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Abstract

With an increasing population, the number of healthcare issues is also increasing due to various critical diseases. To treat these
diseases, different types of medical facilities are required, which finally produce a large quantity of medical waste. Such medical
waste may be harmful or even dangerous to people as well as the environment if inadequately treated. To prevent the spread of
such diseases in a healthy civil society, an effective medical waste management system is required to be developed. Generally, to
develop an effective medical waste management system, identification of the most critical incidents is needed, which requires a
large quantity of data that may not be available. In this case, the problem is associated with ambiguity and uncertainty due to a
variety of practical and financial reasons. So, the main objective of the paper is to analyze any infectious medical waste
management system under uncertainty and identification of the critical incidents of its failure. The proposed study is actually
based on this motivation. The paper proposes an intuitionistic fuzzy fault tree analysis (FFTA) method that quantifies data
uncertainty through trapezoidal intuitionistic fuzzy numbers (TrIFN) while novel arithmetic operations are applied for computing
the top incident failure possibility. To develop these novel operations, the weakest t-norm is applied to detract the accumulating
circumstances of fuzziness, while Algebraic t-norm and t-conorm are used to estimate membership and non-membership degrees,
respectively, of top event failure possibility in terms of trapezoidal intuitionistic fuzzy numbers (TrIFN). A Hamming distance-
based ranking method has been developed and then applied for the identification of critical incidents. These are the primary
contributions of the proposed study in the paper. The proposed intuitionistic fuzzy fault tree analysis (FFTA) method has been
applied to investigate the failure phenomenon of an infectious medical waste management system under uncertainty. The
effectiveness of the proposed method is shown by comparing the results with four existing fault tree methods. The findings may
be helpful to develop an efficient medical waste management system.

Keywords- Algebraic t-norm and t-conorm, Fault tree analysis, Infectious medical waste, Weakest t-norm, Trapezoidal
intuitionistic fuzzy number (TrIFN).

1. Introduction

The population of the world is increasing day by day and hence our natural resources are overstressed.
Due to this, the climate is changing drastically. In these situations, people are facing health issues (Singh
et al., 2020). To protect humans from critical diseases such as cancer, COVID-19, AIDS, swine flu, etc.,
there is an increase in demand for healthcare facilities, which, as a result, use different types of healthcare
devices. To prevent the spread of such diseases, there is a trend to use single-use healthcare devices rather
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than multi-use healthcare devices. This generates a large amount of medical waste, which is generally
infectious and harmful and can even be dangerous to people and the environment if not properly disposed
of (Klemes et al., 2020; Manupati et al., 2021; Narayanamoorthy et al., 2020; Patel et al., 2023).
However, for the past few decades, governments across the world have been trying to develop efficient
waste management systems to manage nuclear waste, thermal waste, medical waste, solid waste, etc.
(Moreira and Gunther, 2013; Mishra et al., 2020; Windfeld and Brooks, 2015; Gao et al., 2024; Sandoval-
Reyes et al., 2024). Recently, some researchers investigated different types of waste management systems
with the help of multi-criteria decisions making approaches (Celik et al., 2023; Komal, 2023; Liu et al.,
2022). So, the development of an effective medical waste management system for a healthy civil society
by controlling infection and protecting the environment is an important issue. Generally, to develop an
effective medical waste management system, identification of the most critical incidents is required. To
identify the most critical incidents, a large quantity of data is required to be collected from different
sources, which may contain uncertainty due to various practical and economic reasons (Krishankumar et
al., 2022; Krishankumar et al., 2024; Liu et al., 2013, 2014). Thus, considering such types of constraints,
the development of an effective medical waste management system in an uncertain environment is a
challenging job (Singh et al., 2022; Tushar et al., 2023). So, the objective of the present study is to
identify the obstacles and their solution methods for developing an effective medical waste management
system in an uncertain environment. To achieve the objective, the following challenges are observed:

a) The first challenge is the mathematical modeling of the problem.

b) The second challenge is to appropriately quantify uncertainty in data and information.

¢) The third challenge is to fuse this quantified data and information by applying an appropriate method
and operations.

d) The fourth challenge is to identify the critical incidents that will be helpful to design an effective
medical waste management system.

To address the first challenge, there are methods like incident tree analysis (ITA), root cause analysis
(RCA), fault tree analysis (FTA) and failure mode and effect analysis (FMEA), etc. (Ebeling, 2001). The
FTA is one of the most commonly used methods in various fields of healthcare and waste management
from both qualitative and quantitative perspectives, such as in healthcare risk management, preventing
wrong-site surgery, failure of critical medical devices, medical waste management, infection control, etc.
(Abecassis et al., 2015; Chang et al., 2006; Hyman and Johnson, 2008; Komal, 2015; Mokajic-Nikolic et
al., 2016; Park and Lee, 2009; Raheja and Escano, 2009). In a traditional FTA, a logical diagram is
constructed in which the top incident is mentioned at the top level while all the possible reasons for it are
denoted by intermediate incidents below it, which goes lower and lower till all the relevant basic incidents
are traced out. All the intermediate and basic incidents are joined by logical AND/OR gates, which
represent incidents in parallel/series configuration, respectively, and follow a bottom-up approach (Park
and Lee, 2009). FTA utilizes both qualitative and quantitative methods to evaluate the top incident failure
probability by exploring the exact values of all the bottom incident failure probabilities. So, due to these
advantages, FTA has been selected as a tool to model the failure of an infectious medical waste
management process.

