + 3i3) + (3f1 + f2 + 3f3)

9

+
(3t′1 + t′2 + 3t′3) + (3i′1 + i′2 + 3i′3) + (3f ′1 + f ′2 + 3f ′3)

9

=aAcc(X̃) + Acc(Ỹ )

Hence, Acc() is linear function.

Definition 6.3.4 Ordering of STFNs using accuracy function

Let X̃ = (t1, t2, t3; i1, i2, i3; f1, f2, f3) & Ỹ = (t′1, t
′
2, t
′
3; i
′
1, i
′
2, i
′
3; f

′
1, f

′
2, f

′
3) are any two

STFNs. Then,

1. If Acc(X̃) ≥ Acc(Ỹ ) then X̃ ≥ Ỹ

2. If Acc(X̃) ≤ Acc(Ỹ ) then X̃ ≤ Ỹ

3. If Acc(X̃) = Acc(Ỹ ) then X̃ = Ỹ

4. If X̃ ≥ Ỹ then max (X̃, Ỹ ) = X̃

5. If X̃ ≤ Ỹ then min (X̃, Ỹ ) = X̃
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Definition 6.3.5 General form of optimization problem The general form of optimiza-

tion problem(OP) mainly consist of Objective function(s) which has to be optimize(maximize

or minimize), constraints related to the problem, and non-negative restrictions in prob-

lem which are called as decision variables. The mathematical formulation is as follows:

Optimize Z =(Z1, Z2, ..., Zk)

subject to gj(x) ≤ bj, j = 1, 2, 3, ...,m

xi ≥ 0, i = 1, 2, 3, ...n (6.9)

where k,m, and, n are the number of objectives, constraints, and variables respectively.

6.4 Spherical fuzzy optimization problem(SFOP)

The extension of (6.9) by introducing SF concept named as SFOP and can be expressed
as:

Optimize Z̃ =(Z̃1, Z̃2, ..., Z̃k)

subject to g̃j(x) ≤ b̃j, j = 1, 2, 3, ...,m

xi ≥ 0, i = 1, 2, 3, ...n (6.10)

where k,m,&, n represents the number of objectives, number of constraints, and num-
ber of variables respectively. Model-I:Partial fuzzified OP- When one or more but not
all parameters involved in optimization problem can be considered as fuzzy.
Model-II:Full fuzzified OP- When all parameters involved in optimization problem
can be considered as fuzzy.

6.5 Formulation of proposed SFTP

In general TP are concerned with the transporting of goods from different sources to
different destinations to obtain the best(optimal) solution of defined goal(s). Consider,
there are m sources with ai wherei = 1, 2, ...,m units of items availability and items
are to be transported between n destinations with bj wherej = 1, 2, ..., n units of items
requirement. The unit transportation cost of transporting items from source i to desti-
nation j is cij . Let xij as quantity (known as decision variables & m × n in number)
which are to be transported from all the sources to all the destinations in such a way that
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the total transportation cost is minimum. The mathematical formulation is given as:

TP1 : MinZ =
m∑
i=1

n∑
j=1

cijxij

subject to
n∑

j=1

xij ≤ ai, i = 1, 2, ...,m

m∑
i=1

xij ≤ bj, j = 1, 2, ..., n

xij ≥ 0 ∀ i& j

Further,
m∑
i=1

ai and
n∑

j=1

bj are the total availability and total demand, which may be either

equal(called as balanced) or not(called as unbalanced). If balanced then it is standard
TP otherwise nonstandard. We develop a method for solving standard TP so in case
of unbalanced, must be converted to standard TP by using additional dummy source or
destination.
In reality, some or all the parameters involved in TPs may be fuzzy in nature due to
various uncontrollable factors such as fuel rates, traffic jams, inexactness of supply-
demand, poor decision making, fluctuation in market prices, environmental conditions,
consumer’s behavior etc. In such situations the fuzzy parameters are more reliable to
achieve the prescribed objective(s). TP1 : a fuzzified version can be as follows:

TP2 : MinZ =
m∑
i=1

n∑
j=1

c̃ijxij

subject to
n∑

j=1

xij ≤ ãi, i = 1, 2, ...,m

m∑
i=1

xij ≤ b̃j, j = 1, 2, ..., n

xij ≥ 0 ∀ i& j

Further,
m∑
i=1

ãi and
n∑

j=1

b̃j are the total availability and total demand which must be as

per the standard TP(as discussed above in (TP1)) The parameters involved in TP2 are
considered as STFNs and defuzzified by using equation 7.8 and TP2 represented as
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below:

TP3 : MinZ =
m∑
i=1

n∑
j=1

def(c̃ij)xij

subject to
n∑

j=1

xij ≤ def(ãi), i = 1, 2, ...,m

m∑
i=1

xij ≤ def(b̃j), j = 1, 2, ..., n

xij ≥ 0 ∀ i& j

where def(c̃ij), def(ãi), and def(b̃j) are the defuzzified versions of c̃ij, ãi,&b̃j respec-

tively. Further,
m∑
i=1

def(ãi) and
n∑

j=1

def(b̃j) are the total availability and total demand

which must be as per the standard TP(as discussed above in (TP1))

Transportation table

Since the TP is a special case of general OP, the application of any optimization method
would give an optimal solution. But whenever it is possible to represent the OP in the
form of TP, it is simpler to express in the form of transportation table, which displays
all the values cij, ai, bj associated with the problem

6.6 Algorithm of proposed SFTP

The step-wise procedure from problem formulation to final optimal solution is summa-
rized below:
Step 1: Define the problem with the available data and information collected from the
decision maker(s) after a through discussion. Formulate the problem in transportation
table form for better visualization of numeric data.
Step 2: Check whether the problem is in standard form of TP or not. Two cases arises:
sub-step 2(a): If TP is balanced go to Step 3.
sub-step 2(b): If not balanced then convert it into balanced TP and go to next step
Step 3: Formulate the TP in mathematical form as in TP1.
Step 4: Convert the given TP into SFTP by converting the uncertain parameters in terns
of STFNs with through discussion.
Step 5: Compute the score function values for all the STFN parameters represent in
tabular form.
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Step 6: Convert the score function values into defuzzified values using proposed accu-
racy function & express in tabular form and as TP2. Again check for standard TP(make
it standard, in case not).
Step 7: Formulate the crisp version of SFTP in mathematical form as TP3

Step 8: Solve both given TP and SFTP using any appropriate optimization technique or
mathematical software for comparison of optimal solution.

6.7 Numerical illustration

The following TP is considered in tabular form (shown in table 6.1):
Table 6.1: Considered transportation problem

M1 M2 M3 M4 Origin

W1 2 2 2 1 a(1) = 3
W2 10 8 5 4 a(2) = 5
W3 7 6 6 8 a(3) = 7

Destination b(1) = 4 b(2) = 3 b(3) = 4 b(4) = 4

The STFN for the considered numerical example are presented in the table 6.2
The step-wise procedure & solution of defined transportation cost or route problem

is explained as below:
Step 1: Mathematical model of given TP is represented (using the data available in table
6.1) below as TP1:

TP1 : MinZ = 2x11 + 2x12 + 2x13 + x14

+ 10x21 + 8x22 + 5x23 + 4x24

+ 7x31 + 6x32 + 6x233 + 8x34

subject to x11 + x12 + x13 + x14 ≤ 3

x21 + x22 + x23 + x24 ≤ 5

x31 + x32 + x33 + x34 ≤ 7

x11 + x12 + x31 ≤ 4

x12 + x22 + x32 ≤ 3

x13 + x23 + x33 ≤ 4

x14 + x24 + x34 ≤ 4

xij ≥ 0 ∀ i = 1, 2, 3 & j = 1, 2, 3, 4
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Table 6.2: STFN for Numerical example

