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Abstract:

Women with heart disease during pregnancy are at higher risk, which can harm the fetus. This risk can be reduced if we
diagnose and treat it early. The decision-making system is very helpful in such situations. Many clinical decision-making systems
have been proposed, but they are too complicated for medical experts to understand and adapt. Here, we develop a new neutrosophic
model for early diagnosis and explain it using explainable artificial techniques. Our model is taking eight symptoms and signs
as inputs and determines the diagnosis, type of treatment, and prognosis. Age, obesity, smoking, family pathological history,
personal pathological history, electrocardiogram, ultrasound, and functional class are the inputs of this model. Six diagnoses can
be made- obstruction at existing, obstruction at entry, rhythm disorder, conduction disorders, congenital diseases, genetic diseases.
The types of treatments are- pregnancy interruption, diuretic treatment, anti-arrhythmic treatment, treatment with beta-blockers
and anticoagulants treatment. The prognosis is- eutectic delivery, dystocic delivery, the child with complications, child without
complications, mother with complications, and mother without complications. The main parts of this system are neutrosophication,
knowledge base, inference engine, de-neutrosophication, and explainability. To present the entire execution of the proposed system,
we design an algorithm and compute its time complexity to demonstrate the working of the entire system. We compared the results
of different methods to gain confidence in our model.
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1 Introduction

In medical, computer-aided medical diagnosing applications facilitates doctors to take decisions swiftly. Many models and applications have been
designed for this purpose but the major drawback of such models is their complexity and a lot of mathematical work. Their complex models make
it difficult for doctors to adopt. Explainable artificial intelligence (XAI) is an approach that makes such a model understandable for doctors and
they feel comfortable adopting them. XAl also helps doctors to check the accuracy of the decisions as well.

The medical data is very much sensitive and contains a lot of ambiguities because each doctor has his own opinion, and using these opinions
it becomes difficult to take one exact decision. In such environments, fuzzy logic plays an important role to make human-like decisions among
multiple decisions. The concept of fuzzy sets was introduced by Zadeh in 1965 after that many extensions of fuzzy sets were proposed, intuitionistic
fuzzy is also one of them which works with membership and non-membership [1]. But the restriction on sum of membership and non-membership
restricts the selection of membership and nonmembership values.

In 1995, Smarandache introduced a novel branch of philosophy known as neutrosophy to eliminate this issue [2]. Neutrosophy is the essence
of the neutrosophic set (NS) and neutrosophic logic (NL). NS concurrently considers true membership, falsity membership, and indeterminacy
membership, which are more effective and consistent as compare to fuzzy systems and intuitionistic fuzzy systems. The single-valued neutrosophic
set (SVNS) is an extension of the NS [3]-[4]. There are many applications of fuzzy and its extensions are discussed in literature, some of them are

[5]-[11].

Abdel-Basset et al. proposed a novel neutrosophic multi-criteria decision-making (MCDM) model that used the neutrosophic analytical network
process (ANP), and the TOPSIS method for deciding on the election of an appropriate candidate for job [12]. They using this MCDM technique
selection of Chief executive officer (CEO) vacancy. The proposed MCDM procedure combined quantitative and qualitative information for person-
nel selection.
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In 2019, Hashmi et al. proposed a new concept of m-polar neutrosophic set (MPNS) and topological structure on m-polar neutrosophic set by
fusing polar fuzzy set (MPES) and neutrosophic set [13]. They proposed a score function for the estimate of m-polar neutrosophic numbers
(MPNNs). m-polar neutrosophic topology is established and defined the interior, exterior, and frontier for m-polar neutrosophic sets (MPNs).

In 2020, Pamucar et al. introduced a neutrosophic decision-making model for the selection of supplier [14]. Their target was to decrease the
risk and disruptions to the supply chain and to preserve the stability of the supply-chain system. Also, the unpredictable situations in a supply chain
force decisionmakers and authorities to choose a fuzzybased evaluation platform to guarantee safe and secure outcomes. They proposed a new
weight aggregator that uses a pairwise comparison.

In 2020, Pamucar et al. evaluated and prioritized the energy storage technology alternatives (methods) by considering technical cost, and en-
vironmental and social criteria. They proposed a hybrid trapezoidal neutrosophic fuzzy numbers based Dombi weighted geometric averaging
operator and MultiAtributive Ideal-Real Comparative Analysis (MAIRCA) model [15]. They employed a case study in Romania is carried out to
illustrate the applicability of the proposed model.

In 2020, Chakraborty et al. suggested the notion of cylindrical neutrosophic single-valued numbers from a different perspective and aspects to
obtained its true result [16]. This concept is based on score and accuracy functions that are used to convert fuzzy numbers into a crisp number
to make decisions on different problems. This technique was applied to real-life examples like networking and obtain the result that it is a better
choice for decision making instead of neutrosophic numbers when falsity and indeterminacy function are dependent. The technique introduced in
this paper is helpful in engineering and science-related field for diagnosis purposes.

In 2020, Aslan et al. presented the notion of neutrosociology [17]. It is a more effective way to find out uncertainties in social theories as it
is impossible to find out with classical maths. The researchers used similarity measures of single-valued neutrosophic numbers for sociology-
related decision-making problems. By using neutrosophic numbers and sets related to other social theories, new similarity measures introduced,
and checked the appropriateness of these formulas.

In 2020, Tan et al. proposed a multi-attribute decision-making method for the decision-making problems where the attribute weight is unknown.
Using information of entropy evaluation is performed [18]. They defined new formulas of single-valued neutrosophic similarities and single-valued
neutrosophic entropy. Moreover, the connection between them is also discussed. Karabasevic et al. introduced a unique type of the TOPSIS method
applicable for the use of single-valued neutrosophic sets [19]. The motivations of this study are described below:

1. Women with heart disease during pregnancy are at higher risk, which can have a negative effect on the fetus.
2. Medical data may contain unclear information. Using such data may lead to a wrong diagnosis if not managed efficiently.

3. Modern decision-making systems are very much complicated, and due to non-transparency, it becomes difficult for medical professionals
to adopt them.

Our contributions to this research are as follows:

1. We developed a novel decision-making model to facilitate doctors to early predict diagnosis, type of treatment, and prognosis.