To cope with the second challenge, fuzzy set theory, introduced by Zadeh (1965) may be used because
from past few years researchers have applied it to handle data uncertainty-related issues in various
engineering and healthcare-related fields (Komal, 2015; Mahmood et al., 2013; Song et al., 2009; Yucel
et al., 2011). A typical fuzzy set contains elements with membership degrees in the closed interval [0; 1].
Unfortunately, a fuzzy set is unable to consider the non-membership degree of any element belonging to
the set. So, by including a non-membership degree along with the membership degree of an element in
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the set, Atanassov (1986) gave the definition of an intuitionistic fuzzy set (IFS), where the sum of
membership and non-membership degrees does not exceed one. IFS effectively handles vagueness and
hesitancy factors originating from uncertain information. Since its inception, the IFS has attracted a large
number of researchers to work on a variety of complex problems such as logic programming and
reasoning, multi-criterion decision making, medical diagnosis and pattern recognition, and so on (De et
al., 2001; Jiang et al., 2009, 2018; Vlachos and Sergiadis, 2007). In medical diagnosis and waste
management, generally, researchers use triangle intuitionistic fuzzy number (TIFN) due to its simplicity
in calculations (De et al., 2001; Mishra et al., 2020). However, in the literature, various extensions are
available which may be more appropriate to represent uncertain information, including trapezoidal
intuitionistic fuzzy number (TrIFN), pentagonal fuzzy set, Pythagorean fuzzy set (PFS), interval-valued
intuitionistic fuzzy set (IV-IFS) etc. (Abdullah et al., 2019; Asif et al., 2025; Gazi et al., 2025; Liu et al.,
2015; Yager and Abbasov, 2013). In this paper, the TrIFN has been used to quantify data uncertainty
because it provides a range at any confidence level and is best studied by experts for representing their
views and suggestions in mathematical form.

The aim now is to address the third challenge by adopting appropriate fuzzy arithmetic operations, which
optimizes the range of prediction with more confidence. To do this, traditional FTA is required to be
integrated with intuitionistic fuzzy set theory with suitable operational laws which depend upon the pair
oft-norm and t-conorm (Mahmood et al., 2013). In literature, a variety of predefined t-norms and t-
conorms exist, such as Algebraic, Einstein, Hamacher, Dombi, Drastic and Frank t-norms and t-conorms
etc. (Klir and Yuan, 1996). Among these, Drastic t-norm, i.e. weakest t-norm (T,,) is very popular in FTA
and useful to detract the accumulating phenomenon of fuzziness under different fuzzy environments
(Komal, 2015, 2017; Kumar and Yadav, 2012; Kumar, 2014). Specifically for healthcare systems, Komal
(2015) used weakest t-norm coupled arithmetic operations derived for trapezoidal fuzzy numbers to
examine patient safety risk assessment under uncertainty. Komal (2017) investigated the fuzzy failure
possibility of the handwashing process using distinct fuzzy sets along with T,,-norm coupled arithmetic
operations to control hygiene under uncertainty. Xia et al. (2012) raised some issues about the
Archimedean t-conorm and t-norm. Later on, Liu et al. (2015) applied Algebraic t-norm (T,) and t-
conorm (S,) coupled arithmetic operations to evaluate the membership and non-membership degrees of
the fuzzy failure possibility of high-speed railway accidents through the novel FFTA method. To address
the last issue, researchers generally rank all the bottom incidents based on their influential degrees, which
are calculated with the help of the V -index, which was introduced by Tanaka et al. (1983) for fuzzy sets.
However, due to its applicability, researchers developed its extended version for the intuitionistic fuzzy
set and applied it in FFTA (Kumar and Yadav, 2012; Shu et al., 2006). In this extended version of the V -
index, a measure deficiency is that it does not involve membership and non-membership degrees of top
and bottom incidents' failure possibilities in evaluating bottom incidents' influential degrees. To overcome
this deficiency of the V -index, the Hamming distance based ranking method can be applied because it
will involve fuzzy values and membership and non-membership degrees of top and bottom incidents to
compute the influential degree of each bottom incident (Wan, 2013).

Based on the above observations, the present study introduces a novel intuitionistic FFTA to analyze the
fault assessment of an infectious medical waste management system under uncertainty. In this
intuitionistic FFTA method:

a) TrIFN is used to quantify data uncertainty.

b) Weakest t-norm, algebraic t-norm and t-conorm coupled novel arithmetic operations are applied to
detract the accumulating circumstances of fuzziness and to estimate the values of membership and
non-membership degrees, respectively, of top incident failure possibility in the form of TrIFN.
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c) A Hamming distance-based ranking method has been developed and then applied for the
identification of critical incidents.

This is the main contribution of the paper. The rest of the paper is organized as follows. Section 2
provides some basic definitions. In Section 3, the novel intuitionistic FFTA has been developed. In
Section 4, the proposed intuitionistic FFTA and four others existing FFTA methods have been applied to
analyze the failure possibility of an infectious medical waste management system under uncertainty. The
results are compared and plotted graphically. The section also provides the ranking results of the critical
bottom incidents based on Hamming distance. The conclusions are given in Section 5.

2. Preliminary Concepts

The section gives an overview of some basic definitions including intuitionistic fuzzy set (IFS),
trapezoidal intuitionistic fuzzy number (TrIFN), t-norm and t-conorm, Algebraic t-norm and Algebraic t-
conorm, weakest t-norm along with some existing and newly defined arithmetic operations for TrIFN, and
Hamming distance between two TrIFNSs.

211FS
Let X be the universal set then the IFSA in X is defined as (Atanassov, 1986):

A={(x, ni(x), 95(x)) s x € X} @

where, 1;(x), 9;(x)x € [0,1]are called the membership and non-membership degrees of x €A
respectively with condition 0 < p;(x) + 9 ;(x) < 1,Vx € X The degree of hesitation of x €A is defined

asm (%) = 1 — pz(x) — 9 7(x).