2̃ W1 →M1 (1, 2, 3; 0.5, 2, 2.5; 0.3, 2, 2.8)
2̃ W1 →M2 (0.8, 2, 1.5; 0.5, 2, 2.5; 0.3, 2, 3)
2̃ W1 →M3 (1, 2, 2.5; 0.7, 2, 2.8; 0.5, 2, 3)
1̃ W1 →M4 (0.6, 1, 1.4; 0.5, 1, 1.5; 0.3, 1, 1.7)
1̃0 W2 →M1 (8, 10, 11; 7.5, 10, 11.5; 7, 10, 12)
8̃ W2 →M2 (7, 8, 9; 6.5, 8, 8.2; 6, 8, 8.5)
5̃ W2 →M3 (4, 5, 5.5; 3.8, 5, 5.8; 3.5, 5, 6)
4̃ W2 →M4 (3, 4, 5; 2.7, 4, 5.3; 2.5, 4, 5.5)
7̃ W3 →M1 (6.5, 7, 8; 6, 7, 8.2; 5.8, 7, 8.5)
6̃ W3 →M2 (5.5, 6, 7; 5.1, 6, 7.2; 4.8, 6, 7.6)
6̃ W3 →M3 (5.6, 6, 6.3; 5.4, 6, 6.6; 5, 6, 7)
8̃ W3 →M4 (7.5, 8, 9; 7, 8, 9.3; 6.8, 8, 9.5)
3̃ a(1) (2.5, 3, 4.5; 2.4, 3, 4.8; 2.3, 3, 5)
5̃ a(2) (4.5, 5, 6.3; 4.3, 5, 6.5; 4, 5, 6.7)
7̃ a(3) (6.8, 7, 7.2; 6.5, 7, 7.5; 6.6, 7, 8.7)
4̃ b(1) (3.8, 4, 6; 4.5, 4, 6.2; 5.5, 4, 6.5)
3̃ b(2) (2.8, 3, 3.2; 2.7, 3, 4; 2.5, 3, 4.4)
4̃ b(3) (2.7, 4, 5; 2.8, 5, 5.3; 2.5, 4, 5.5)
4̃ b(4) (3.2, 4, 4.5; 3, 4, 4.8; 2.7, 4, 5)

Step 2: The formulation of given TP1 in terms of STFN using table 6.2 as follows:

TP2 : MinZ = (1, 2, 3; 0.5, 2, 2.5; 0.3, 2, 2.8)x11 + (0.8, 2, 1.5; 0.5, 2, 2.5; 0.3, 2, 3)x12

+ (1, 2, 2.5; 0.7, 2, 2.8; 0.5, 2, 3)x13 + (0.6, 1, 1.4; 0.5, 1, 1.5; 0.3, 1, 1.7)x14

+ (8, 10, 11; 7.5, 10, 11.5; 7, 10, 12)x21 + (7, 8, 9; 6.5, 8, 8.2; 6, 8, 8.5)x22

+ (4, 5, 5.5; 3.8, 5, 5.8; 3.5, 5, 6)x23 + (3, 4, 5; 2.7, 4, 5.3; 2.5, 4, 5.5)x24

+ (6.5, 7, 8; 6, 7, 8.2; 5.8, 7, 8.5)x31 + (5.5, 6, 7; 5.1, 6, 7.2; 4.8, 6, 7.6)x32

+ (5.6, 6, 6.3; 5.4, 6, 6.6; 5, 6, 7)x33 + (7.5, 8, 9; 7, 8, 9.3; 6.8, 8, 9.5)x34

subject to x11 + x12 + x13 + x14 ≤ (2.5, 3, 4.5; 2.4, 3, 4.8; 2.3, 3, 5)

x21 + x22 + x23 + x24 ≤ (4.5, 5, 6.3; 4.3, 5, 6.5; 4, 5, 6.7)

x31 + x32 + x33 + x34 ≤ (6.8, 7, 7.2; 6.5, 7, 7.5; 6.6, 7, 8.7)

x11 + x12 + x31 ≤ (3.8, 4, 6; 4.5, 4, 6.2; 5.5, 4, 6.5)

x12 + x22 + x32 ≤ (2.8, 3, 3.2; 2.7, 3, 4; 2.5, 3, 4.4)

x13 + x23 + x33 ≤ (2.7, 4, 5; 2.8, 5, 5.3; 2.5, 4, 5.5)

x14 + x24 + x34 ≤ (3.2, 4, 4.5; 3, 4, 4.8; 2.7, 4, 5)

xij ≥ 0 ∀ i = 1, 2, 3 & j = 1, 2, 3, 4
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Table 6.4: Accuracy function values of score function values: Defuzzification of STFNs

M1 M2 M3 M4 a(i)

W1 1.1222 0.9556 1.1667 0.5556 2.5000
W2 7.2222 5.6889 3.5111 2.8889 3.9222
W3 5.3333 4.5778 4.4333 6.1222 5.3667
b(j) 3.8333 2.2889 2.8667 2.8000

Step 3: For the Defuzzification of STFNs, using score function values table 6.3, the TP
is as follows:

MinZ = (4.0000, 3.0000, 3.1000)x11 + (2.3000, 3.0000, 3.3000)x12

+ (3.5000, 3.5000, 3.5000)x13 + (1.6667, 1.6667, 1.6667)x14

+ (21.6667, 21.6667, 21.6667)x21 + (18.0000, 16.7000, 16.5000)x22

+ (10.5000, 10.6000, 10.5000)x23 + (8.6667, 8.6667, 8.6667)x24

+ (16.1667, 15.8667, 15.9667)x31 + (13.8333, 13.6333, 13.7333)x32

+ (13.2333, 13.3333, 13.3333)x33 + (18.5000, 18.3000, 18.3000)x34

subject to x11 + x12 + x13 + x14 ≤ (7.3333, 7.5333, 7.6333)

x21 + x22 + x23 + x24 ≤ (11.8000, 11.8000, 11.7000)

x31 + x32 + x33 + x34 ≤ (15.6667, 15.6667, 16.9667)

x11 + x12 + x31 ≤ (10.4667, 11.3667, 12.6667)

x12 + x22 + x32 ≤ (6.3333, 7.0333, 7.2333)

x13 + x23 + x33 ≤ (8.3667, 8.7667, 8.6667)

x14 + x24 + x34 ≤ (8.3667, 8.4667, 8.3667)

xij ≥ 0 ∀ i = 1, 2, 3 and j = 1, 2, 3, 4

Step 4:After checking the condition of standard TP in accuracy function values table
6.4. The balanced sum of last most column and lower most row of this table is 11.7889.
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Step 5: the final representation of given TP2 in crisp form is as below:

TP3 : MinZ = 1.1222x11 + 0.9556x12 + 1.1667x13 + 0.5556x14

+ 7.2222x21 + 5.6889x22 + 3.5111x23 + 2.8889x24

+ 5.3333x31 + 4.5778x32 + 4.4333x33 + 6.1222x34

subject to x11 + x12 + x13 + x14 ≤ 2.5000

x21 + x22 + x23 + x24 ≤ 3.9222

x31 + x32 + x33 + x34 ≤ 5.3667

x11 + x12 + x31 ≤ 3.8333

x12 + x22 + x32 ≤ 2.2889

x13 + x23 + x33 ≤ 2.8667

x14 + x24 + x34 ≤ 2.8000

xij ≥ 0 ∀ i = 1, 2, 3 & j = 1, 2, 3, 4

Step 6: Solve the original TP using an appropriate method or optimizing s/w packages
for optimal solution which is shown in table 6.5
Step 7: Similarly, Solve the crisp version of SFTP using same method or optimizing
s/w packages for optimal solution which is shown in table 6.5

Table 6.5: Optimal solutions using optimizing method with online Matlab

Solu. x11 x12 x13 x14 x21 x22 x23 x24 x31 x32 x33 x34 Min Z

TP 0 0 3 0 4 1 0 0 0 2 1 4 104
SFTP 0 0 2.5 0 3.8333 0.0889 0 0 0 2.2 0.3667 2.8 59.9464

6.8 Application

The data related to TP is represented in tabular form in table 6.6 collected from Munic-
ipal corporation of Dinanagar city, India which takes the responsibility of waste man-
agement in the city. There are three waste generation points denoted as W1, W2, W3

(waste considered to be segregated at source level) from where the recoverable material
is transfer to three MRF(Material Recovery Facility) stations denoted as M1, M2, M3.
Due to several uncertainties like variations in fuel rates, traffic jams, weather etc. the
transporter is not sure about the transportation cost involved here. Also due to some
unavoidable factors like uncertainty in amount of waste generation, waste character-
istics as per the season etc., transportation cost involved is unpredictable. According
to the previous experience of Decision maker(s) the transportation costs are estimated
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Table 6.6: Application proposed method on transportation problem: Dinanagar city,
India

M1 M2 M3 M4 Generated waste

W1 16 20 12 0 a(1) = 200
W2 14 8 18 0 a(2) = 160
W3 26 24 16 0 a(3) = 90

MRF capacity b(1) = 180 b(2) = 120 b(3) = 140 b(4) = 10

as STFNs shown in table 6.8 after a thorough discussion. The MC of Dinanagar city
requires optimal solution so the TP cost is minimum. All the given parameters are
spherical triangular fuzzy numbers and converted into crisp version by applying the
proposed accuracy function. Formulate the given TP in terms of crisp values of STFNs
i.e; TP3and solve with the help of suitable method of optimization. The mathematical
formulation of SFTP after Defuzzification is as follows:

TP3 : MinZ = 12.0556x11 + 15.3444x12 + 7.7778x13 − 0.2222x14

+ 10.7778x21 + 5.6889x22 + 13.8000x23 − 0.2222x24

+ 20.0111x31 + 18.4778x32 + 12.3000x33 − 0.2222x34

subject to x11 + x12 + x13 + x14 ≤ 157.111

x21 + x22 + x23 + x24 ≤ 123.0667

x31 + x32 + x33 + x34 ≤ 66.6556

x11 + x12 + x31 ≤ 138.4444

x12 + x22 + x32 ≤ 91.1111

x13 + x23 + x33 ≤ 109.5556

x14 + x24 + x34 ≤ 7.7222

xij ≥ 0 ∀ i = 1, 2, 3 & j = 1, 2, 3, 4

The optimal solution with optimal transportation cost are obtained by proposed method
with the help of online version of Matlab. Thus, the optimal solution and spherical
fuzzy transportation cost are: x11 = 66.0000, x12 = 91.1111, x21 = 5.7888, x23 =

109.5556, x31 = 66.6556, rest of the decision variables are zero and MinZsftp =

5101.8.
Solution of TP without applying the proposed method is x11 = 170, x12 = 30, x21 =

10, x23 = 140, x32 = 90, rest of the decision variables are zero and MinZtp = 8140.
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Table 6.7: STFNs for the application of TP

M1

t i f

W1 (15,16,16.5) (14.8,16,16.7) (14.5,16,17)
W2 (13.5,14,15) (13.3,14,15.2) (13,14,15)
W3 (25.4,26,26.5) (25.2,26,26.8) (25.2,26,27)

M2

W1 (19,20,21) (18.8,20,21.2) (18.6,20,21.5)
W2 (7,8,9) (6.6,8,8.2) (6,8,8.5)
W3 (23.8,24,24.4) (23.5,24,24.6) (23.2,24,24.8)

M3

W1 (11,12,11.5) (10.7,12,12.3) (10.5,12,3)
W2 (17.5,18,18.6) (17.3,18,18.8) (17,18,19)
W3 (15.8,16,16.4) (15.5,16,16.8) (15.2,16,17)

M4

W1 0 0 0
W2 0 0 0
W3 0 0 0

a(i)

W1 (198,200,205) (195,200,210) (193,200,215)
W2 (155,160,162.75) (152,160,164.35) (150,160,165.5)
W3 (75,90,90.5) (75.7,90,90.7) (80,90,100)

b(j)

M1 (170,180,190) (167,180,193) (165,180,183)
M2 (110,120,125) (108,120,126) (105,120,128)
M3 (138,140,145) (135,140,148) (132,140,150)
M4 (9.5,10,11) (9.3,10,11.2) (9,10,11.5)
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Clearly, MinZsftp < MinZtp. Hence, the resulting solution using proposed approach
is better than the existing methods.

6.9 Comparative study

The transportation problem involves uncertain parameters has been solved by proposed
accuracy function derived with centroid method. The applied approach is based on the
spherical fuzzy numbers which comprise with membership functions: truthiness m.f ,
indeterminacy m.f and falsity m.f. These m.f increases the flexibility for decision mak-
ing by decision makers. To prove the effectiveness and efficiency of introduced method
one illustration is explained step-wise and the same is applied to a real life problem re-
lated to TP exists in Dinanagar city India. The obtained optimal solutions are presented
in 6.5 and application is discussed in section 8. The values of objective function of given
transportation problem and spherical fuzzy transportation problem are 104 and 59.9464
respectively. Similarly, objective function values of real life application are 8140 and
5101.8 corresponding to given TP and SFTP. Hence, it is concluded that by applying the
proposed accuracy function and method, the obtained objective values are optimal than
the existing methods applied on original data. This confirms the superiority of SFTP.

6.10 Conclusions

In this research article, SFTP is proposed. Accuracy function is derived from the cen-
troid method and is used to defuzzify the parameters defined in terms of fuzzy number.
The method is applicable to solve any type of TP having partial or fully fuzzified pa-
rameters In future research, we are working on finding the solution of multi objective
problem using SF optimization technique. The compromised solution will be obtained
by hybridizing the SFOP with Teaching Learning Based Optimization technique.
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Chapter 7

Mathematical Modelling Of Municipal
Solid Waste Management In Spherical
Fuzzy Environment

7.1 Introduction

Humans are frequently confronted with several decision-making challenges, including
uncertainty or ambiguity, in their daily lives. The information in decision-making situa-
tions is not always easy to explain in terms of crisp numbers, thus fuzzy sets are a better
option. The newest extensions of Intuitionistic fuzzy sets are the SF sets, having an
independent indeterminate membership degree from the other parameters [6, 143–147].
Most academics are likely to prefer spherical fuzzy sets in the near future since their
principles are strong enough to develop further. In case of spherical fuzzy optimization,
we aim for the best solution which can be found in the face of inadequate, imprecise, or
ambiguous data. Most real-world optimization issues have fuzzy mathematical models
[58–60], despite the fact that they are frequently supposed to be crisp for the sake of
solving them quickly. In such instances, one normally strives to find a solution that is as
approachable as possible and feasible given the decision maker’s (DM) requirements.
To arrive at such a satisfactory result, fuzzy optimization in an interactive manner is
required, with the DM being asked to first describe his or her preferences and expecta-
tions. The constraints of pythagorean, intuitionistic, and neutrosophic fuzzy sets can be
explained using the illustration as follows: In DM problems with multi-attributes, if the
truthiness m.f of an alternative is 0.7, the falsity m.f of the alternatives is 0.6, and the
indeterminacy m.f or neutral degree of selecting the alternative is found to be 0.9, the
scenario is out of the coverage of the above fuzzy sets. As a result, in case of decision-
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making the spherical fuzzy set provides a valid tool for decision making in a uncertain
environment for such situations. The basic concept of this article is introduced from
[2].
The studies [15, 128, 148–151] contribute to evaluating the current status of MSWM
in India and suggest some significant improvements for better waste management. For
articles on MSWM modeling, see [110] for a review of previously published models
on generation of MSW and to suggest implementation guidelines that provide a com-
promise between economically efficient model development and environmental.The au-
thors of [152, 153] also contribute their work to the mathematical modelling of MSWM.
We investigate the LPP in a spherical fuzzy environment in this paper. The determin-
istic version is calculated using SFS theory after the parameters are converted to SF
numbers. Many SF optimization models are proposed to find the best SFLPP solution.
A numerical example of a real-life problem, MSWM is solved to demonstrate the ap-
plicability and validity of the SF optimization models. Based on the offered work and
conclusions, the future scopes are also considered. In [123], an efficient algorithm is
developed by the authors with the help of combination theory and the combined fuzzy
TOPSIS method to choose the best suitable alternative out of all possible single and
hybrid energy resources in Turkey. The latest articles based on MSWM in Indian cities
[154–160] discussed about challenges, current status, sustainable waste management,
life-cycle assessment and so on but the concept of mathematical modelling is not in-
troduced by any author. Moreover, some authors worked on waste management issues
at global level like [161–168]. In article [169] the authors worked on Forecasting of
MSW generation using non-linear auto regressive neural models. The authors of article
[170] introduced LandGEM mathematical model for energy production potential and
quantification of landfill gas emissions in Tirupati MSW disposal. In paper [171] the
authors used multi-criteria decision making under fuzzy environment for the evaluation
of municipal solid waste management scenarios. In article [172] the authors write about
detailed literature review on application of stochastic, deterministic, and fuzzy lpp mod-
els in SWM studies. In paper [173] the authors introduced method based on spherical
fuzzy to optimize the transportation problem. One more article [174] based on spherical
fuzzy is prepared to prioritize the indicators responsible for sustainable municipal solid
waste management using SF-AHP and SF-TOPSIS after working and writing an article
[175] over the implementation analysis of municipal solid waste management in study
area.
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7.2 Preliminaries

7.2.1 Fuzzy set

Definition: Ordinary Fuzzy set : [7] Let U be the universe of discourse then a fuzzy set
X̃f in U is defined below:

X̃f = {(x, tX̃f
(x)) |x ∈ U}

such that tX̃f
(x) : U −→ [0, 1] is the membership function and 0 ≤ tX̃f

(x) ≤ 1 ∀x ∈
U, represents the membership degree of each x ∈ U to X̃f .