2. Single-valued neutrosophic sets are used for decision-making because they are very close to human reasoning. SVNS focuses on the degree
of truth, the degree of indeterminacy, and the degree of falsity simultaneously. Also, there is no restriction on its sum of membership and
non-membership.

3. We combine the theory of explainable Al to form our system adaptable for medical experts. The degree of explanation is estimated using
causability. Explainable Al and causability Al systems support building the trust of medical experts.

4. We have designed an algorithm to explain the entire functioning of the model, as well as to measure its time complexity.

5. We compared our results with the rest of the techniques.
The rest of this article has been designed subsequently: Section 2 concisely reconsiders essential concepts of neutrosophic sets, explainable Al, and
causability measures. Section 3 reviews the explainable neutrosophic clinical decision-making systems for the treatment of pregnant women with

heart diseases. Section 4 offers a case study to present the effectiveness of the system. Section 5 matches the values of the proposed model with
other theories. Section 6 ends this article and presents possible future research directions.

2 Preliminaries

This part recalls some of the preparatory notions that require to be read to completely benefit from this study.

2.1. Explainability [20]: In artificial intelligence (AI), explainability is the extent to which the internal mechanism of the algorithm can be
explained in humans terms. Two explainable models have been found in the literature; the post-hoc explainability, and ante-hoc explaining models.

The scope of the post-hoc model is local, in which it explains only the specific component of the algorithm, not the complete system. Its examples
are LIME and BETA models. Whereas, the ante-hoc system are interpretable by design. Its examples are linear regression, decision trees, and
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fuzzy inference systems.

2.2. Causability [20]: Causability measures the quality of explainable. This means that the provided explanation is how much effective and
understandable to humans.

2.3. Single-valued neutrosophic set (SVNS) [3]: Let A be a sample space. A SVNS B on a non-empty set A is described by a truth mem-
bership function 75 : A — [0, 1], indeterminacy membership function I : A — [0, 1] and a falsity membership function Fz : A — [0, 1]. Thus,
B ={<w,Tg(w), Ip(w), F(w) > |w € A}. There is no restraint on the sum of 75 (w), Ip(w) and Fg(w) forallw € A.

2.4. Neutrosophic logic [21]: Neutrosophic logic (NL) was bestowed by Smarandache as an extension of fuzzy logic, intuitionistic logic, and
para-consistent logic. This logic contains three basic parts, that is, truth membership, indeterminacy membership, and falsity membership.

2.5. Single-valued neutrosophic number [22]: Let V be a SVNN which is defined as V' = ([(u1, v1, w1, 21); p, [(u2, v2, w2, x2); o], [(us, v3, ws, z3); w])
where p,o,w € [0, 1], the truth membership function (uy) : R — [0, p], indeterminacy membership function (vv) : R — [o, 1], and falsity
membership function (Av') : R — [w, 1] are represented as follows:

par(w), ifur <w <oy,
) =17 if vy <w < w,
pv(w) = .
pauw(w), ifw <w <z,
0, otherwise.
va(w), ifur <w <wy,
o, if v < w < wa,
vy (w) = .
vau(w), ifws <w < g,
1, otherwise.
Aar(w), ifus <w < wvs,
w ifvg <w <w
Av(w) = ' Lo
AAu((w)7 1fw3 Swglﬁ,
1, otherwise.

2.6. Operations of SVNS [3]: Let A be a space of points and V; and V5 are the two SVNSs and V3 contains their result.

Intersection: The intersection of V1 and V5 is represented as follows:

Tv, (w) = min(TV1 (w)v Tv, (w)),

for all w in A.

Union: The union of V; and V4 is represented as follows:
Ty, (w) = max(Tv, (w), Ty, (w)),
Ivy (w) = min(Iv, (w), Iv, (w)),
Fyy (w) = min(Fy, (w), Fv, (w)),
for all win A.
2.7. Major factors :
There are following major factors that can increase the risks during pregnancy.
Age (S1): The length of time that a person has lived or a thing has existed.

Obesity (S2): Obesity is a complicated condition including an unnecessary volume of body fat.

Smoking (S3): Smoking is a habit of gasping smoke of tobacco or a drug.
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Family pathological history (S4): Pathology includes investigating the cause of sickness, how it occurs, the impact of the sickness on cells,
and the consequence of the sickness. If this sickness comes from family, then it is called family pathological history.

Personal pathological history (S6): If the sufferer itself has an own record of sickness.
Electrocardiogram (S7): An electrocardiogram shows the electrical signals in your heart.

Ultrasound (S8): An ultrasound scan is a medical examination that employs high-frequency sound waves to take live pictures from the inside
of your body.

Functional class (S9) [23]:The World Health Organisation (WHO) functional class system was designed to determine the rigor of somebodys
manifestations and how they influence day-to-day actions.

2.8 Diagnosis:
Obstruction at exit (OEX) [24]: It is a procedure used to deliver babies who have airway compression due to certain blockage.

Obstruction at entry (OEN) [24]: In pregnancy obstruction at entry is rare and is most generally created by adhesions from past abdominal
surgery.

Rhythm disorders (RD) [25]: A biological cycle present in the human body gets upset when the sleep-wake cycle dis-coordinate with the
environment and hinder a daily routine.

Conduction disorder (CD) [26]:The heart relies on electrical signals that originate the heartbeat in rhythm, when certain signals obstruct it
results in conduction disorder.

Congenital disease (CD) [27]: A medical condition present in babies by birth occurs during the fetal stage of development or is acquired from
parents or produced by environmental factors. It is also known as birth defects.

Genetic disease (GD) [27]: A change in DNA sequence from normal sequence results in Genetic disorder. It can be produced in the whole
body or a particular part of the body by a mutation in one gene, mutation in multiple genes, or change in the sequence of genes.

2.9 Treatments:

Pregnancy interruption (PI) [28]: Discontinued Pregnancy is recognized as Pregnancy interruption. It can either be done artificially called
abortion or naturally due to fetal aberration.

Diuretic treatment (DT) [29]: These are medications cause a net impairment of sodium and water in urine. It is also called water pills.