22 TrIEN
An IFS A in X is said to be a TrIFN if its uz (x)and 95 (x) degrees are defined as follows (Wan and Dong,
2015):

b-a

_ Uz, ifb <x <c,
‘LIA(X)—< d_xA i

(E)“A’ ifc<x<d

\ 0, ifx<ax>d

f("‘“) Wi ifa<x<b,

)

(=)0 ifa<x<b,
19;\, ifb <x<cg,

d- .

(d—_’:)ﬁg, ifc<x<d

\ 1, ifx<ax>d

95 (x) =1 @)

where, a, b, ¢ and d are all real numbers, pz(x)and 9;(x)are maximum and minimum degrees of
membership and non-membership respectively with conditions: 0 < ujz, 9z < 1and0 < p;+9; < 1. A
TrIFN A can be denoted by A = ([a, b, ¢, d]; uz, 95) and represented pictorially in Figure 1. If a > 0, then
A > 0 and called as a positive TrIFN.
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a b c d T
Figure 1. ATrIFN A = ([a, b, ¢, d]; 17, 9 7).

2.3 The t-norm (T 4) and t-conorm (Sy)

The two binary functions T, S: [0, 1] x [0; 1] =[O0, 1] are called t-norm and t-conorm respectively, if they
satisfy the four conditions namely commutativity, associativity, monotonicity and boundary conditions
(Xia et al., 2012). The pairwise t-norm and t-conorm satisfies the De Morgan duality: S(x,y) = 1 —
T(1—x, 1—7v),V (x,y) €[0,1]%. In literature, some predefined t-norms and t-conorms pairwise exist
including Algebraic, Einstein, Ham achar, Drastic, Dombi, Frank etc. (Klir and Yuan, 1996). The present
study uses Algebraic t-norm (T,), Algebraic t-conorm (S,), and the Drastic t-norm i.e. the weakest t-norm
(T,,) in developing novel arithmetic operations for TrIFNs which are defined as follows:

a) The Algebraic t-norm (T,):

Ta(x,y) = xy (4)
b) The Algebraic t-conorm (S,):
Salx,y) = x + y—xy (5)
c) The weakest t-norm (T,,):

x, ify =1,
To,y) =y ifx=1, (6)

0, otherwise

The Algebraic t-norm is continuous, strictly monotone, and have the Archimedean property (Xu, 2007).
Similarly, T,,-norm have shape-preserving nature and detracts fuzzy accumulating characteristic when
fuzzy arithmetic operations are applied (Hong and Do, 1997; Lin et al., 2011).

2.4 Existing Fuzzy Arithmetic Operations Defined on TrIFNs

Let A; = ([ay, by, c1,d1]; pa,, 95,) and Ay = ([ap, by, ¢z, d]; ua,. 95,) be two TrIFNs then the four
basic fuzzy arithmetic operations based on Min -Max operators are summarized in Table 1 (Wan, 2013).
These operations do not detract the accumulating phenomenon of fuzziness, so Kumar and Yadav (2012)
defined T,-norm and Min - Max operators based four fuzzy arithmetic operations for triangular
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intuitionistic fuzzy number (TIFN). Herein, their four fuzzy arithmetic operations have been extended for
TrIFNs and are provided in Table 2. Both of these types of fuzzy arithmetic operations do not integrate
the membership and non-membership degrees of bottom incidents to evaluate the membership and non-
membership degrees of top incident fuzzy failure possibility in the form of TrIFN because they rely on
Min-Max operators. To address this limitation by utilizing the benefits of Algebraic t-norm and t-conorm,
Liu et al. (2015) defined four fuzzy arithmetic operations for TrIFNs and are given in Table 3. The
drawback in these fuzzy arithmetic operations is that they are unable to detract from the accumulating
phenomenon of fuzziness.

Table 1. Four basic fuzzy arithmetic operations defined on two TrIFNs 4, and 4, using Min -Max operators (Wan,

2013).
Operation Fuzzy expression
Addition K@®™A, = ([a, + ap, by + by, ¢1 + ¢, dy + d,]; minfuz,, pg, }, max {95,,94,))
Multiplication A,®™A, = ([a105, b1y, €165, d1 ds]; min{HAerA }, max {9, 9x,})
Subtraction A, O™ A, =([ag —dp, by — 65,6 — by, dy — 5], min{HAl'#A },max {94, 95,3
Compliment 16MmA, =(1—dy,1—c;, 1= by, 1 —a;]; 9%, 4a,)

Table 2. Four basic fuzzy arithmetic operations defined on two TrIFNs 4;and 4, using T,,-norm and Min-Max
operators (Kumar and Yadav, 2012).

Operation Fuzzy expression

Addition A@TA, = ([by + b, — max(b; — a;, b, — ay), by + by, ¢q + €5, ¢ + ¢4 + max (dy — ¢;,d, — 6,)];
min{uz,, ua, }, max {9z, 94,3)

Multiplication A1®1Trz,A2 = ([byb, — max((bl —a;)c,, (b, — az)c1) yb1by, €165, 0101 + max ((dy — ¢1)¢3, (dz — )]s
min{Hs, .} max (9,,95,)

Subtraction A OF A, = ([by — ¢; — max(b; — ay,dy — ¢3), by — €3, ¢1 — by, ¢4 — by + max (dy — ¢4, by — ay)];
min{uz,, #s, }, max {9s,, 94,})

Compliment ABRA=(—-d,1—c,1—b,1—a];9x,1)

Table 3. Four basic fuzzy arithmetic operations defined on two TrIFNs 4; and 4, using Algebraic t-norm and t-
conorm (Liu et al., 2015).