Definition: Triangular fuzzy number: The ordered triplets X̃f (t1, t2, t3) denotes lower
value, middle value & upper value of a m.f, is said to be triangular fuzzy number if its
m.f is defined as:

tX̃f
(x) =


x− t1
t2 − t1

if t1 ≤ x ≤ t2

t3 − x
t3 − t2

if t2 ≤ x ≤ t3

0 otherwise

(7.1)

Defuzzification of triangular fuzzy number

In literature, there are various methods available to defuzzify the fuzzy number [140].
Among all, the centroid method is most widely used as it gives a value which is deter-
ministic based on center of gravity of fuzzy numbers. In this article, the same method is
used to obtain the defuzzified version of the triangular fuzzy number which is defined
as follows:

def(X̃) =

∫
x

xtX̃(x)dx∫
x

tX̃(x)dx
(7.2)

where x is the output variable and tX̃(x) is the m.f.
Hence, by calculating the integrals of (7.2), the defuzzified version of the TFN

X̃(t1, t2, t3) is:

def(X̃) =
(
t3 − t1

2
)(
3t1 + t2 + 3t3

3
)

(
t3 − t1

2
)

=
3t1 + t2 + 3t3

3
(7.3)

Definition: Spherical fuzzy sets: [6] Let U be the universal set then a fuzzy set X̃
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in U is written and defined as:

X̃s = {(x; tX̃s
(x), iX̃s

(x), fX̃s
(x)) |x ∈ U}

such that tX̃s
(x) : U −→ [0, 1],iX̃s

(x) : U −→ [0, 1] and fX̃s
(x) : U −→ [0, 1] are

the truthiness m.f , indeterminacy m.f and falsity m.f respectively. Also 0 ≤ t2
X̃s
(x) +

i2
X̃s
(x) + f 2

X̃s
(x) ≤ 1 ∀x ∈ U, represents the membership degree for every element

x ∈ U to X̃s.

Definition: Spherical triangular fuzzy number(STFN) The spherical triangular fuzzy
number X̃s = (t, i, f) = (t1, t2, t3; i1, i2, i3; f1, f2, f3) s.t t, i, f ∈ [0, 1]

The m.f for t, i, and f can be defined by using (7.1):

tX̃s
(x) =


x− t1
t2 − t1

if t1 ≤ x ≤ t2

t3 − x
t3 − t2

if t2 ≤ x ≤ t3

0 otherwise

(7.4)

iX̃s
(x) =


x− i1
i2 − i1

if i1 ≤ x ≤ i2

i3 − x
i3 − i2

if i2 ≤ x ≤ i3

0 otherwise

(7.5)

fX̃s
(x) =


x− f1
f2 − f1

if f1 ≤ x ≤ f2

f3 − x
f3 − f2

if f2 ≤ x ≤ f3

0 otherwise

(7.6)

7.3 Ranking of STFN

In the literature, the [142] authors proposed ranking functions for ordering the SFNs
but the procedure is not clear, so the existing ranking functions are not universal and
cannot be used for ordering or defuzzify the SFNs. To overcome this situation, we de-
velop a new score function using the centroid method (7.2) and used this to develop an
algorithm to optimize the transportation problems.
Definition: Score function & Accuracy function Let X̃s = (t, i, f) = (t1, t2, t3; i1, i2, i3; f1, f2, f3)

such that t, i, f ∈ [0, 1] be a STFN. Score functions for the m.f tX̃s
(x), iX̃s

(x), andfX̃s
(x)
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are denoted and defined respectively as follows:

Sc(tX̃s
) =

3t1 + t2 + 3t3
3

;Sc(iX̃s
) =

3i1 + i2 + 3i3
3

;Sc(fX̃s
) =

3f1 + f2 + 3f3
3

(7.7)
Now, the accuracy function of X̃s is denoted and defined by:

Acc(X̃s) =
Sc(tX̃s

) + Sc(iX̃s
) + Sc(fX̃s

)

3

=
(3t1 + t2 + 3t3) + (3i1 + i2 + 3i3) + (3f1 + f2 + 3f3)

9
(7.8)

Example: Let X̃s = (2.5, 3, 4.5; 2.4, 3, 4.8; 2.3, 3, 5) and Ỹs = (4.5, 5, 6.3; 4.3, 5, 6.5;

4, 5, 6.7) be the two STFNs, then their respective accuracy functions using proposed
method (7.8) are 2.5000 and 3.922

Theorem: Let the score functions for truthiness, indeterminacy, & falsity are linear
functions and accuracy function is the average of their score functions then the accuracy
function is also a linear function.
proof: Let X̃ = (t1, t2, t3; i1, i2, i3; f1, f2, f3) & Ỹ = (t′1, t

′
2, t
′
3; i
′
1, i
′
2, i
′
3; f

′
1, f

′
2, f

′
3) are

any two STFNs. Then for any scalar a, we have

Acc(aX̃ + Ỹ ) =Acc(a(t1, t2, t3; i1, i2, i3; f1, f2, f3)

+(t′1, t
′
2, t
′
3; i
′
1, i
′
2, i
′
3; f

′
1, f

′
2, f

′
3))

=Acc((at1, at2, at3; ai1, ai2, ai3; af1, af2, af3)

+(t′1, t
′
2, t
′
3; i
′
1, i
′
2, i
′
3; f

′
1, f

′
2, f

′
3))

=Acc(at1 + t′1, at2 + t′2, at3 + t′3; ai1 + i′1, ai2 + i′2,

ai3 + i′3; af1 + f ′1, af2 + f ′2, af3 + f ′3)

={(3(at1 + t′1) + (at2 + t′2) + 3(at3 + t′3)) + (3(ai1 + i′1)

+(ai2 + i′2) + 3(ai3 + i′3)) + (3(af1 + f ′1) + (af2 + f ′2)

+3(af3 + f ′3))}/9

=a
(3t1 + t2 + 3t3) + (3i1 + i2 + 3i3) + (3f1 + f2 + 3f3)

9

+
(3t′1 + t′2 + 3t′3) + (3i′1 + i′2 + 3i′3) + (3f ′1 + f ′2 + 3f ′3)

9

=aAcc(X̃) + Acc(Ỹ )

Hence, Acc() is linear function.

Definition: Ordering of STFNs using accuracy function
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Let X̃ = (t1, t2, t3; i1, i2, i3; f1, f2, f3) & Ỹ = (t′1, t
′
2, t
′
3; i
′
1, i
′
2, i
′
3; f

′
1, f

′
2, f

′
3) are any two

STFNs. Then,

1. If Acc(X̃) ≥ Acc(Ỹ ) then X̃ ≥ Ỹ

2. If Acc(X̃) ≤ Acc(Ỹ ) then X̃ ≤ Ỹ

3. If Acc(X̃) = Acc(Ỹ ) then X̃ = Ỹ

4. If X̃ ≥ Ỹ then max (X̃, Ỹ ) = X̃

5. If X̃ ≤ Ỹ then min (X̃, Ỹ ) = X̃

7.4 Methodology

The linear model, sometimes known as the linear programming problem (LPP), is the
most popular, most straightforward, and frequently used mathematical programming
model. The LPP model is straightforward and may be used to a variety of real-world
problems, including those involving transportation, supply chain management, job as-
signment, manufacturing and production planning, supplier selection, and other issues.
Over several decades, traditional LPP has changed and expanded. Uncertainty is in-
cluded in the LPP, which is often used by academics. A typical and frequently used
mathematical programming issue is the linear programming problem. Numerous aca-
demicians have researched the numerous fuzzy environment extensions of the linear
programming issue, including ordinary fuzzy, intuitionistic, Pythagorean, neutrosophic,
and others.

7.4.1 Spherical fuzzy linear programming problem [2]

The introduction of a spherical fuzzy idea known as the spherical fuzzy linear program-
ming problem (SFLPP) is presented as a further expansion of LPP.
The extension of LPP by introducing SF concept named as SFLPP and can be expressed
as:
Model-I: This model presents the SFLPP in which coefficients of objective functions
are represented in spherical fuzzy number(SFN) but right hand side constants of con-
straints and the coefficients of variables are represented in real numbers.

Optimize Z =
K∑
k=1

c̃kxk
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Subject to

K∑
k=1

aikxk ≤, =,≥ bi, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

where c̃k denotes a SFN and aik, bi are real numbers.
Model-II: This model presents the SFLPP in which coefficients of objective func-

tions are represented by real numbers but the coefficients of variables and right hand
side constants of constraints are represented in SF numbers.

Optimize Z =
K∑
k=1

ckxk

Subject to

K∑
k=1

ãikxk ≤,=,≥ b̃i, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

where ck is a real number and ãik and b̃i are SF numbers.
Model-III: This model presents the SFLPP in which coefficients of objective func-

tions, the coefficients of variables and right hand side constants of constraints all are
represented in SF numbers.

Optimize Z =
K∑
k=1

c̃kxk

Subject to

K∑
k=1

ãikxk ≤,=,≥ b̃i, ∀i = 1, 2, ...., I

xk ≥ 0, ∀k = 1, 2, ...., K

where c̃k denotes a SFN and ãik, b̃i are also SF numbers.
The crisp version of different spherical fuzzy parameters are obtained by using Eqs.

7.4,7.5,7.6 for every membership degree decided by the decision makers. The obtained
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crisp form can be solved by using any suitable optimization method.

