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Since the outbreak of COVID-19, most of the countries around the world have been confronting the loss of lives,
struggling with several economical parameters, i.e. low GDP growth, increasing unemployment rate, and others.
It’s been 11 months since we are struggling with COVID-19 and some of the countries already facing the second
wave of COVID-19. To get rid of these problems, inventions of a vaccine and its optimum distribution is a key
factor. Many companies are trying to find a vaccine, but for nearly 8 billion people it would be impossible to find
a vaccine. Thus, the competition arises, and this competition would be too intense to satisfy all the people of a
country with the vaccine. Therefore, at first, governments must identify priority groups for allocating COVID-19
vaccine doses. In this work, we identify four main criteria and fifteen sub-criteria based on age, health status, a
woman'’s status, and the kind of job. The main and sub-criteria will be evaluated using a neutrosophic Analytic
Hierarchy Process (AHP). Then, the COVID-19 vaccine alternatives will be ranked using a neutrosophic TOPSIS
method. All the results obtained indicate that the healthcare personnel, people with high-risk health, elderly
people, essential workers, pregnant and lactating mothers are the most prioritized people to take the vaccine
dose first. Also, the results indicate that the most appropriate vaccine for patients and health workers have

priority over other alternative vaccines.

Introduction

The world is facing uncountable challenges regarding the COVID-19
vaccine, the most important of challenges are: no vaccine has been
approved when we are conducting this study. The available doses will be
so limited, especially in the current period, so the doses will not meet the
needs. The optimum allocation of vaccines globally and locally is
another challenge. The challenges of supply, storage, and delivery of
vaccines must take place under strict sanitary conditions is unavoidable
too. It is also difficult to reach some remote areas or minorities due to the
unavailability of storage requirements and safe delivery..

Recently, a few reports have emerged that set a standard framework
for allocating the vaccines, the most important of which is done by a
strategic advisory group of experts on immunization of WHO [1]. This
advisory committee intends to provide a valuable framework guide
related to allocating vaccines at global, national, and regional levels,
especially when there will be a scarcity of vaccines or limited supply.

* Corresponding author.

They have identified six lofty goals for vaccines, which are: First, the
well-being of human beings, ensuring the preservation of humans’ life,
reducing the number of deaths, continuing basic and health services,
and preserving the economic and social sectors. Secondly, equality,
justice, and respect for the interests of all individuals and groups during
the allocation considering the criteria for setting priorities. Third,
globally equality, allocating the vaccine according to the needs and
pandemic risk of each country, regardless of gender, color, or per capita
income, and helping countries that are unable to provide the vaccine to
their citizens. Fourth: locally Equality; achieving fairness of allocation
for all segments of society, its sects and town, especially minorities,
socially disadvantaged groups, and residents of rural and remote areas,
while giving precedence to groups of priority. Fifthly, working to protect
those who work on the front lines in facing the virus, such as health
workers, as well as those working in basic areas to protect the welfare of
others. Sixth: Legitimacy: Working to involve experts, scientists, and
stakeholders in determining the scientific, health, and value standards to
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Table 1

Random Index by Saaty [4].
Matrix size 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

be used in making privatization decisions and to determine priorities
groups on the global and local levels.

Dooling K. [2] divided segments of society into two levels: In the first
level, priority is given to health care employees, people who have high
health risks, old people, and essential workers to provide services to
people. In the second level, the priority is given to the secondary-line
workers who support health-care workers and people who face greater
barriers to accessing care if they become seriously ill or whose living or
working conditions put them at risk of infection, even if they have a
lower or unknown risk of serious illness and death. Moreover, the
workgroup also proposed guidelines, the most important of which are
the safety and following comprehensive clinical trials to ensure the
effectiveness of the vaccine before generalization, and the effective and
equitable allocating, as well as flexibility in allocation based on the size
of the epidemic and the demand.

Bubar KM et al. [3] used an informed approach to prioritize vaccines
based on age and serological status. They concluded that to reduce the
cumulative infection, priority should be given for adults aged between
20 and 49 years, and to reduce the mortality rate, priority should be
given for adults over the age of 60 years.

Based on the above-mention studies a vivid statement can be
concluded that there are several groups of people that should consider
while giving priority above one another. To identify the effective allo-
cation of the COVID-19 vaccine for priority groups, decision-makers
must involve experts from multiple fields to get benefit from their ex-
periences in setting priorities and principle guidelines. When there are
several alternatives and priorities the Multiple-Criteria Decision-Making
(MCDM) approach can play a vital role to determine and choose the best
alternatives. One of the common approaches used to determine and
choose the best alternatives is MCDM approach . There are many
improved MCDM methods and the three most common methods are
Analytic Hierarchy Process (AHP) [4], VIseKriterijumska Optimizacija I
Kompromisno Resenje (VIKOR) method [5], and Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) [6].