Operation Fuzzy expression

Addition A®%A, = ([a, + a,, by + by, ¢y + ¢y, dy + dy]; Ma, + Uz, — Ka, Ma, D4, 04,)
Multiplication A®°A, = ([aa,, b1by, 165, drdy); Ha A, 95, + D5, — 94, 94,)

Subtraction AL ©%A, = ([ay —dy, by — ¢3¢ — by, dy — a5 ua s, 9a, + Ha, — 94, Ua,)
Compliment 10%A, =([1-dy,1—c¢,1=b;, 1 —a,]; 94, Ha,)

2.5 Novel Fuzzy Arithmetic Operations Defined on TrIFNs

To detract the accumulating phenomenon of fuzziness using T,,-norm and integrating the membership and
non-membership degrees of all the bottom incidents in evaluating the membership and non-membership
degrees of top incident's fuzzy failure possibility by utilizing the benefits of Algebraic t-norm and
Algebraic t-conorm, this section introduces four novel fuzzy arithmetic operations for two TrIFNs A =
([ay, by, ¢1,d1]; pa,, 95,) and A, = ([ay, by, ¢y, dy]; K4, Yx,) which are provided in Table 4.
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Table 4. Four basic fuzzy arithmetic operations defined on two TrIFNs 4; and 4, using T,,-norm and algebraic t-
norm and t-conorm.

Operation Fuzzy expression

Addition 4 @5 4, = ([by+ by, —max(by, — ay, b, — ay), by + by, 01 + ¢y 00 + ¢ + max (dy — ¢y, dy — ) lipg, + pg, —
Ba iy 9O i,)

Multiplication A~1®%1,A~2 = ([b1b; — max((bl —a,)¢,, (b, — az)C1) ybiby, €165, ¢01 + max ((dy — ¢)cy, (dy — ¢3)ep)]s
Ba iy 9, + 94, —94,94,)

Subtraction 4, 0%, 4, = ([by — c; —max(by, — a5, dy — ), by — €3,¢; — by, ¢, — by + max (dy — ¢y, b, — ay)]; w4, 94,94, +
B, — O, lh4,)

Compliment 4,0% A4, =(1—-dy,1—c,1—b,1—a]; 94, 14,)

2.6 Hamming Distance
The Hamming distance d), (4;4,) between two TrIFNs A = ([ay, by, ¢y, ds]; pyg,, 94,) and 4, =
([az, by, c2,d3]; 14,, 9,4,) is defined as follows (Wan, 2013):

o~ 1
dh (A1A2)=Z(|a1—a2|+ |b1_b2|+ |C1_C2|+ |d1_d2|)+ maX{|,uA~1—MA~2|,

91,94 |D.

3. Proposed Intuitionistic FFTA Method
The proposed intuitionistic FFTA is shown through a flowchart in Figure 2 and the steps are explained as
follows:

Step 1. Development of the fault-tree diagram:

Based on the aggregated information and experts’ advice, the fault-tree diagram is developed using
logical OR/AND gates to denote series/parallel incidents, say nin numbers and denoted by P;, i =
1,2,.,n, as per the interaction among them. The whole process of incidents can be trace-out by moving
from top incident to bottom incidents.

Step 2. Collection of possible bottom incidents' failure data:

The failure data for all the possible bottom incident’s P; are collected from various sources and then
integrated with experts. Based on the expert’s opinion, failure possibility data, denoted by gq;, i = 1,2,.,n
for bottom incidents, is quantified to address the issue of uncertainty and now represented by TrIFNs §;,
i=12.,n

Step 3. Evaluation of top incident fuzzy failure possibility:

In this step, first the expression for top incident fuzzy failure possibility (g7) in terms of bottom incidents
(g,) is obtained with the help of fault-tree, minimal cut-sets and the expressions provided in the Table 5
for logical gates OR/AND (Row 5). Let §, = ([ag, b, Cq, dq;]; g, 95,) be the fuzzy failure possibility
of i" bottom incident represented by the TrIFN. Let Gr = ([ag, bgp Cqpr g B 9g7) be the top
incident fuzzy failure possibility which is the result of n bottom incidents connected in OR/AND
configuration and their fuzzy failure possibilities are represented by q,, i = 1,2,..,n, then §; can be
expressed by the functional Equation (7).

r = qr(Gy, G2, Gis - Gn) = ([gpr by, Capr dar |5 Hapr Oa7) (")

Now, to computed the top incident fuzzy failure possibility (q+), four novel fuzzy arithmetic operations as
given in Table 4 are applied.

Step 4. Evaluation of top incident fuzzy reliability (Rr):
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Top incident fuzzy reliability Ry is computed using the following Equation (8).
Rr =107, qr (8)

Step 5. Rank all the critical bottom incidents:

Recompute the top incident fuzzy failure possibility as done in Step-3 after eliminating i" bottom incident
by considering its fuzzy failure possibility as §r= 0 = ([0,0,0,0]; 0,1). The recomputed value of the top
incident fuzzy failure possibility is denoted by g, and the associated functional equation is given as
followings (Equation (9)).

gr = QT(fll' Gz » e 6' fln) = ([aqTrqu,CqT; qu]; Haps 19&}) (9)

Now, compute the Hamming distance dj, (Gr,Gr,;) between g and g, using Equation (10).
~ ~ 1
dh(CIT,CITi):anqT - aqri| + |bqr - qui| + |Cq T |dqr - dqriD + max{|qu -

Har, | ’ |ﬁqu9qTi |} (10)

Here, dy (Gr,gr,) provides the influence on top incident fuzzy failure possibility after the elimination of i
bottom incident. If d, (Gr,4r,) = dh(qT,qu), then the elimination of i™ bottom incident is more effective
than the elimination of j™ bottom incident. Now, calculate dn(qr,gr,) for all the bottom incidents by
taking i = 1,2,..,n and then rank all the critical bottom incidents by arranging the values of dy,(gr,gr,)
in decreasing manner.

Identify the main causes of failure of infectious
medical waste management system

J i

Construct the fault-tree logic diagram Find the most and least influential bottom events through
U Hamming distance(d, (§;, G;,)) by applying Eqs. 9 and 10.