7.4.2 Algorithm

• Step-I Define the problem and examine the parameters which contains uncer-
tainty.

• Step-II Formulate the mathematical model in terms of spherical fuzzy environ-
ment.

• Step-III Formulate the truthiness, indeterminacy and falsity membership func-
tions under spherical fuzzy environment.

• Step-IV Decide the confirmation degree according to the experience of deci-
sion maker for the truthiness, indeterminacy and falsity memberships of spherical
fuzzy numbers.

• Step-V Convert the defined SFLPP into the crisp version using equations 7.4,7.5,7.6.

• Step-VI Compute the defined optimization model by applying robust optimiza-
tion method or suitable technique to get the desired solution of SFLPP.

• Step-VII Application of novel method to solve mathematically modeled Munic-
ipal Solid Waste Management(MSWM) problem.

7.4.3 Assessment of MSWM system in study area [3]

Waste management in Punjab, India: Data is taken from cpcb.nic.in In the state of
Punjab, there are 167 ULBs(urban local bodies) in total that are in charge of manag-
ing MSW. There are 56 Nagar Panchayats, 13 Municipal Corporations, 26 Class-I, 47
Class-II, and 25 Class-III cities/towns in the State. Punjab produces a total of about
4338.37 TPD(tons per day) of solid waste, of which 4278.86 TPD is collected, 1894.04
TPD is processed, and 2384.82 TPD is landfilled. In 142 ULBs, house-to-house col-
lection is used; in 113 ULBs, segregation is used; in 98 ULBs, storage facilities are
available; and in 143 ULBs, covered conveyance is used. In the State, there are 1572
operational composting facilities, 1 vermicomposting facility (at Shamchaurassi), and
2 RDF/palletization facilities (at Bathinda and Ludhiana). For the management of solid
waste, the Department of Local Government (DLG) has chosen a decentralised strategy.
Until the end of 2020, the State will have 1572 processing sites (composting pits) put
up for the processing of wet waste. Only inert garbage will be dumped in landfills, and
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recyclable waste is being channelled through 235 Material Recovery Facilities (MRFs).
Although installed, the two Waste to Energy plants (in Bathinda and Ludhiana) are not
yet operational. The ULBs in the State have set up a total of 143 solid waste dumping
sites. Due to a number of variables, such as human resource, financial, and political
constraints, which hinder the performance of SWM processes in cities, waste manage-
ment techniques in Punjab are more challenging to implement.
Waste management in Dinanagar: Insufficient money for maintaining waste manage-
ment services, non-supportive conduct of urban local bodies, unawareness, and lack of
enthusiasm among residents are all obstacles that the Municipal Corporation/committee
of Dinanagar(MCD) in Punjab, India is facing. The Indian government establishes new
targets to minimize the quantity of biodegradable waste in landfill or dumping sites. To
achieve this target, the composting is primarily solution in small municipality like Di-
nanagar. Using this technique the waste volume is reduced by 50-65%. Composting can
be done either manually or mechanically. Presently, 33 number of manual composting
pits at different locations are successfully maintained by Municipal Corporation of Di-
nanagar(MCD). There is need to improve the collection rate, treatment rate and disposal
rate of generated solid waste. The population of Dinanagar is 25376 (table 7.1) inhabi-
tants and 15 square km land area which is further distributed in 15 wards with average of
376 inhabitants each. The MSW generated is only about 0.2-0.25 kg per capita per day,
of which 60% is wet waste, 40% is dry waste and only 50-60% of generated waste in
the city is collected with the utilization of presently provided collection services. Mate-
rial recovery facility(MRF) is also adapted by the MCD to treat all recoverable material
from the perspective of cost management. The need of effective and efficient MSWM
is increasing as the poor management contributes adverse effects on economy, health,
environment and one major threat is increase in emission of Green House Gases which
further accountable for the global warming due to uncollected/untreated waste lying in
open dump sites. The inefficient collection and treatment services are the reasons for
gap existence in present practices of MCD. The technique of five R’s is responsible for
sustainable and zero waste objective of solid waste management. The definition of 5
R’s are: REFUSE, REDUCE, REUSE, RECYCLE, RECOVER.

• Refuse: Say no to non-biodegradable material or products.

• Reduce: Replace the non-biodegradable with biodegradable material.

• Reuse: Do not use disposable products. Replace them with more sustainable
alternatives.

• Recycle: Use the material which can be transform into another usable form.
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Ward No. Total Houses* Population No. of houses
paying for WM*

Waste generated
(in kg/day)

1. 497 2236 120 457
2. 466 2097 125 429
3. 523 2354 150 481
4. 425 1912 130 391
5. 388 1746 165 357
6. 438 1971 125 403
7. 393 1768 50 362
8. 415 1868 120 382
9. 256 1152 100 236

10. 276 1242 75 254
11. 428 1926 80 394
12. 264 1188 50 243
13. 283 1274 70 260
14. 231 1040 90 213
15. 354 1593 50 326

Total 5637 25376 1500 5188

Table 7.1: Estimated ward wise population and waste generation
*Source: Municipal corporation of Dinanagar

• Recover: Convert the organic waste into compost.

By adopting these 5R’s policy in daily routine life, the challenges of waste management
can be achieved effectively and efficiently.

7.5 Mathematical formulation of MSWM: Multi Objec-
tive Problem

7.5.1 Indices notation:

i− Generators of solid waste, i = 1 to I
j− Segregation stations(SS), j = 1 to J
k−Material recovery stations(MRS), k = 1 to K
l− Composting stations(CS), l = 1 to L
m− Incineration stations(IS), m = 1 to M
n− Anaerobic digestion stations(ADS), n = 1 to N
o− Landfill sites(LF) , o = 1 to O
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7.5.2 Decision variables & Binary variables:

xsegij − Amount of waste transferred from waste generators to segregation stations per
day
xmrf
jk − Amount of waste transferred from segregation stations to MRS per day
xcomp
jl − Amount of waste transferred from segregation stations to composting stations

per day
xincjm− Amount of waste transferred from segregation stations to incineration stations
per day
xanbjn − Amount of waste transferred from segregation stations to ADS per day
xlfjo− Amount of waste transferred from segregation stations to landfill sites per day
xsegj , xmrf

k , xcomp
l , xincm , xanbn , xlfo are the binary variables , which takes value 1 if SS,

MRS, CS, IS, ADS, LF facilities are provided in the area under study and 0 otherwise.

7.5.3 Input values/parameters:

Fixed costs such as maintenance etc at various stations of waste management are
denoted as follows:

csegj − Fixed cost related to segregation stations per unit weight
cmrf
k − Fixed cost related to MRS per unit weight
ccomp
l − Fixed cost related to composting stations per unit weight
cincm − Fixed cost related to incineration stations per unit weight
canbn − Fixed cost related to ADS per unit weight
clfo − Fixed cost related to landfill sites per unit weight

Capacity of various waste management stations to process the waste are denoted
as follows:

psegj −Waste processing capacity at segregation stations per day
pmrf
k −Waste processing capacity at MRS per day
pcomp
l −Waste processing capacity at composting stations per day
pincm −Waste processing capacity at incineration stations per day
panbn −Waste processing capacity at ADS per day
plfo −Waste processing capacity at landfill sites per day
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Processing costs of waste at different stations of waste management are denoted as
follows:

p̃csegj −Waste processing cost at segregation stations per unit weight
p̃cmrf

k −Waste processing cost at MRS per unit weight
p̃ccomp

l −Waste processing cost at composting stations per unit weight
p̃cincm −Waste processing cost at incineration stations per unit weight
p̃canbn −Waste processing cost at ADS per unit weight
p̃clfo −Waste processing cost at landfill sites per unit weight

Transportation costs of waste from one station to another station are denoted as
follows:

t̃c
seg
ij − Transportation cost of waste transferred from waste generators to segregation

stations per day
t̃c

mrf
jk − Transportation cost of waste transferred from segregation stations to MRS per

day
t̃c

comp
jl − Transportation cost of waste transferred from segregation stations to compost-

ing stations per unit weight
t̃c

inc
jm− Transportation cost of waste transferred from segregation stations to incineration

stations per unit weight
t̃c

anb
jn − Transportation cost of waste transferred from segregation stations to ADS per

unit weight
t̃c

lf
jo− Transportation cost of waste transferred from segregation stations to landfill sites

per unit weight

Revenue produce from different stations of waste management are denoted as fol-
lows:

R̃mrf
k − Revenue generated from MRS per unit weight

R̃comp
l − Revenue generated from composting stations per unit weight

R̃inc
m − Revenue generated from incineration stations per unit weight

R̃anb
n − Revenue generated from ADS per unit weight

R̃lf
o − Revenue generated from landfill sites per unit weight
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Fractions of waste transferred from segregation station to different stations are
denoted as below:

αmrf− Fraction of recoverable waste transfer to MR stations.
αcomp− Fraction of compostable waste transfer to composting stations.
αinc− Fraction of dry waste transfer to incineration stations.
αanb− Fraction of waste transfer to anaerobic digestion stations.
αlf = 1 − (αmrf + αcomp + αinc + αanb)- Fraction of untreated waste transfer to the
landfill.