Anti-arrhythmic treatment (AAT) [29]: These medications are used when the heart rate goes fast or have an extra heart beat. This condi-
tion is called tachycardia. This pill helps to restore the regular beat of the heart.

Treatment with beta-blockers (TBB): These medicines are used to decrease high blood pressure by opening up the nerves and arteries to re-
cover blood flow.

Anticoagulants treatment (ACT) [29]: This medicine is utilized to block blood clots and also stopping them from growing big. It also de-
creases the risks of heart attack and strokes.

Eutectic delivery (ED) [30]: Delivery performs mixing certain drugs.
Dystocic delivery (PD) [30]: Slow cervix dilation during delivery.

Mother with complication (MC): Any health problems a mother ought during or before pregnancy such as blood pressure, anemia, infections,
etc.

The following matrices show the relation connecting symptoms and diagnosis. treatment, and prognosis. The following matrices help to ex-
amine the correctness of the nal diagnosis, treatment, and prognosis.
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PPH
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ECO
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TAB
FPH
PPH
ECG
ECO

PI
.9,0.2,0.3

)
2)
)
2,0.1,0.5)
9020@
1)
3)
)

702 03

ED
1,0.1,0.2)
9,0.2,0.3)
1,0.1,0.2)
1,0.1,0.2)

A4)
9.02,0.2)

)

7,0.2,0.3
7,0.2,0.3)

PD
9,0.2,0.3
9,0.2,0.3

90203
9,0.2,0.3

0. 2)
0. )
0. )
0. )
0.9.0.2,0.3)
0.2,0.2,0.4)
0.2,0.8,0.5)
0.9,0.2,0.3)
AAT
(0.9,0.4,0.3)
(0.7,0.3,0.3)
(0.2,0.1,0.5)
(0.2,0.5,0.5)
(0.2,0.1,0.5)
(0.8,0.2,0.3)
(0.9,0.2,0.3)
(0.8,0.2,0.3)

CHC
(0.1,0.1,0.2
(0.3,0.1,0.2
(0.8,0.2,0.3
(0.9,0.2,0.2
(0.9,0.2,0.3
(0.3,0.1,0.2
(0.7,0.2,0.3
(0

NSNS

TBB

NOCHC
0.1,0.3,0.2)
0.1,0.1,0.2)
0.3,0.1,0.2)
0.9,0.2,0.3)
0.7,0.2,0.3)
0.1,0.1,0.2)
0.9,0.2,0.3)
0.9,0.2,0.1)

NN N N N S N

90202
8,0.1,0.2

(0.9, 3)
(0. )
(0. )
(0.2, )
(0.2,0.5,0.5)
(0.9,0.2,0.2)
(0.8,0.2,0.3)
(0.9,0.2,0.2)
ACT
(0.7,0.1,0.1)
(0.9,0.2,0.3)
(0.9,0.2,0.3)
(0.7,0.2,0.3)
(0.9,0.2,0.3)
(0.9,0.2,0.3)
(0.1,0.1,0.2)
(0.9,0.2,0.1)

MC
(0.7,0.2,0.3)
(0.9,0.2,0.3)
(0.9,0.2,0.3)
(0.1,0.1,0.2)
(0.8,0.2,0.3)
(0.1,0.1,0.2)
(0.1,0.1,0.2)
(0.9,0.5,0.3)

GD
(0.9,0.2,0.3
(0.8,0.2,0.3
(0.2,0.1,0.4
(0.8,0.2,0.3
(0.9,0.2,0.3
(0.3.0.8,0.6
(0.2,0.1,0.5
(0.8,0.2,0.3

NS TSNS TSI IS I

NOMC
0.7,0.2,0.2
0.9,0.1,0.2
0.1,0.1,0.2

0.3,0.1,0.2
0.8,0.2,0.3

(
(
(
(
(0.9,0.2,0.3
(
(
(0.9,0.2,0.3)

)
)
)
0.7,0.2,0.3)
'l
)
)

3 Explainable single-valued neutrosophic medical decision-making system for the
treatment of pregnant women with cardiac diseases

Let’s understand the complete working of the decision-making system for the treatment of pregnant women with cardiac problems. We use SVNN
for diagnosing, treatment and prognosis. To make this system simple and transparent, we used XAl methods. These methods help to explain the
entire working of a particular module. The causality helps to determine the effectiveness of the explanation. Also, We devise an algorithm and
calculates its time complexity.

3.1

Basic structure of explainable single-valued neutrosophic medical decision-making system

The proposed system consists of five main parts. The first part is neutrosophication which contains truth membership, indeterminacy memberships,
and falsity membership of each input variable. Section parts is a knowledge base that contains all possible rules of the systems. The third part
is the inference engine which contains active decision-making rules. The fourth part is de-neutrosophication which contains truth memberships,
indeterminacy memberships, and falsity memberships of the output variable. The fifth part is explainability which is integrated with each part of

the systems to explain its working. Figure 1 presents the block diagram of the prescribed system.
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Figure 1: Block Diagram

3.2 Algorithm

The algorithm of the introduced model is as follows:

Algorithm 1 Steps to diagnosis, determine type of treatment, and prognosis by applying single-valued neutrosophic
logic.

1:

Inputs: Take inputs values from user: Age (A), obesity (OB), smoking (TAB), family pathological history (FPH),
personal pathological history (PPH), electrocardiogram (ECG), ultrasound (ECO), and functional class (FC).

: Define truth membership functions, indeterminacy membership functions, and falsity membership functions of each

input and output variables.

: Use these functions to determine degree of truth, degree of indeterminacy, and degree of falsity of each input variable

against provided input values in step 1. This process is called neutrosophication process.
Defines rules of the system and determine firing strength of each rule using following formulas:

T'(w) = min(pa(w), pop(w), prap(w), prpa(w), pppa (W), pECC(W), pECO (W), PFC(W)).
I(w) = max(va(w),vop(w),vrap(w), vepr (W), vppr(w), vEca(w), vEco(w), vrc(w)).
F(w) = max()\A(w), )\()B(w), )\TAB(U)), )\FpH(w), )\ppH(w), )\Ecg(w)/\Eco(w), /\FC(U))).