Analyze the results for future course of action

Obtain bottom incidents fuzzy failure ﬁ

ibilities(g, ) in the f f TrIFN )
possibilities(q, ) UU e form ot riFNs Compute system top event fuzzy reliability( %} ) using Eq. 8.

Formulate the top incident fuzzy failure possibility(g;)

L . o Compute the top incident fuzzy failure
equation(Eq. T) interms of the constituting bottom o h S .

. e e > possibility (§;) using novel fuzzy arithmetic

incidents fuzzy failure possibilities( g,) operations defined on TrIFNs(Table 4).

Figure 2. Flowchart of the proposed intuitionistic FFTA method.

Step 6. Analysis of results and extraction of suggestions:

Based on the sequence of bottom incidents as per the values of dj,(gr,gr,) in decreasing order, the most
and least influential bottom incidents can be found out. The result can be integrated with experts and then
some influential suggestions can be extracted for future course of action.

4. Nlustrative Applications

This section illustrates the proposed intuitionistic FFTA by analyzing the infectious medical waste
management system of the Clinical Centre of Serbia taken from Mokajic-Nikolic et al. (2016) under
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uncertainly. The computed results will also be compared with results obtained from Mokajic-Nikolic et al.
(2016) traditional FTA method and three other FFTA methods including Kumar and Yadav (2012), Liu et
al. (2015), and Miao and Wang (2009). The functional equations for logical gates (OR/AND) with n
bottom incidents used in these methods are given in Table 5, where g; and g, are representing the crisp
and fuzzy failure possibility of i bottom incident respectively. The proposed method is explained in
detail hereafter.

Table 5. The functional equations for logic gates used in traditional FTA and intuitionistic FFTA methods.

Row | Fault tree method Gate Mathematical equations Data type( | Arithmetic operations
No. q:)
1. Mokajic-Nikolic et | OR Por=1-[1-q)x(A—q)X..(1—q) Crisp Ordinary arithmetic
al. (2016) AND Pivp = @1 X gy X ... X gy operations
2. Miao and Wang | OR Por = TrIFN Min —Max operators
(2009) AND 1OmM[AO" )" O )™ ..Q™(1 O™ 4;)] numbers fuzzy based arithmetic
Pip = G:Q™G,QM ...Q™7, (in  present | operations (Table 1)
study)
3. Kumar and Yadav | OR Por = TrIFN T, norm and Min —Max
(2012) AND 107 (107 §)®™ O §)®™ ..M (1 OF, §,)] numbers operators based fuzzy
Pop = GO RN ...QT G (in  present | arithmetic ~ operations
¢ © ¢ study) (Table 2)
4. Liu et al. (2015) OR Ppr=10%[160%¢)R®*0*q,)®*..0%(10%q;)] | TrIFN Algebraic t-norm and t-
AND | Py = Gi®GQ% .0, numbers conorm based fuzzy
arithmetic  operations
(Table 3)
5. Proposed FFTA | OR Por = TrIFN T, and algebraic t-norm
method AND 107, [(164%, )8 0F, 12)®%..Q%(1 OF, ) ] numbers and t-conorm based
P = R TR .. .Q% G fuzzy arithmetic
anp = 085, 8, - B, operations (Table 4)

Table 6. Basic incidents' crisp and fuzzy failure possibility values in the failure of infectious medical waste
management system (Mokajic-Nikolic et al., 2016).

Bottom | Cause description Failure Crisp value TrIFN value of g;denoted by
incident possibility of q; G, = (la;, by, ¢, d;); 13, 9))
q;
P1 Patient infected ¢ 0.0100 ([0.0080,0.0090,0.0110,0.0120]; 0.60, 0.30)
P2 Inadequate education Q> 0.0690 ([0.0552,0.0621,0.0759,0.0828]; 0.60, 0.30)
P3 Intentional failure to respect the procedures qs 0.0710 ([0.0568,0.0639,0.0781,0.0852]; 0.60, 0.30)
P4 Inattention during work, fatigue qa 0.0399 ([0.0319,0.0359,0.0439,0.0479]; 0.60, 0.30)
P5 Injury at work qs 0.0180 ([0.0144,0.0162,0.0198,0.0216]; 0.60, 0.30)
P6 Not using the protective equipment s 0.0700 ([0.0560,0.0630,0.0770,0.0840]; 0.60, 0.30)
P7 Inadequate packaging (waste containers) q; 0.0501 ([0.0401,0.0451,0.0551,0.0601]; 0.60, 0.30)
P8 Inadequate transport conditions qs 0.0499 ([0.0399,0.0449,0.0549,0.0599]; 0.60, 0.30)
P9 Spilling or leaking of the waste from o 0.0500 ([0.0400,0.0450,0.0550,0.0600]; 0.60, 0.30)
P10 container o 0.0599 ([0.0479,0.0539,0.0659,0.0719]; 0.60, 0.30)
P11 Contact with infectious waste G1s 0.0610 ([0.0488,0.0549,0.0671,0.0732]; 0.60, 0.30)
Inadequate packing and handling the waste

4.1 Fault Tree Development and Top Incident Failure Possibility Equation (Mokajic-
Nikolic et al., 2016)

To apply the proposed intuitionistic FFTA method, a problem of infectious medical waste management
system has been selected for discussion. The problem is taken from Mokajic-Nikolic et al. (2016) in
which they studied the failure of an infectious medical waste management system in Clinical Centre of
Serbia. They classified the entire infectious medical waste management process into four sub-processes
such as diagnostic, treatment, transport (internal and external) and waste treatment. These sub-processes
were further decomposed into undesired incidents and reach to the bottom incidents by following top to
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bottom approach. The fault tree diagram of the infectious medical waste management system is shown in
Figure 3 (Mokajic-Nikolic et al., 2016). The complete details of the fault tree and its bottom incidents can
be found in Mokajic-Nikolic et al. (2016) work. However, the necessary details of top and all the
intermediate incidents are provided in Figure 3 while the cause description of bottom incidents is given in
Table 6. The nine minimal-cut sets are obtained with the help of fault tree which are as follows: {P1, P2,
P5}, {P1, P3, P5}, {P1, P5, P4}, {P2, P5}, {P6, P5}, {P7, P5}, {P8, P5}, {P6, P9, P10} and {P11, P6}.
To formulate an equivalent mathematical equation of the fault tree, the symbols N and U are used to
connect the incidents in “AND” (parallel) and “OR” (series) configurations respectively. The equivalent
mathematical equation of the fault tree diagram shown in Figure 3 is as follows:

T=P1NP2NP5)YUMPLINP3INPSUMPLNP5SNP4) UP2NP5)U(P6NPS)U(P7NP5)U (P8

N P5) U (P6 N PP10) U (P11 N P6) (11)

Let g;be the failure possibility of the i" bottom incident P;. Using Table 5 (first row) and Equation (11),
the mathematical equation of the top incident \ Infection spreading caused by malfunctioning of the
infectious medical waste management” failure possibility (g) can be written as follows:

qr =1—[(1 — q19295) (1 — 419395)(1 — q19594)(1 — q295)(1 — q6q5) (1 — q7q5)(1 — qsqs) (1 —
q699910)(1 — q1196) (12)

Infection
spreading

lnfmuondlung

Infection in the place
of waste treatment

Infection during transport
Infection during internal to the place of treaiment
transportation to warehouse

Infection during Infection during Luﬁ(uun during Infmm during Infect um during lnfmlm during
loading ukmwv weighing sterilization

R R
R 5“@9566‘3 ®@®

®® © 6

Figure 3. Fault tree for infection spreading (Mokajic-Nikolic et al., 2016).

4.2 Data Extraction and its Fuzzification

The failure possibility value (g;) of each bottom incident in crisp form is taken from Mokajic-Nikolic et
al. (2016) and listed in Table 6 (Column-4). Extracted data may have uncertainty due to diverse practical
and financial reasons, so before initiating FTA, uncertainty present in data should be quantified carefully.
Since, data is related to medical waste, so its data uncertainty can be quantified using intuitionistic fuzzy
sets (De et al., 2001). Specifically, in the present study, TrIFN has been used for fuzzification of extracted
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uncertain data. To select a suitable shape of TrIFN to fuzzily a bottom incident failure possibility,
opinions from different experts having enough experience with the medical waste treatment process have
been considered. The suggested fuzzified data (g,) for all the bottom incidents in the form of TrIFN are
provided in Table 6 (Column-5).

4.3 Results and Discussion

The proposed intuitionistic FFTA method has been applied to analyze the failure in infectious medical
waste management system along with Mokajic-Nikolic et al. (2016) traditional FTA method and three
others intuitionistic FFTA methods such as Kumar and Yadav (2012), Liu et al. (2015), and Miao and
Wang (2009). Computed results are compared and plotted graphically. The detailed computation is given
hereafter.

4.3.1 Traditional FTA Method (Mokajic-Nikolic et al., 2016)

Mokajic-Nikolic et al. (2016) applied traditional FTA method in which fault tree, crisp data without
guantifying uncertainty and probability theory are used to estimate top incident failure probability. Now
by Mokajic-Nikolic et al. (2016) approach, top incident Infection spreading caused by malfunctioning of
the infectious medical waste management" failure probability can be computed using Equation (12),
ordinary arithmetic operations and data as provided in Table 6 (Column 4). The top incident failure
probability is computed as follows:

qr =1—[(1 — q19295)(1 — 419395)(1 — 419594)(1 — q29qs) ... (1 — q6q5) (1 — q7q5)(1 — qgqs)(1 —

9699910)(1 — q1196)
=1-[(1 - (0.01) (0.069) (0.018)) x (1 — (0.01) (0.071) (0.018)) x (1 — (0.01) (0.018) (0.0399))x(1 —

(0.069) (0.018)) x(1 — (0.018) (0.07)) x (1 — (0.0501) (0.018)) x (1 — (0.0499) (0.018)) x (1 — (0.07)
(0.05) (0.0599)) x (1 — (0.061) (0.07))] = 0.008787 (13)

The failure possibility of top incident Infection spreading caused by malfunctioning of the “infectious
medical waste management” is approximately 0.008787 (Mokajic-Nikolic et al., 2016). Also, the
reliability of “Infection is not spreading caused by malfunctioning of the infectious medical waste
management” is 0.991213.

4.3.2 Intuitionistic FFTA Method (Miao and Wang, 2009)

Miao and Wang (2009) in their intuitionistic FFTA method used fault tree, TIFN to quantify data
uncertainty and Min -Max operator’s-based arithmetic operations defined for TIFN to evaluate fuzzy
failure possibility of a computer security system. Wan (2013) and later on Wan and Dong (2015)
extended these operations for TrIFN and applied to analyze multi-criterion decision making problems.
The present study uses Min - Max operator’s based fuzzy arithmetic operations defined on TrIFN and
given in Table 1 (Wan, 2013; Wan and Dong, 2015). Now using failure possibility Equation (11),
mathematical expressions as given in Table 5 (second row), fuzzy arithmetic operations given in Table 1
and fuzzified failure possibility data given in Table 6 (Column 5), computations have been done which
are as follows:

r=10™" [10™ @®"H®"7:)®™ (1 0™ (OGO ™5)®™ ...

A O™ (®"TH:O™T)) @™ (1 O™ (7;®@™Fs))(1 O™ (7:®™7:)®™...

(10™ (7®9"F) @™ (1 O™ (7:®™7s) ®™...