Besides, many studies applied MCDM methods in real application.
One interesting application of MCDM methods in vaccine selection is the
study presented by Daphne Lopez and M. Gunasekaran 2015 [7] where
they applied the fuzzy VIKOR approach to evaluate HIN1 Influenza
vaccination strategies. The other interesting study presented by Singh R,
and Avikal S.in 2020 [8] used the AHP method to identify preventive
activities prioritization to curb the COVID-19 outbreak. Similar work in
[9], the authors used AHP and VIKOR approach to determine the pri-
oritization of patients with COVID-19 based on their health conditions.
On the other hand, Since the past decade, the concept of neutrosophic is
being used in special cases where data are ambiguous and uncertain. The
neutrosophic, like other fields, contributed to the understanding and
analyzing COVID-19 pandemic too. In this regard, the authors in [10]
reviewed the challenges and potentialities of deep transfer learning and
edge computing to contribute to curbing the COVID-19 pandemic. While
the authors in [11] inserted the neutrosophic concept on the deep
transfer learning model where four types of images are considered, the
original images, the True (T) neutrosophic images, the Indeterminacy (I)
neutrosophic images, and the Falsity (F) neutrosophic images. The au-
thors in [12] utilized the m-polar neutrosophic number (MPNNs) in the
generalized weighted aggregation and generalized Einstein weighted
aggregation operators for the diagnosis of COVID-19 and examination.
Besides, the authors in [13] proposed Health-Fog framework universal
system to mitigate the COVID-19 pandemic in terms of diagnosis,
treatment, and prevention.

To the best of the authors’ knowledge, this is the first work to

Table 2

Main criteria and sub-criteria descriptions.

Age index AC (C7)

e Old people with health
problem OWH (c17)

0Old people without health
problem OUH (c;2)

Adult people with health
problem AWH (c;3)

Adults people without
health problem AUH (c14)

Kids with health problem
KWH (c15)

Kids without health problem
KUH (c16)

Health state index HS (C)

e For people with high-risk
health problems PHR (c21)

e People with health problems
PWH (c22)

o Healthy people PUH (c23)

Women state index WC (C3)
e Pregnant WP (c31)

e Lactating women WL (c32)

o Others women WO (c33)

Job kind index JK (C4)
o Health workers HP (c41)

o Essential workers EW (c42)

e Others workers OS (c43)

This group refers to the old people where their
age is more than 60 years and they have some
health problems.

It indicates to the elderly but in good health.

This category refers to the age group between 18
to less than 60. Besides, it is assumed that they
suffer from health problems such as lack of
immunity, diabetes, pressure, and other diseases
that may cause death if a person is infected with
COVID-19.

It refers to young people in good health
condition.

The age of this group is less than 18 years,
moreover, the kids suffer from health problems.

It indicates to the kids in good health

It refers to individuals who have serious diseases
related to immune deficiency, diabetes,
allergies, kidney failure, heart, and other very
serious diseases that lead to death, especially if
infection coincides with COVID-19 infection.
This group with medical conditions is more
likely to contract a severe COVID-19 virus, so
they are classified as an independent group.

It refers to the individuals having health
problems but not serious diseases.

It indicates the individuals in good health
condition.

During the pregnancy, the women usually have
a weak immunity system and are susceptible to
disease, so pregnant women have been classified
as a community group that has priority to take
the COVID-19 vaccine over others.

It points to breastfeeding women and has
priority because being infected with the COVID-
19 virus will have serious complications for her
and her infant kid.

It refers to other women who are not pregnant or
breastfeeding.

All individuals working in health care places
who have direct or indirect exposure to patients
or infectious materials as well as people who are
not directly involved in patient care but who
may be exposed to infectious agents while
working in a health care environment, Such as
doctors, nurses, lab technicians, and
administrative staff. Health workers are the first
line of defense to fight the COVID-19 virus. And
preserving their lives have priority so that they
can continue to provide their medical services.
Therefore, they were classified as an
independent group.

This class is so important for the life continuity
and maintenance of basic services, such as
workers in logistics, supply, agriculture,
transport, education, hygiene, energy, security,
armed forces, and the judiciary. But priority
should be given to those who cannot work
remotely more than others.

It indicates to the workers in the other sectors.
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prioritize the groups for allocating the COVID-19 vaccine through the
neutrosophic MCDM approach. The process of the neutrosophic MCDM
approach is as follows:

e In this approach at first, we must identify four main-criteria and
fifteen sub-criteria, and afterward, the two MCDM techniques are
applied namely AHP and TOPSIS.

e Then neutrosophic AHP is employed to determine the weights of
both main criteria and sub-criteria

e The obtained weights are used to rank the main criteria and rank sub-
criteria within its main criteria.

e Then, TOPSIS is used to evaluate the COVID-19 vaccine alternatives
to select a suitable vaccine in the early stage.