: Use following de-neutrosophication formula to determine the values of each diagnosis, type of treatment, and prog-

nosis. [22]:
V=p+2¢q+r+s+2t+ut+v+2w+z)/12,

where, (p,q,r) are three points of truth membership, (s, ¢, u) are three points of indeterminacy membership, and
(v, w, z) are three points of falsity membership.

6: Determine the final values of diagnosis, treatment, and prognosis.
7: Obtained the highest values among all values.

Output: The maximum value will be the final decision of diagnosis, treatment, and prognosis.

Neutrosophication

(1). Start Time Complexity

(ii). Create three linked lists to store values of truth MFs, indeterminacy

MFs, and falsity MFs.

DF, IF, FF= null; 1

(iii). Create pointers
ptr1= DF; ptr2=IF; ptr3=FF 1
@iv). for(n=1 to numbers of functions) n
). newDEF.data=truth value of nth MF n-1
(vi). ptrl.link=newDF n-1
(vii). newlF.data=indeterminacy value of nth MF n-1
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(viii). ptr2.link=newIF n-1
(ix). newFF.data=falsity value of nth MF n-1
x). ptr3.link=newFF n-1
(xi). end for

(xii). End Time complexity= O(n)

Inference Engine

(i). Start

(>i1). Create three linked lists to store values of rules
Truth, Indeterminacy, Falsity= null;

(iii). Create pointers
ptrl= Truth; ptr2=Indeterminacy; ptr3=Falsity

@iv). for(n=1 to numbers of rules)
). newTruth=minimum of truth MFs
(vi). ptrl.link=newTruth
(vii). newInd=maximum of indeterminacy MFs
(viii). ptr2.link=newInd
(ix). newFalsity= maximum falsity MFs
). ptr3.ink=newFalsity
(xi). end for
(xii). for(n=1 to numbers of rules)
(xiii). Truth-value= min from truth values
(xiv). Indeterminacy-value=max if indeterminacy values
(xv). Falsity-value= max of falsity values
(xvi). end for
(xvii). End
Defuzzification
(1). Start
(ii). for(n=1 to numbers of diagnosis)
(iii). for(k=1 to numbers of output functions)
@iv). W1 [n][k]=(p+2q+r+s+2t+u+v+2w+x)/12
). V1[n]=take max from W1[n][k]
(vi). end for
(vii). end for
(viii). for(n=1 to number of treatments)
(ix). for(k=1 to number of output functions)
(x). W2[n][k]=(p+2q+r+s+2t+u+v+2w+x)/12
(xi). V2[n]=take max from W2[n][k]
(xii). end for

Time complexity= O(n)

n

n(n-1)
(n-1)(n-2)
(n-1)(n-2)

n

n(n-1)
(n-1)(n-2)
(n-1)(n-2)
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(xiii). end for
(xiv). for(n=1 to number of prognosis) n
(xv). for(k=1 to number of output functions) n(n-1)
(xvi). W3[n][k]=(p+2q+r+s+2t+u+v+2w+x)/12 (n-1)(n-2)
(xvii). V3[n]=take max from W3[n][k] (n-1)(n-2)
(xviii). end for
(xix). end for
(xx). for(n=1 to number of diagnosis) n
(xx1). Diagnosis=take max from V1[n] n-1
(xxit). end for
(xxiii). for(n=1 to no. of treatment) n
(xxiv). Treatment=take max from V2[n] n-1
(xxv). end for
(xxvi). for(n=1 to no. of prognosis) n
(xxvii). Prognosis=take max from V3[n] n-1
(xxviii). end for
(xxix). End Time complexity= O(n?)

Let’s compute the total time taken by this algorithm. Line 1 takes constant time. Neutrosophication is O(n) time process, therefore, line 2 takes
O(n) time. The inference engine is O(n) time process, therefore, line 3 takes O(n) time. The de-neutrosophication process takes O(n2) time, so,
line 4 takes O(n?). Lines 5, line 6, and line 7 take constant time. Hence, the overall time complexity of Algorithm 1 is O(n?).

3.3 Working of explainable neutrosophic clinical decision-making system for pregnant women with
heart diseases

Our model is taking eight symptoms as inputs and computes the values of diagnosis, treatment, and prognosis. Table 1 shows the scale of each
variable.

Table 1: Scale of input variables

Sr. no. Symptoms Scale
S1 Age-A (year/s) 0-100
S2 Obesity-OB 0-100
S3 Smoking-TAB 172

S4 Family pathological history-FPH 172
S5 Personal pathological history-PPH | 1/2

S6 Electrocardiogram-ECG 0-100
S7 Ultrasound-ECO 0-100
S8 Functional class-FC 0-100

The scale is divided into three types of MFs. The plot of each symptom is depicted in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure
7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, and Figure 14.
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The mathematical equations of truth MFs, indeterminacy MFs, and falsity MFs of age are as follows:

o) 3036 Y ifw e [0—30], () v ;070, if w € [70 — 100],
oun = old =
e 0, otherwise. 0, otherwise.
—-20 .

“’30 . ifw € [20 — 50],
Hmiddie—age (W) = 8036 Y. ifw e [50 — 80],

0, otherwise.

— . 100 — .
_— wTE’ if w e [5— 35], vona() %5“’, if w € [75 — 100],
young - old =
1, otherwise. 1, otherwise.

5535 Y ifwe [25 — 53],
Vmiddlefage(w) = w ;0557 if w € [55 - 85}7

1, otherwise.

_ 100 —
Nouns 1) ng ifw e [3— 30, rora(w) %, if w € [73 — 100],
young = old =
1, otherwise. 1, otherwise.

502_7“’, if w € [23 — 50],
Amiddlefage (U}) = w 2_550, if w S [50 - 75],

1, otherwise.

The mathematical equations of truth MFs, indeterminacy MFs, and falsity MFs of obesity are as follows:
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50 — w w — 65

, if 0 — 50], , if —100],
Hhealthy (U)) = 50 -0 e [ ] Mobese(w) = 35 e [65 OO]
0, otherwise. 0, otherwise.
-2 .
“’25 2 ifwe [25— 50,
Hover—weight (W) = 752; w7 if w € [50 — 75],
0, otherwise.
—-10 . 100 — .
rotns (W) = “’50 . ifw € [10 — 60], orene() = T“’ if w € [75 — 100],
ea Yy - obese -
1, otherwise. 1, otherwise.
7026 Y ifw e [50 — 70],
Vover—weign () = § L0 iy € [70 - 90],
1, otherwise.
w—>5 100 —w
——, ifwe[5-55], ——, ifw € [80 — 100],
Ahealthy (w) = 50 [ ] )\obese(w) = 20 [ ]
1, otherwise. 1, otherwise.
601; Y ifw e [45 — 60],
)\ove'rfweight(w) = w ;5607 1fw S [60 — 85]7
1, otherwise.