(1 O™ (Fe®™F®™ 1)) ®™ (1 O™ (41:®™Fs))]

= ([0.005522, 0.007079, 0.010677, 0.012751], 0.600000, 0.300000) (14)
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The fuzzy failure possibility value of top incident “Infection spreading caused by malfunctioning of the
infectious medical waste management” is evaluated as ([0.005552,0.007079, 0.010677, 0.012751];0.60,
0.30) while the fuzzy reliability of “Infection is not spreading caused by malfunctioning of the infectious
medical waste management" is computed as ([0.987249, 0.989323, 0.992921, 0.994448]; 0.30, 0.60).

4.3.3 Intuitionistic FFTA Method (Kumar and Yadav, 2012)

Kumar and Yadav (2012) in their intuitionistic FFTA method used TIFN to quantify uncertainty while
T,-norm and Min-Max operators based fuzzy arithmetic operations defined on TIFNs have been
implemented to evaluate top incident fuzzy failure possibility. In the present study, their approach has
been extended to TrIFNs. To implement the extended version of Kumar and Yadav (2012) intuitionistic
FFTA method for TrIFNs, present study uses Equation (11), fuzzified mathematical expressions as
provided in Table 5 (third row), fuzzy arithmetic operations given in Table 2 and fuzzified data as listed
in Table 6 (Column 5), computations have been done which are as follows.

ar=1 OF, [(1OF, (7®T, 78T, T:))®T, (1 OF, (T:®F, T:®F, 7)) ®F, ..

(10T, (@:®F. =T, 7))®T., 1 OF (®T, 7)) (1 OF, (T:®F, 7:)QT, ..

(1T, (7z®F. ) ®F, (1 OF, (7:®F, 7)) ®F, ..

(1 OF, (@8, T®T, 410))®F, (1 OF, (d1:®F, T6))]

=([0.006610, 0.007079, 0.010677, 0.011146], 0.600000, 0.300000) (15)

The fuzzy failure possibility value of top incident “Infection spreading caused by malfunctioning of the
infectious medical waste management” is ([0.005552, 0.007079, 0.010677, 0.012751]; 0.384914,
0.248079), while the fuzzy reliability of “Infection is not spreading caused by malfunctioning of the
infectious medical waste management” is ([0.988854, 0.989323, 0.992921, 0.993390]; 0.30, 0.60).

4.3.4 Intuitionistic FFTA Method (Liu et al., 2015)

Liu et al. (2015) in their intuitionistic FFTA method used Algebraic t-norm and t-conorm coupled
arithmetic operations defined on TrIFNs as given in Table 3 for analyzing high-speed railway accidents.
To apply Liu et al. (2015) intuitionistic FFTA method, failure possibility Equation (11), expressions
provided in Table 5 (fourth row), arithmetic operations mentioned in Table 3 and fuzzified data in the
form of TrIFN~given in Table 6 (Column 5)~are used. The computation process is as follows:

7r=1 0% [10" @®'HOT)®" (10 (O GO T)®" ..

(1 0% (®*F®°7) ®* (1 0% (7:8°75)) (1 O (76®@°75)®°...

(1 0% (7;®°F5)) ®*(1 O (7:®°Fs)) ®“...

(1 6% (e®T®"d10)) ®° (1 ©% (41:8T6))]

= ([0.005522, 0.007079, 0.010677, 0.012751], 0.384914, 0.248079) (16)

The fuzzy failure possibility value of top incident “Infection spreading caused by malfunctioning of the
infectious medical waste management” is ([0.005552, 0.007079, 0.010677, 0.012751]; 0.384914,
0.248079), while the fuzzy reliability of “Infection is not spreading caused by malfunctioning of the
infectious medical waste management” is ([0:987249; 0:989323; 0:992921; 0:994448]; 0:248079;
0:384914).
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4.3.5 Proposed Intuitionistic FFTA Method

The proposed intuitionistic FFTA method, as discussed in Section 3, used T,,-norm for detracting the
accumulating phenomenon of fuzziness, and Algebraic t-norm and t-conorm for evaluating the values of
membership and non-membership degrees of top incident fuzzy failure possibility in the form of TrIFN.
To apply the proposed intuitionistic FFTA method, failure possibility Equation (11), mathematical
expressions provided in Table 5 (fifth row), novel arithmetic operations listed in Table 4 and TrIFN data
given in Table 6 (Column 5) are used. The computation process is as follows.

ar=1 6%, (16, (@®%,::®%,T)®%,(1 6F, (18F, O, 7)Y, -

(164, ([@®fF, 8%, 7.))8%, (16f, (:®F,) (1 6F, (T:®F,7))8F, .-

(1 6%, (@®7,T) ®f,(1 0F, (F®F,T) ®F,.--

(1ot (F®%,6®%,d10)8T, (10F, (41:8%,76))]

= ([0.006610, 0.007079, 0.010677, 0.011146], 0.384914, 0.248079) (17)

The fuzzy failure possibility value of top incident “Infection spreading caused by malfunctioning of the
infectious medical waste management” is ([0.006610, 0.007079, 0.010677, 0.011146], 0.384914,
0.248079), while the fuzzy reliability of “Infection is not spreading caused by malfunctioning of the
infectious medical waste management” is ([0.988854, 0.989323, 0.992921, 0.993390], 0.248079,
0.384914).

—#— Nikolic et al.(2016)
—&— Miao and Wang(2009)
—— Kumar and Yadav(2012)
& Liu et al.(2015)
0.8 ¥ —&— Proposed Method B

2 0.6

o
n
T
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e
&

o
W
T

05 , 9
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Figure 4. Fuzzy failure possibility of top incident “Infection spreading caused by malfunctioning of the infectious
medical waste management”.