Emission coeff. for GHG effect

coeff seg
j − GHG emission coeff. from SS per unit weight per day

coeffmrf
k − GHG emission coeff. from MRS per unit weight per day

coeff comp
l − GHG emission coeff. from composting stations per unit weight per day

coeff inc
m − GHG emission coeff. from incineration stations per unit weight per day

coeffanb
n − GHG emission coeff. from ADS per unit weigh per dayt

coeff lf
o − GHG emission coeff. from landfill sites per unit weight per day

W̃i− Total generated waste at source i per day
Note:Some parameters denoted with (˜) tilde sign is to be considered as fuzzy in nature.

7.6 Defining Objective functions

The following three objective functions are defined to optimize:

• OP1:Minimization of total cost which includes transportation cost, maintenance
cost, processing cost or other costs related to different stations of solid waste
management system.

• OP2:Minimization of GHG emissions like carbon and methane from different
waste management stations.

• OP3:Minimization of final waste disposal at landfill sites to approach the aim of
zero waste.
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7.6.1 Mathematical expressions for the defined objectives is as fol-
lows:

Min OP1 = Fixed cost+ Processing cost+ Transportation cost−Revenue

where

Fixed cost(FC) =
J∑

j=1

csegj xsegj +
K∑
k=1

cmrf
k xmrf

j +
L∑
l=1

ccomp
l xcomp

l

+
M∑

m=1

cincm xincm +
N∑

n=1

canbn xanbn +
O∑

o=1

clfo x
lf
o

Processing cost(PC) = pcsegj

J∑
j=1

I∑
i=1

xsegij + pcmrf
k

K∑
k=1

J∑
j=1

xmrf
ij + pccomp

l

L∑
l=1

J∑
j=1

xcomp
ij

+pcincm

M∑
m=1

J∑
j=1

xincij + pcanbn

N∑
n=1

J∑
j=1

xanbij + pclfo

O∑
o=1

J∑
j=1

xlfij

Transportation cost(TC) =
I∑

i=1

J∑
j=1

tcsegij x
seg
ij +

J∑
j=1

K∑
k=1

tcmrf
jk xmrf

jk +
J∑

j=1

L∑
l=1

tccomp
jl xcomp

jl

+
J∑

j=1

M∑
m=1

tcincjmx
inc
jm +

J∑
j=1

N∑
n=1

tcanbjn x
anb
jn +

J∑
j=1

O∑
o=1

tclfjox
lf
jo

Revenue(R) = Rmrf
k

J∑
j=1

K∑
k=1

xmrf
jk +Rcomp

l

J∑
j=1

L∑
l=1

xcomp
jl +Rinc

m

J∑
j=1

M∑
m=1

xincjm

+Ranb
n

J∑
j=1

N∑
n=1

xanbjn +Rlf
o

J∑
j=1

O∑
o=1

xlfjo

Min OP2 = coeff seg
j

J∑
j=1

I∑
i=1

xsegij + coeffmrf
k

K∑
k=1

J∑
j=1

xmrf
jk + coeff comp

l

L∑
l=1

J∑
j=1

xcomp
jl

+coeff inc
m

M∑
m=1

J∑
j=1

xincjm + coeffanb
n

N∑
n=1

J∑
j=1

xanbjn + coeff lf
o

O∑
o=1

J∑
j=1

xlfjo
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Min OP3 =
J∑

j=1

O∑
o=1

xlfjo

subject to the constraints :

J∑
j=1

xsegij = Wi, i = 1 to I

K∑
k=1

J∑
j=1

xmrf
jk =

I∑
i=1

J∑
j=1

αmrfxsegij

L∑
l=1

J∑
j=1

xcomp
jl =

I∑
i=1

J∑
j=1

αcompxsegij

M∑
m=1

J∑
j=1

xincjm =
I∑

i=1

J∑
j=1

αincxsegij

N∑
n=1

J∑
j=1

xanbjn =
I∑

i=1

J∑
j=1

αanbxsegij

O∑
o=1

J∑
j=1

xlfjo =
I∑

i=1

J∑
j=1

αlfxsegij

Note: αlf = 1− (αmrf + αcomp + αinc + αanb)

I∑
i=0

xsegij ≤pjx
seg
j , j = 1 to J

J∑
j=0

xmrf
jk ≤pkxmrf

k , k = 1 to K

J∑
j=0

xcomp
jl ≤plxcomp

l , l = 1 to L

J∑
j=0

xincjm ≤pmxincm , m = 1 to M

J∑
j=0

xanbjn ≤pnxanbn , n = 1 to N

J∑
j=0

xlfjo ≤poxlfo , o = 1 to O
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where xsegij ≥ 0, xmrf
jk ≥ 0, xcomp

jl ≥ 0, xincjm ≥ 0, xanbjn ≥ 0, xlfjo ≥ 0.

and xsegj , xmrf
k , xcomp

l , xincm , xanbn , xlfo are 0 or 1.

7.7 Numerical Illustration

The following considerations are according to the present situation of Dinanagar, study
area. After a detailed discussion with the municipal manager and other workers of
municipal corporation of Dinanagar(MCD), the collected data is summarized in the
tables 7.3,7.4,7.5 according to which the various parameters like different costs, GHG
emission coefficient, and waste generation at sources and so on are decided. Total
budget for MSWM is 50 lac per year(Source: MCD) and 10 % of total budget is reserved
by MCD The objectives of this study are defined and shown in table 7.2.

Table 7.2: Objectives defined for optimization

Objectives functions Target Current

Minimize OP1 Total cost |20000(with revenue) 4 lac per month
Minimize OP2 GHG emissions Reduce to some extent Not available
Minimize OP3 landfill disposal 500 kg per day more than 2.5 ton per day

Consider the following:
i− Generators of solid waste, i = 1 to I, Take I = 3

j− Segregation stations(SS), j = 1 to J, Take J = 1

k−Material recovery stations(MRS), k = 1 to K,Take K = 3

l− Composting stations(CS), l = 1 to L, Take L = 3

m− Incineration stations(IS), m = 1 to M,Take M = 0

n− Anaerobic digestion stations(ADS), n = 1 to N, Take N = 1

o− Landfill sites(LF) , o = 1 to O, Take O = 1

Table 7.3: Parametric values

Parameters per capita/day

Cost of WM |7 - 8
GHG emissions 3.16Kg CO2 − eq
Waste generation 200 gm

Table 7.4: Amount of waste treated at dif-
ferent stations

Stations % of waste waste/day(in tons)

Compost 50 -60 2.5 - 3
MRF 20 -30 1 - 1.8
ANB 15 - 20 0.75 - 1.2
Landfill 5 - 6 0.25 - 0.3
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Table 7.5: Cost ( in |1000s) related to different stations for MSWM in Dinanagar

Stations Fixed cost Transportation Processing

Segregation 18 27 27
MRF 40 60 60
Compost 20 30 30
ANB 10 15 15
LF 2 3 3

Table 7.6: Green House Gas emission values

Stations GHG*(per ton) waste treated( in tons)* waste ( in Kg) GHG (per Kg)

MRF 4 60 1800 0.12
Compost 25700 40 2000 1285
ANB 46200 340 1000 135.68
Landfill 12900 600 200 4.3

Note: * [176] to estimate GHG (in Kg CO2 − eq )
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7.7.1 Mathematical formulation of MSWM under consideration is
as follows:

Min OP1 =FC + PC + TC −R

where

FC =cseg1 xseg1 + cmrf
1 xmrf

1 + cmrf
2 xmrf

2 + cmrf
3 xmrf

3 + ccomp
1 xcomp

1

+ ccomp
2 xcomp

2 + ccomp
3 xcomp

3 + canb1 xanb1 + clf1 x
lf
1

PC =pcseg1 (xseg11 + xseg21 + xseg31 ) + pcmrf
1 xmrf

11 + pcmrf
2 xmrf

12

+ pcmrf
3 xmrf

13 + pccomp
1 xcomp

11 + pccomp
2 xcomp

12 + pccomp
3 xcomp

13

+ pcanb1 xanb11 + pclf1 x
lf
11

TC =tcseg11 x
seg
11 + tcseg21 x

seg
21 + tcseg31 x

seg
31 + tcmrf

11 xmrf
11 + tcmrf

12 xmrf
12

+ tcmrf
13 xmrf

13 + tccomp
11 xcomp

11 + tccomp
12 xcomp

12 +

tccomp
13 xcomp

13 + tcanb11 x
anb
11 + tclf11x

lf
11

R =Rmrf
1 xmrf

11 +Rmrf
2 xmrf

12 +Rmrf
3 xmrf

13 +Rcomp
1 xcomp

11

+Rcomp
2 xcomp

12 +Rcomp
3 xcomp

13 +Ranb
1 xanb11 +Rlf

1 x
lf
11

Min OP2 =coeff seg
1 (xseg11 + xseg21 + xseg31 ) + coeffmrf

1 xmrf
11

+ coeffmrf
2 xmrf

12 + coeffmrf
3 xmrf

13 + coeff comp
1 xcomp

11

+ coeff comp
2 xcomp

12 + coeff comp
3 xcomp

13 + coeffanb
1 xanb11

+ coeff lf
1 x

lf
11

Min OP3 =x11

subject to the constraints

xseg11 =W1; x
seg
21 = W2; x

seg
31 = W3

xmrf
11 + xmrf

12 + xmrf
13 =αmrf (x

seg
11 + xseg21 + xseg31 )

xcomp
11 + xcomp

12 + xcomp
13 =αcomp(x

seg
11 + xseg21 + xseg31 )

xanb11 =αanb(x
seg
11 + xseg21 + xseg31 )

xlf11 =αlf (x
seg
11 + xseg21 + xseg31 )

xseg11 + xseg21 + xseg31 ≤p
seg
1 xseg1

xmrf
11 ≤pmrf

1 xmrf
1 ; xmrf

12 ≤ pmrf
2 xmrf

2 ; xmrf
13 ≤ pmrf

3 xmrf
3

xcomp
11 ≤pcomp

1 xcomp
1 ; xcomp

12 ≤ pcomp
2 xcomp

2 ; xcomp
13 ≤ pcomp

3 xcomp
3

xanb11 ≤panb1 xanb1 ; xlf11 ≤ plf1 x
lf
1
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7.7.2 Mathematical model formulation using parametric values is
as given below:

Min OP1 =0.166xseg1 + 1.21xmrf
1 + 0.805xmrf

2 + 0.404xmrf
3 + 0.46xcomp

1

+ 0.88xcomp
2 + 0.644xcomp

3 + 0.323xanb1 + 0.325xlf1

+ 0.174(xseg11 + xseg21 + xseg31 ) + 1.21xmrf
11 + 0.967xmrf

12

+ 1.0875xmrf
13 + 0.552xcomp

11 + 0.469xcomp
12 + 0.429xcomp

13

+ 0.483xanb11 + 0.485xlf11 + 0.1522xseg11 + 0.1576xseg21

+ 0.2019xseg31 + 0.9675xmrf
11 + 0.9667xmrf

12 + 1.2088xmrf
13

+ 0.464xcomp
11 + 0.5854xcomp

12 + 0.4306xcomp
13 + 0.483xanb11

+ 0.485xlf11 − (7.5xmrf
11 + 6.67xmrf

12 + 7.5xmrf
13 + 0xcomp

11

+ 0xcomp
12 + 0xcomp

13 + 7xanb11 + 5xlf11)

Min OP2 =0(xseg11 + xseg21 + xseg31 ) + 0.0267xmrf
11 + 0.04xmrf

12 + 0.0533xmrf
13

+ 449.75xcomp
11 + 353.375xcomp

12 + 481.875xcomp
13 + 135.88xanb11

+ 4.3xlf11

Min OP3 =xlf11

subject to the constraints

xseg11 =2115; xseg21 = 1637; xseg31 = 1436

xmrf
11 + xmrf

12 + xmrf
13 =

9

25
(xseg11 + xseg21 + xseg31 )

xcomp
11 + xcomp

12 + xcomp
13 =

1

5
(xseg11 + xseg21 + xseg31 )

xanb11 =
2

5
(xseg11 + xseg21 + xseg31 )

xlf11 =
1

25
(xseg11 + xseg21 + xseg31 )

xseg11 + xseg21 + xseg31 ≤5000x
seg
1

xmrf
11 ≤400xmrf

1 ; xmrf
12 ≤ 600xmrf

2 ; xmrf
13 ≤ 800xmrf

3

xcomp
11 ≤700xcomp

1 ; xcomp
12 ≤ 550xcomp

2 ; xcomp
13 ≤ 750xcomp

3

xanb11 ≤1000xanb1 ; xlf11 ≤ 200xlf1

7.7.3 Mathematical formulation: defuzzified parametric values is:

The defuzzified values of parameters having fuzzy nature are shown in table 7.7 and
7.8. The confirmation degree on the basis of the previous knowledge of municipal
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manager and others is decided as (0.9, 0.4, 0.2) for truthiness, indeterminacy, & falsity
memberships of spherical fuzzy numbers respectively.

Min OP1 =0.166xseg1 + 1.21xmrf
1 + 0.805xmrf

2 + 0.404xmrf
3

+ 0.46xcomp
1 + 0.88xcomp

2 + 0.644xcomp
3 + 0.323xanb1

+ 0.325xlf1 + 0.16994(xseg11 + xseg21 + xseg31 )

+ 1.18177xmrf
11 + 0.94444xmrf

12 + 1.7653xmrf
13

+ 0.53912xcomp
11 + 0.45806xcomp

12 + 0.41899xcomp
13

+ 0.47173xanb11 + 0.47368xlf11 + 0.14865xseg11

+ 0.15392xseg21 + 0.19719xseg31 + 0.94493xmrf
11

+ 0.94414xmrf
12 + 1.18059xmrf

13 + 0.45063xcomp
11

+ 0.57174xcomp
12 + 0.42055xcomp

13 + 0.47173xanb11

+ 0.47368xlf11 − (7.32500xmrf
11 + 6.51437xmrf

12

+ 7.32500xmrf
13 + 0xcomp

11 + 0xcomp
12 + 0xcomp

13

+ 6.83667xanb11 + 4.88333xlf11)

Min OP2 =0(xseg11 + xseg21 + xseg31 ) + 0.0267xmrf
11 + 0.04xmrf

12

+ 0.0533xmrf
13 + 449.75xcomp

11 + 353.375xcomp
12

+ 481.875xcomp
13 + 135.88xanb11 + 4.3xlf11

Min OP3 =xlf11

subject to the constraints

xseg11 =2065.65; xseg21 = 1598.80333; xseg31 = 1402.49333

xmrf
11 + xmrf

12 + xmrf
13 =

9

25
(xseg11 + xseg21 + xseg31 )

xcomp
11 + xcomp

12 + xcomp
13 =

1

5
(xseg11 + xseg21 + xseg31 )

xanb11 =
2

5
(xseg11 + xseg21 + xseg31 )

xlf11 =
1

25
(xseg11 + xseg21 + xseg31 )

xseg11 + xseg21 + xseg31 ≤5000x
seg
1

xmrf
11 ≤400xmrf

1 ; xmrf
12 ≤ 600xmrf

2 ; xmrf
13 ≤ 800xmrf

3

xcomp
11 ≤700xcomp

1 ; xcomp
12 ≤ 550xcomp

2 ; xcomp
13 ≤ 750xcomp

3

xanb11 ≤1000xanb1 ; xlf11 ≤ 200xlf1
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7.8 Results & Discussion

The optimal values of defined objectives are shown in table 7.9. As per records provided
by data operator of MCD, the problem is defined. It is worth mentioning that some of
the data is to be assumed due to unavailability of data and information.

Table 7.9: Objective functions value after optimization

Objectives(units) functions without fuzzy with fuzzy fuzzy+TLBO

Min OP1(in |) Total cost 15382 14555 12538
Min OP2* GHG emissions 1142000 1115300 1002600
Min OP3(in Kg/day) landfill disposal 207.5200 202.6779 180.3245

Note: *(in Kg CO2 − eq)
The study determines the present status of solid waste management in the study

region, Dinanagar, Punjab, India. Finally, constructed and solved the mathematical
model of SWM in the study area. The findings of comparing the suggested model to
the current framework show that the new model provides better solutions in terms of
sustainability.