The mathematical equations of truth MFs, indeterminacy MFs, and falsity MFs of smoking, personal pathological history and family pathological
history are as follows:

fyes(w) = 1. pmo(w) =1
Vyes(w) = 0. Uno(w) =0
Ayes(w) = 0. Ano(w) =0
The mathematical form of degree of membership, degree of indeterminacy, and degree of falsity of electrocardiogram are as follows:
3333 —w . w — 43.33
——, ifw € [0—33.33], — if 43.33 — 66.67],
piow(w) = 4 3333 =07 TwEl ] pnign(w) = 4 2333 TwEl ]
0, otherwise. 0, otherwise.
w1667 e e 116,67 — 33.33),
() 5016.161]7
Hmedium \W) = — if 33.33 — 50
o7 Twel )
0, otherwise.
w — 6.67 66.67 — w
—, |if 6.67 — 40 —, |if 50 — 66.67
Viow(w) = 4 3333 » TwEI b vhign(w) = { 1667 * TwEl b
1, otherwise. 1, otherwise.
46.67 —
612}63”, if w € [33.33 — 46.67),
Vmcdium(w) = 710 —¢ 67 if 46. —
333 @ Hwe [46.67 — 60],
1, otherwise.
w— 3.33 66.67 — w
— 0, if 3.33 — 36.67 —— if 53.33 — 66.67
Now(w) = 4 3333 > TWEl b Mign(w) =4 1333 TwEl b
1, otherwise. 1, otherwise.
40 —w
if —4
y o fwe [30 — 40],
Amedium(w) = Z— =Y if 40 —
oGy fw € [40 — 56.67],
1, otherwise.

The mathematical form of degree of membership, degree of indeterminacy, and degree of falsity of ultrasound are as follows:
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3333 —w . w — 43.33
222 T fw e [0— 33.33], L2022 f 43.33 — 66.67),
piow(w) = 4 3333 =0 TwEl ] pnign(w) = 4 2333 0 TwWEl ]
0, otherwise. 0, otherwise.
— 16. .
w1667 p € [16.67 — 33.33),
() 5016.2}7
67 Twel L
0, otherwise.
w — 6.67 66.67 — w
—, if 6.67 — 40 —, |if 50 — 66.67
Viow(w) = 4 3333+ TwEl b vnign(w) = 4 1667 0 TWEl b
1, otherwise. 1, otherwise.
4616;436;”, if w € [33.33 — 46.67],
Vmedium(w) = 71” — ¢ 67 if 46. —
333 @ Hwe [46.67 — 60],
1, otherwise.
w — 3.33 66.67 — w
—, |if 3.33 — 36.67 —_—, |if 53.33 — 66.67
Mow(w) = 4 3333 0 TwEl b Mign(w) =4 1333 TwEl b
1, otherwise. 1, otherwise.
40 —
010 Y ifw e [30 — 40],
)\medium (U}) = 'LU;‘IO if 40 —
oGy fw € [40 — 56.67],
1, otherwise.
The mathematical equations of truth MFs, indeterminacy MFs, and falsity MFs functional class are as follows:
w — 33.33
_ ———, ifw €[33.33 — 66.67],
. w) 33;’;’73;” if w € [0 — 33.33)], ) () 108233,
class—1 - . class—3 - e if 66.67 — 100
0, otherwise. 3333 0 Twel I
w — 33.33 0, otherwise.
— if 0—33.33
) w16 JETREI ifwel b ) w W = 0.67 ;3653;67, if w € [66.67 — 100],
class—2 = - = if . — ) class—4 = .
3333 0 1w € [33.33 - 66.67), 0, otherwise.
0, otherwise.
83.33 — .
w—0 20 Y ifw e [40 —83.33),
class—1 = . class—3 = - " if 83.33 — 100
1, otherwise. 667 @ W€ [ )
_ 1, otherwise.
V=W i e 20 — 50], 100 — w
y (w)={ W 3059 , wy=1 3 fwe [80 — 100],
class—2 = , if e [50 — 76.67 , class—4 = .
26.67 ifwel ] 1, otherwise.
1, otherwise.
w— 10 [ } 76;;7"”, if w € [40 — 76.67],
———, ifw e [10 —33.33], i 7
Actass—1(w) = { 23.33 Actass—3(w) = § W= 1067 e o (76,67 - 100
1, otherwise. 5333 0 Twelro b
_ 1, otherwise.
01 e € [30 - 50], 100 —
A\ (w) = ® 250 \ w150 Y ifw € [70 — 100],
class—2 = if 50 — 73.33 class—4 =
2333 Y €l b 1, otherwise.
1, otherwise.

3.3.1 Ante-hoc explanation

In this section, we dene mathematical equations of truth MFs, indeterminacy MFs, and falsity MFs. These equations help to convert crisp input into
linguistics values. We also draw the plots of each input variable. The value of these functions extends between 0 to 1. The value of each linguistic

variable is the output of the neutrosophication module.

3.4 Inference engine

The inference engine is the main part of the system which contains the firing strength of all active rules. There are 330 rules in the system, some of

them are written here:
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R1—IF (age=middle-age, obesity=obese, smoking=yes, personal pathological history=yes, family pathological history=no, electrocardiogram/heart-
beat=low, ultrasound=no-complications, functional class=class-3) THEN (obstruction at exist=medium, obstruction at entry=low, rhythm disor-
der=high, conduction disorders=medium, congenital diseases=medium, genetic diseases=medium) AND (pregnancy interruption=low, diuretic
treatment=low, anti-arrhythmic treatment=low, treatment with beta blockers=high and anticoagulants treatment=medium) AND (eutectic deliv-
ery=low, dystocic delivery=low, child with complications=medium, child without complications=low, mother with complications=high, mother
without complications=medium).