The computed results are plotted in Figure 4. The figure clearly shows that the proposed intuitionistic
FFTA method not only reduces the range of prediction of top incident fuzzy failure possibility at any cut
level but also provides the optimized degrees of membership and non-membership of the top incident by
involving each bottom incident membership and non-membership degrees. This is due to the use of T,,-
norm which detracts from the accumulating phenomenon of fuzziness, and the pair of Algebraic t-norm
and t-conorm which provides the optimum values of membership and non-membership degrees of top
incident failure possibility.
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4.4 Ranking of Critical Incidents

To design an effective waste management system, identification of critical incidents will be very much
useful. For this purpose, hamming distance-based ranking method has been developed in Step 5 of
Section 3 (Wan, 2013). To apply this method, top incident fuzzy failure possibility is recomputed using
above discussed proposed intuitionistic FFTA method by eliminating i bottom incident with §, = 0 =
(0,0,0,0]; 0,1), Vi = 1,2, ... 11 however the values of fuzzy failure possibilities for rest of the incidents
are same as listed in Table 6 (Column 5). The recomputed computed value of top incident fuzzy failure
possibility is denoted by gr,. This process is repeated for each bottom incident i by recomputing the top
incident fuzzy failure possibility value g, after taking q, = 0 = ([0,0,0,0];0,1),Vi = 1,2,...11. Now,
the Hamming distance d,(Gr,gr,) for all the bottom incidents have been computed and results are
tabulated in Table 7. Now, arrange the computed values of d;,(gr,qr,) in decreasing order and then rank
them accordingly. From Table 7, it is observed that the most critical bottom incidents are injury at work
(i = 5), not using protective equipment (i = 6) and inadequate packing and handling the waste (i = 11).
These findings resemble with the conclusions of Mokajic-Nikolic et al. (2016). Hence, the presented
FFTA method, provides consistent results by exploring IFS, the T,, and algebraic norms based operational
rules, and Hamming distance based ranking method, and confirms that the objectives are completely
achieved. Thus, based on these findings, the firms dealing with waste management can take appropriate
decisions and precautionary measures to minimize the occurrence of undesired incidents with more
confidence under uncertain environment by using suggested FFTA method.

Table 7. Ranking result obtained from the proposed method.

s in= Qo] o) AT |
P1 (i=1) ([0.006587, 0.007056, 0.010634, 0.11103]; 0.402076, 0.266227) 0018181 4
P2 (i=2) ([0.005609, 0.006078, 0.009163, 0.009633]; 0.394132, 0.257936) 0.011114 5
P3 (i=3) ([0.006601, 0.007070, 0.010660, 0.011129]; 0.389063, 0.252536) 0.004470 9
P4 (i=4) ([0.006605, 0.007074, 0.010667, 0.011137]; 0.399063, 0.252536) 0.004465 10
P5 (i=5) ([0.003140, 0.003610, 0.005445, 0.005915]; 0.414501, 0.386775) 0.143046 1
P6 (i=6) ([0.002346, 0.002483, 0.003722, 0.003858]; 0.402631, 0.268857) 0.026553 2
P7 (i=7) ([0.005890, 0.006359, 0.009590, 0.010060]; 0.388416, 0.251849) 0.004673 7
P8 (i=8) ([0.005893, 0.006362, 0.009594, 0.010064]; 0.388416, 0.251849) 0.004670 8
P9 (i=9) ([0.006460, 0.006930, 0.010399, 0.010868]; 0.391825, 0.257336) 0.009471 6

P10 (i=10) ([0.006460, 0.006930, 0.010399, 0.010868]; 0.391825, 0.257336) 0.009471 6

P11 (i=11) ([0.003511, 0.003649, 0.005522, 0.005661]; 0.393462, 0.243130) 0.012840 3

5. Conclusion

With an increasing population size, the quantity of medical waste is increasing day-by-day, which may be
harmful or even dangerous for people as well as the environment if inadequately treated. So, as an
objective, an effective medical waste management system is essentially required to control infection and
protect the environment for a healthy civil society. The fundamental challenge in developing an effective
medical waste management system is the scarcity of reliable data on accidents and failures throughout the
infectious medical waste management process. In light of these drawbacks, the paper proposed a new
intuitionistic FFTA method in which TrIFN is utilized to quantify data uncertainty while T,,-norm,
Algebraic t-norm, and t-conorm coupled arithmetic operations are applied to evaluate the fuzzy failure
possibility of an infectious medical waste management system. The weakest t-norm (T,,) detracts the
accumulating circumstances of fuzziness, while Algebraic t-norm (TA) and t-conorm (SA) provide the
optimum values of membership and non-membership degrees of top incident’s failure possibility with the
help of each bottom incident's membership and non-membership degrees. A Hamming distance-based
ranking method has been developed and then applied to identify the critical incidents. The proposed
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intuitionistic FFTA method has been executed to analyze the failure of an infectious medical waste
management system under uncertainty. The effectiveness of the proposed intuitionistic FFTA method is
discussed along with four existing fault tree methods. Results infer that injury at work, not using
protective equipment, and inadequate packing and handling of waste are the most critical incidents in the
entire medical waste management system. Based on these findings, some precautionary measures may be
considered, which include: (i) running awareness, motivational, and training programmed for staff
involved in medical waste management; (ii) monitoring and registering the occurrence of most critical
incidents like injury at work, not using protective equipment, and inadequate packing and handling of the
waste in a very detailed manner for any future course of action. The results and findings suggest that the
proposed intuitionistic FFTA method is an effective method to analyze faults in any medical waste
management system. The proposed intuitionistic FFTA method can also be applied to evaluate the fuzzy
failure possibility of other healthcare and engineering systems. The main limitation of the study is that it
uses IFS, Hamming distance and algebraic arithmetic operations. In future, some novel intuitionistic
FFTA methods can be developed by resolving these limitations in which different types of IFS can be
used to quantify uncertainty, Archimedean operation rules can be used to fuse the information, while
more general distance function can be explored to rank the critical basic events.
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