7.9 Conclusion

In this study, a SFLPP model with TLBO was developed for supporting the munici-
pal solid waste management under fuzzy environment. Spherical fuzzy set’s ability to
capture imprecise and contradictory information results in a substantial contribution to
decision-making issues. Thus, in this paper we presented SFLPP which means LPP in
the environment of spherical fuzzy, which entails maximum of truthiness and minimum
of indeterminacy, and falsity degree or membership function. In present era TLBO
is gaining the popularity of being less complex and only two algorithmic parameters
based algorithm. Due to this it become flexible to inculcate with other optimization
techniques in the form of hybridization or modification, so that standard TLBO can
be enhanced to perform well with fast convergence towards the local/global optima as
compare to other optimization algorithms. In addition, an illustration of MSWM is
provided to represent the efficacy of the suggested SFLPP solution technique. The ob-
tained results reflects that the proposed model has the capability to handle uncertainties
involved at various stages of waste management. Comparison with current practices in
study area demonstrated the advances of general solutions in the aspects of minimiza-
tion of cost, GHG emission and landfill disposal. Some amendments and parameters
estimation in this model could further increase the applicability to many other problems
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having fuzziness. The SFLPP can also used to solve other real-world problems, involv-
ing parameters contains uncertainty. The application of SFLPP to real-world problems,
like inventory control, transportation, supply chain management, supplier selection, and
portfolio management, is also an open door for academics.
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Chapter 8

Conclusion & Future scope

Humans are frequently confronted with several decision-making challenges, including
uncertainty or ambiguity, in their daily lives. The information in decision-making sit-
uations is not always easy to explain in terms of crisp numbers, thus fuzzy sets are a
better option.

Initially, the explicit goal of study is to assess and analyzing the implementation
of several SWM programs in Dinanagar city, discovered that improper record about
quantification, collection, treatment and disposal of wastes, political commitment, per-
sonnel facilities, and public and commercial sector commitment all had a substantial
impact on the success of solid waste management implementation. The study also re-
vealed some administrative issues that hampered implementation in the early stages,
such as a lack of resources, unscientific land for final waste disposal, a lack of an ef-
fective and efficient solid waste management plan, public awareness, staff training, and
poor enforcement of laws and regulations.For successful and effective management of
waste in Dinanagar city of Punjab, providing monetary incentives for recyclable items,
developing a strong policy,adequate resources, political leadership support, encourag-
ing workers, incorporating technological innovations, composting, encouraging waste
reduction, and recycling techniques have been suggested and recommended. Other ar-
eas which are linked and have a direct effect on the city’s SWM but are understudied
were observed. The included topics; revenue from local resources, commingled waste
analysis and waste management finance in the city and adequate logistics, modern tech-
nologies for SWM to be used in the city.Future research will focus on urban growth and
related concerns in order to gain a better knowledge of difficulties and find solutions for
long-term development and enhancing environmental sanitation in Dinanagar.

After assessment and implementation analysis of waste management at study area,
our aim is to prioritize the factors responsible for sustainable municipal solid waste
management. The majority of multi-criteria decision-making procedures in the litera-
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ture use scoring methods, which are quite basic. These strategies contain physical and
intangible criteria in real-world challenges, which makes assigning a single numerical
value difficult. For cases like this, fuzzy sets can be helpful. Although a wider range
of linguistic scales introduces subjectivity into decision-making, current article has ap-
plied the developed larger linguistic scale (moving from a five-point to a seven-point
linguistic scale) that allows decision-makers to choose from a wider range of linguistic
words. The framework is used to solve a problem of sustainable MSWM by prioritizing
the performance indicators, and it is discovered that the ranks generated from spheri-
cal fuzzy AHP-TOPSIS are the best. This approach can also be used in variety of real
world problems involving uncertainty. In future, the same method applied to rest of the
defined PIs to find the global ranking.

During this work, SFTP is also proposed. Accuracy function is derived from the
centroid method and is used to defuzzify the parameters defined in terms of fuzzy num-
ber. The method is applicable to solve any type of TP having partial or fully fuzzified
parameters In future research, we are working on finding the solution of multi objective
problem using SF optimization technique. The compromised solution will be obtained
by hybridizing the SFOP with Teaching Learning Based Optimization technique.

Finally in this study, a SFLPP model with TLBO was proposed for supporting the
fuzzy environment exists in municipal solid waste management. Spherical fuzzy set’s
ability to capture imprecise and contradictory information results in a substantial con-
tribution to decision-making issues. Thus, in this work we developed SFLPP in a SF
environment, which entails max of truthiness and min of indeterminacy and falsity de-
gree or membership functions. In present era TLBO is gaining the popularity of be-
ing less complex and only two algorithmic parameters based algorithm. Due to this
it become flexible to inculcate with other optimization techniques in the form of hy-
bridization or modification, so that standard TLBO can be enhanced to perform well
with fast convergence towards the local/global optima as compare to other optimization
algorithms. Additionally, a illustration of MSWM is provided to represent the effec-
tiveness and efficacy of the suggested SFLPP model. The obtained results reflects that
the proposed model has the capability to handle uncertainties involved at various stages
of waste management. Comparison with current practices in study area demonstrated
the advances of general solutions in the aspects of minimization of cost, GHG emission
and landfill disposal.

Some amendments and parameters estimation in this model could further increase
the applicability to many other problems having fuzziness. The SFLPP can also used to
solve other real-world problems, involving parameters contains uncertainty. The appli-
cation of SFLPP to real-world problems, like supply chain management, transportation
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problem, supplier selection, portfolio management and inventory control is also an open
door for academics.
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spherical fuzzy analytic hierarchy process method to evaluate public transporta-
tion development. Informatica, 32(4):661–686, 2021.

121
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Appendices

Table 8.1: Criteria matrix in linguistic terms by five experts using table 5.1

Experts Criteria C1 C2 C3

C1 E SS AS
E1 C2 SL E FS

C3 AL FL E

C1 E FS VS
E2 C2 FL E VS

C3 VL VL E

C1 E SS AS
E3 C2 SL E FS

C3 AL FL E

C1 E SS AS
E4 C2 SL E SS

C3 AL SL E

C1 E SS AS
E5 C2 SL E FS

C3 AL FL E
Table 8.2: PSPA evaluation matrix using 11 point scale given in table 5.2

Indicators C1 C2 C3

PU1 EH G VH
PU2 VH EX EH
PU3 EH M G
PU4 VG F G
PU5 VH EH H
PU6 G VG L
PU7 M F G
PU8 VH G VG
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Table 8.3: Score index of criteria for table 8.1

Experts Criteria C1 C2 C3

C1 1.000 3.000 9.000
E1 C2 0.333 1.000 5.000

C3 0.111 0.200 1.000

C1 1.000 5.000 7.000
E2 C2 0.200 1.000 7.000

C3 0.143 0.143 1.000

C1 1.000 3.000 9.000
E3 C2 0.333 1.000 5.000

C3 0.111 0.200 1.000

C1 1.000 3.000 7.000
E4 C2 0.333 1.000 3.000

C3 0.143 0.333 1.000

C1 1.000 3.000 9.000
E5 C2 0.333 1.000 5.000

C3 0.111 0.200 1.000

Table 8.4: SF-PCM from five experts

C1 C2 C3

Experts µ ν π µ ν π µ ν π

0.500 0.400 0.400 0.600 0.400 0.300 0.900 0.100 0.000
E1 0.400 0.600 0.300 0.500 0.400 0.400 0.700 0.300 0.200

0.100 0.900 0.000 0.300 0.700 0.200 0.500 0.400 0.400

0.500 0.400 0.400 0.700 0.300 0.200 0.800 0.200 0.100
E2 0.300 0.700 0.300 0.500 0.400 0.400 0.800 0.200 0.100

0.200 0.800 0.100 0.200 0.800 0.100 0.500 0.400 0.400

0.500 0.400 0.400 0.600 0.400 0.300 0.900 0.100 0.000
E3 0.400 0.600 0.300 0.500 0.400 0.400 0.700 0.300 0.200

0.100 0.900 0.000 0.300 0.700 0.200 0.500 0.400 0.400

0.500 0.400 0.400 0.600 0.400 0.300 0.800 0.200 0.100
E4 0.400 0.600 0.300 0.500 0.400 0.400 0.600 0.400 0.300

0.200 0.800 0.100 0.400 0.600 0.300 0.500 0.400 0.400

0.500 0.400 0.400 0.600 0.400 0.300 0.900 0.100 0.000
E5 0.400 0.600 0.300 0.500 0.400 0.400 0.700 0.300 0.200

0.100 0.900 0.000 0.300 0.700 0.200 0.500 0.400 0.400
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Table 8.5: Combined SF-PCM using SFGM for SF weight calculation

C1 C2 C3

µ ν π µ ν π µ ν π

C1 0.500 0.400 0.400 0.619 0.383 0.285 0.859 0.149 0.064
C2 0.378 0.623 0.301 0.500 0.400 0.400 0.697 0.308 0.214
C3 0.132 0.869 0.052 0.293 0.709 0.201 0.500 0.400 0.400

Table 8.6: SFN of Combined SF-PCM to check the consistency

Criteria C1 C2 C3

C1 1.000 3.195 7.901
C2 0.319 1.000 4.742
C3 0.123 0.200 1.000
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