R2—IF (age=middle-age, obesity=overweight, smoking=yes, personal pathological history=no, family pathological history=yes, electrocardiogram/heart-
beat=low, ultrasound=complications, functional class=class-2) THEN (obstruction at exist=low, obstruction at entry=low, rhythm disorder=low,
conduction disorders=low, congenital diseases=medium, genetic diseases=high) AND (pregnancy interruption=low, diuretic treatment=low, anti-
arrhythmic treatment=low, treatment with beta blockers=medium and anticoagulants treatment=high) AND (eutectic delivery=low, dystocic de-
livery=low, child with complications=high, child without complications=low, mother with complications=medium, mother without complica-
tions=low).

R3 — IF (age=old, obesity=obese, smoking=no, personal pathological history=no, family pathological history=yes, electrocardiogram/heart-
beat=high, ultrasound=complications functional class=class-4) THEN (obstruction at exist=high, obstruction at entry=medium, rhythm disor-
der=low, conduction disorders=low, congenital diseases=low, genetic diseases=low) AND (pregnancy interruption=low, diuretic treatment=low,
anti-arrhythmic treatment=high, treatment with beta blockers=medium and anticoagulants treatment=low) AND (eutectic delivery=low, dystocic
delivery=high, child with complications=medium, child without complications=low, mother with complications=medium, mother without compli-
cations=low).

R4 — IF (age=young, obesity=healthy, smoking=yes, personal pathological history=yes, family pathological history=no, electrocardiogram/heart-
beat=high, ultrasound=complications, functional class=class-3) THEN (obstruction at exist=medium, obstruction at entry=high, rhythm disor-
der=low, conduction disorders=low, congenital diseases=low, genetic diseases=low) AND (pregnancy interruption=medium, diuretic treatment=high,
anti-arrthythmic treatment=low, treatment with beta blockers=low and anticoagulants treatment=low) AND (eutectic delivery=low, dystocic de-
livery=low, child with complications=high, child without complications=low, mother with complications=medium, mother without complica-
tions=low).

3.4.1 Ante-hoc Explanation

The knowledgebase is a vital part of our system. It contains all possible rules which are highlighted against the provided inputs. These rules are
IF-THEN statements, which describe how to associate inputs with desired outputs. This module receives input from the neutrosophication module
and the knowledge base, it is determined that which rules are currently triggered, and their firing strength is computed in the inference engine. To
compute the firing strengths of rules, we take the minimum value out of all values of truth memberships, the maximum value of all indeterminacy
membership functions, and the maximum value of all falsity membership functions.

3.5 De-Neutrosophication

The last phase of our system is de-neutrosophication We used de-neutrosophication formula to covert linguistic values into crisp values discussed
in [22].

V=(p+2q+r+s+2t+u+v+2w+x)/12,

where, (p,q.r) are the points of truth MF, (s,t,u) are the points of indeterminacy MF, and (v,w,x) are the points of falsity MFs. The plots of truth
MFs, indeterminacy MFs, and falsity MFs for output parameter are depicted in Figure 15, Figure 16, and Figure 17.
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Figure 15: Diagnosis, treatment, prognosis-truth MFs
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Figure 17: Diagnosis, treatment, prognosis- falsity MFs

The mathematical equation of truth MFs, indeterminacy MFs, and falsity MFs of outputs are as follows:

33.33 —w
— if 0—33.33
piow(w) = 4 33330 "VE [ b
0, otherwise.
— 16. .
“’16766767, if w € [16.67 — 33.33],
_ )50 ="w
Hmedium (W) = if 33.33 — 50
667 Twel b
0, otherwise.
w — 6.67
—, if 6.67 — 40
Viow(w) = { 3333 * W€ [ )
1, otherwise.
46.67 — .
Wé”w’ if w € [33.33 — 46.67],
Vmedium(w) = u if 46. —
333 ¢ W € [46.67 — 60],
1, otherwise.
w — 3.33
if 3.33 — 36.67
Now(w) = { 3333+ TwEL b
1, otherwise.
4016 Y ifw e [30 — 40],
)\medium (U}) = w—40 if 40 —
o7 ifw € [40 - 56.67),
1, otherwise.

3.5.1 Ante-hoc Explanation

w — 43.33

———— ifw € [43.33 — 66.67],
Uhigh(w) = 23.33 [ ]

0, otherwise.

66.67 — w

—, if 50 — 66.67
I/high(w) = 16.67 , Hw € [ ]’

1, otherwise.

66.67 — w

— if 53.33 — 66.67
Mign(w) =4 1333 TwEl b

1, otherwise.

De-neutrosophication is the last phase of our model. The input of part is the weight of active rules. It contains truth MFs, indeterminacy MFs, and
falsity MFs of each output variable. It converts linguistic values to crisp values by using de-neutrosophication formulas. Its crisp values help to

determine diagnosis, treatment, and prognosis.

4 Case study

This section demonstrate a numerical example of our system to explain its entire working to the readers. For this purpose, consider an input: (age,
obesity, smoking, personal pathological history, family pathological history, electrocardiogram/heart-beat, ultrasound, functional class)=(40, 75, 2,
2,1, 16.67, 16.6, 76.67). Lets see the execution of each module of the proposed system.
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4.1 Neutrosophication

The first step is neutrosophication. We obtained the following linguistic values against the provided inputs.

Age(40)= (pyng, m—as ot )=(0,0.67,0), (Vyng, Vm—a, Vo1 )=(1,0.5,1), Ayngs Am—a, Aot)=(1,0.37,1).

Obesity(75)= ({healthy, fover—weight, pobese) =(1,1,0.29), (Vheaithy s Vover—weight, Vobese) =(1,0.25,1), (Amate, Afemate) =(1,0.6,1).
Smoking(2)= (p1y, fin) =(1.0), (vy, vn) =(0.1). (Ay, An) =(0.1).

Personal pathological history(2)= (fy, n) =(1,0), (vy, vn) =(0,1), (Ay, An) =(0,1).

Family pathological history(1)= (fiy, in) =(0,1), (vy, vn) =(1,0), (Ay, An) =(1,0).

Electrocardiogram(16.67)= (pt10, timed, fhi) =(0.5,0,0), (Vio, Umed, Vhi) =(0.3,1,1), (Aioy Amed, Ani) =(0.4,1,1).

Ultrasound(16.67)= (Lo, imed, phi) =(0.5,0,0), (Vio, Vmed, Vhi) =(0.3,1,1), (Aio; Amed, Ani) =(0.4,1,1).

Function class(76.67)= (pic1, tre2, pc3), ped =(0,0,0.7,0.3), (Ve Vez, Ves, Vea) =(1,1,0.15,1), (Ac1, Ac2, A3, Aea) =(1,1,1,0.78).

4.1.1 Explanation

In this module, we take exemplary values of inputs to understand the complete working of the proposed model. We passed the input values from
truth MFs, indeterminacy MFs, and falsity MFs of each input and find out the degree of each function. The degree of each function can lies between
Oto 1.

4.2 Inference Engine

The next phase is the inference engine. Let’s pass linguistic values to the inference engine to get the active rules. R1 — IF (age=middle-
age, obesity=over-weight, smoking=yes, personal pathological history=yes, family pathological history=no, electrocardiogram/heart-beat=low,
ultrasound=no-complications, functional class=class-3) THEN (obstruction at exist=medium, obstruction at entry=high, rhythm disorder=low,
conduction disorders=low, congenital diseases=low, genetic diseases=low) AND (pregnancy interruption=medium, diuretic treatment=high, anti-
arrthythmic treatment=low, treatment with beta blockers=low and anticoagulants treatment=low) AND (eutectic delivery=low, dystocic deliv-
ery=low, child with complications=high, child without complications=low, mother with complications=medium, mother without complications=low).

R2—IF (age=middle-age, obesity=over-weight, smoking=yes, personal pathological history=yes, family pathological history=no, electrocardiogram/heart-
beat=low, ultrasound=no-complications, functional class=class-4) THEN (obstruction at exist=medium, obstruction at entry=medium, rhythm
disorder=medium, conduction disorders=low, congenital diseases=low, genetic diseases=low) AND (pregnancy interruption=medium, diuretic
treatment=high, anti-arrhythmic treatment=low, treatment with beta blockers=low and anticoagulants treatment=low) AND (eutectic delivery=low,
dystocic delivery=low, child with complications=medium, child without complications=low, mother with complications=low, mother without com-
plications=low).

R3—IF (age=middle-age, obesity=obese, smoking=yes, personal pathological history=yes, family pathological history=no, electrocardiogram/heart-
beat=low, ultrasound=no-complications, functional class=class-3) THEN (obstruction at exist=low, obstruction at entry=high, rhythm disor-
der=low, conduction disorders=low, congenital diseases=low, genetic diseases=low) AND (pregnancy interruption=low, diuretic treatment=high,
anti-arrthythmic treatment=low, treatment with beta blockers=low and anticoagulants treatment=low) AND (eutectic delivery=low, dystocic de-
livery=low, child with complications=high, child without complications=low, mother with complications=medium, mother without complica-
tions=low).

R4—IF (age=middle-age, obesity=obese, smoking=yes, personal pathological history=yes, family pathological history=no, electrocardiogram/heart-
beat=low, ultrasound=no-complications, functional class=class-4) THEN (obstruction at exist=medium, obstruction at entry=high, rhythm disor-
der=low, conduction disorders=medium, congenital diseases=low, genetic diseases=low) AND (pregnancy interruption=medium, diuretic treat-
ment=medium, anti-arrhythmic treatment=low, treatment with beta blockers=low and anticoagulants treatment=low) AND (eutectic delivery=low,
dystocic delivery=low, child with complications=high, child without complications=low, mother with complications=medium, mother without
complications=low).

The output generated from inference engine is shown in Table 2. The abbreviations used in the table are as follows: MA=middle-age, OB=obese,
OW=over-weight, Y=yes, N=no, L=low, Cl=class-1, C2-class-2, C3=class-3, and C4=class-4.
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Table 2: Active rules in inference engine

Input R60 R61 R62 R63

A MA(0.67, 0.5 ,0.37) | MA (0.67, 0.5 ,0.37) | MA (0.67, 0.5, 0.37) | MA(0.67, 0.5 ,0.37)

OB OW(1,0.25,0.6) | OW(L, 025, 0.6) | OB(0.29,0.25,0.6) | OB(0.29, 0.25, 0.6)
TAB Y(1,0.,0) Y(1, 0, 0) Y(1, 0, 0) Y(1, 0, 0)
FPH N(1, 0, 0) N(1 .0, 0) N(1, 0, 0) N(1,0,0)
PPH Y(1.,0.,0) Y (1,0, 0) Y(1, 0, 0) Y(1,0,0)
ECG L(0.5,0.3, 0.4) L (0.5,0.3,0.4) L(0.5,0.3,0.4) L(0.5,0.3,0.4)
ECO L (0.5,0.3,0.4) L(0.5,0.3, 0.4) L (0.5,0.3,0.4) L(0.5,0.3,0.4)

FC C3(0.7,0.15, 1) C4(0.3, 1,0.78) C3(0.7, 0.15, 1) C4(0.3, 1, 0.78)

(min,max, max) 05,05, 1) (0.3, 1, 0.78) (0.29,0.5, 1) (0.29, 1, 0.78)

4.2.1 Explanation

The linguistic values obtained from the neutrosophication section are passed to the inference engine. Inference engine gets all rules from the
knowledge base and against these linguistic values determines the active rules and computes their firing strengths. In our example, R60, R61, R62,

and R63 are fired.

4.3 De-neutrosophication

The last phase of the proposed model is de-neutrosophication to get the final findings. Let’s see the de-neutrosophication process and determines

the final findings.

OEX:

low

_0+2x0+1+02+2x024+12+01+2x01+1.1

low = 0.341.

12

k]

054+2x15+254+044+2x12+244+164+2%x1442.6

medium =

medium = 1.57.

OEN:

high

12

I

_242x3+4+3+19+2x3+3+22+2x3+3

high = 2.8.

12

054+2x15+254+044+2x124+244+164+2%x1442.6

medium =

medium = 1.57.

12

I

)

RD:
low — 0+2x0+14+024+2x02+12+0.1+2x0.1+1.1
N 12
low = 0.341.
. 054+2x15+25+044+2%x12+24+16+2x1.4+2.6
medium =

medium = 1.57.

CDS:

12

I
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_0+2x0+14+02+2x024+12+014+2x01+1.1

l
ow 5 ,
low = 0.341.
CD:
low — 04+2x04+140242%x02+1.2401+2x0.1+1.1
= 12 7
low = 0.341.
. 0.5+2x154254+04+2x124+24+16+2x14+2.6
medium = ,

12

medium = 1.57.

GD

low — 0+2x0+1+024+2%x02+12+01+2x0.1+1.1
= 12 7

low = 0.341.

The maximum value is of OEN. Now we will perform de-neutrosophication for treatment using de-neutrosophication method proposed in [22]:

PI:
low — 04+2x04+14+024+2x02+1240.14+2x0.1+1.1

= 12 7
low = 0.341.

. 054+2x1.54+254+044+2%x1.24+244+16+2x1.44+26
medium = ,

12

medium = 1.57.

DT

; 054+2x15+254+044+2%x124+244+16+2x144+26
medium = 5 ,

medium = 1.57.

_24+2x34+3+19+2%x34+3+22+2x3+3

high

9 12 s

high = 2.8.

AAT:

low — 04+2x0+1+4+0242x024+12+0.1+2x0.14+1.1
= 12 7

low = 0.341.

TBB:

low — 04+2x0+14+0242x02412+01+2x0.14+1.1
= 12 7

low = 0.341.

ACT:

low — 04+2x0+1+024+2x%x024+12+01+2x0.1+1.1

12 ’
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low = 0.341.

The maximum value is of DT. Now we will perform de-neutrosophication for prognosis using de-neutrosophication method proposed in [22]:

ED:
low — 0+2x0+14+0242%x024+124+01+2x01+1.1

= 12 9
low = 0.341.
PD:
low — 0+2x0+14+0242%x024+124+01+2x0.1+4+1.1

= 12 )
low = 0.341.
CHC
high — 24+2x3+34+1942%x3+3+224+2%x3+3

= 12 )

. 054+2x15+254+04+2x12+244+16+2x%x1.4+4+2.6
medium = ,

12

medium = 1.57.

high = 2.8.
NOCHC:
low — 0+2x04+1+024+2x02+1.2401+2x0.1+1.1

= 12 )
low = 0.341.
MC:
low — 0+2x0+14+0242x024+124+01+2x01+1.1

= 12 )
low = 0.341.

. 054+2x154+254+044+2x1.24+24+16+2x%x144+26
medium = ,

12

medium = 1.57.

NOMC

_0+2x0+1+02+2x024+12+01+2x01+1.1
= 12 )

low
low = 0.341.

The maximum value is of CHC.

4.3.1 Explanation

The final step of the proposed model is de-neutrosophication. Here, we used a de-neutrosophication formula to obtain the value of each diagnosis,
treatment, and prognosis. The among all values of diagnosis, we pick the maximum value which is considered as the final decision about the
diagnosis. The same procedure is adopted for treatment and prognosis.
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4.4 Three-layered causal hierarchy

Now we will determine the quality of our explanation using Peral et al method [31]-[32]:

Level 1: Association- How many considered symptoms and signs relate to the particularized diagnosis, treatment, and prognosis? This inquiry
is investigated by medical specialists and decided that all the specified symptoms and signs are almost associated with diagnosis, treatment, and
prognosis.

Level 2: Intervention- What will happen if the doctor adopted the recommended method will the patient get diagnosed earlier? According to the
specialists, the recommended model encourages doctors to diagnose, treatment, and prognosis pregnant women at the earliest.

Level 3: Counterfactuals- Was the diagnosis, treatment, and prognosis that influences the specified symptoms? After analyzing the outcomes of
diagnosis, treatment, and prognosis with symptoms, it is inferred that diagnosis, treatment, and prognosis cause most of the signs. The diagnosis,
treatment, and prognosis are firmly linked with specified symptoms.

5 Comparison Analysis

This segment presents a contrastive examination of the outcomes achieved from our model and with the present decision-making methods using
different data sets [22], [6]-[7]. In the research, various schemes of decision-making are presented. Here we analyzed fuzzy soft sets and fuzzy
cognitive maps to analyze the recommended model. We have considered eighteen data sets for testing purposes. The outcomes achieved by these
techniques are quite alike to the final findings as we obtained from our method. All approaches recognized the similar diagnosis, treatment, and
prognosis. The terminal values achieved by these models are reviewed in Figure 18, Figure 19, and Figure 20.
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Figure 18: Diagnosis-Comparison Analysis
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Figure 19: Treatment-Comparison Analysis
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Prognosis

(=

-

m Proposed method Fuzzy soft sets Cognitive maps

Figure 20: Prognosis-Comparison analysis

After comparing, we conclude that the proposed system is the best alternative to the existing model which offers explainability part as well.

6 Conclusion and future directions

This study presented a novel explainable single-valued neutrosophic decision-making model for the treatment of pregnant women with cardiac dis-
eases. To make this system more effective and understandable to medical experts, we used XAl techniques and measures the quality of explanation
as well. The principal contributions and advantages of our research are as follows:

1. Our methods help medical specialists to early diagnosis, identify the type of treatment, and prognosis so that prudent actions can be brought
timely. The system considered eight parameters as inputs and computes the value of each diagnosis, type of treatment, and prognosis. The
proposed system consists of five main parts, neutrosophication, knowledge base, inference engine, de-neutrosophication, and explainability.

2. In this study ante-hoc explanation is used to make the systems more understandable to the medical experts, and its quality is also measured.
3. To demonstrate the working of the system we devise an algorithm and computed its time complexity as well.

4. Also, a comparative analysis is performed to get the precision of the system and concluded that all decision-making methods highlighted
the same diagnosis, treatment, and prognosis.

The recommended model can be applied in many other problems where we need to decide uncertain situations. Examples of such problems are
diagnosis and treatment of cancers and other diseases, irrigation in agriculture, any industrial decision-making problems, and many more.
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