The rest of this research is organized as follows: Section 2 introduces
the brief of the used theoretical part of this work. Section 3 reports the
main and sub-criteria, as well as COVID-19 vaccine alternatives. Section
4 presents the proposed approach based on neutrosophic AHP and
TOPSIS methods. In Section 5, the results and discussions are reported.
Finally, the conclusion and suggestions for future work are presented in
Section 6.

Theory
Analytic hierarchy process (AHP)

AHP is one of the most common MCDM methods proposed by Saaty
T. (1980) [4]. This method has wide applications in many areas, espe-
cially the health sector, which contributes to determining the priorities
between the main and sub-criteria, as well as ranking the available al-
ternatives during the decision-making process, which give highlight for
decision-makers to make the optimal decision.

The steps of AHP methods are as follows:

Step 1. Identify the main criteria, sub-criteria, and alternatives

Step 2. Construct pairwise comparisons of the criteria and compar-
isons of alternatives for each criterion.

Step 3. Calculate the priority matrix and the criteria weights.

Step 4. Calculate the consistency ratio (CR) using Eq. (1) to
straighten the consistency of comparison. The consistency is suitable if
CR is less than 0, and inconsistent otherwise. In this case, comparison
components have to be adjusted for superior consistency.

CI
CR =+ 1
CcI = /{max —n (2)
n—1

Where Apqy, is the mean of the weighted sum vector divided by the
corresponding criteria, and n is the number of criteria. And RI is a
random index reported in Table 1.

Step 5. Analysis of the AHP scores, and select the best alternative if
the model is consistent. Table 2

Topsis

TOPSIS is another common MCDM method proposed by Hwang and
Yoon 1981 [6]. It contributes to the comparison and ranking of alter-
natives. The main steps of TOPSIS are as follows:

Let there is m of the criteria and n of alternatives, let {pij] be the
nxm

matrix of the decision-making

Step 1. Construct the decision matrix where the dimension of this
matrix are the criteria and the alternatives

Step 2. Normalize the decision matrix, then obtain the weighted
normalized matrix using the equation (3):

WM = (Pij)uxn = Wj X Dy &)
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where i refers to the substitutes, j refers to the criteria.
Step 3. Identify the positive and negative ideal solution using Egs. (4)
and (5).

At = {(maxde) li=1, ,m} 4)
7

A" = {(mmp,j[]EJ>|l: 17"'7’"} 5)
J

Step 4. Calculate the Euclidean distance between the positive perfect
solution ds;” and negative perfect solution ds; using Egs. (6) and (7).

n

dst = | 3" (py—pi), i=12,m (6)
j=1
n

ds; = | Y (y—pi), i=12,m @)
j=1

Step 5. Compute the proportional closeness to the positive perfect
solution for each alternative using (8).
ps, — i=1,2,-

M7 5Lty (8

Based on the results of PS; rank the alternatives where the highest
value is the superior alternative.

Neutrosophic

Smarandache 1998 [14] is the pioneer of neutrosophic logic which is
extended the intuitionistic fuzzy set (Atanassov (1986) [15]). The
intuitionistic fuzzy is also generalized to the fuzzy theory (Zadeh 1965
[16]) where it deals with uncertainty. On the other hand, in real ap-
plications, the parameter inputs are not crisp. Rather, uncertainty inputs
are dealt with, hence the importance of using fuzzy and neutrosophic is
inevitable in real-life cases.

Definition 1. Let X # @& be a universal set. A neutrosophic set AinX is
characterized by a truth-membership function yu-~, an indeterminacy-mem-
A

bership function o and a falsity-membership function vox

~N

A :{<x,/¢;v(x),0‘;w(x),u;w(x));xGX} ©9)
where ;Tv:X—ﬁO’,l*[, GZN:X—>]0’,1+[, and 1);N:X—>]O’.,1+[

represent the degrees of the truth-, indeterminacy-, and falsity-

membership functions, respectively. No restriction exists on the sum

of y,0v, and vv. Thus, 0~ < pw (x) +0~n (X) +1~v(x) < 3" forx € X
A A A A A A

Definition 2. ((a,f,y) —cuts)a set (a,p,y)—cuts, generated by ;\N,
where a, f,y € [0,1] are a fixed number such that a + +y < 3 is defined as:

Ay = { 2 905000 (05 € X 0) 2 0,00 ()= s (9

<raprelol
10)
where (a, ,y) —cuts, denoted by AZM, is defined as the crisp set of

elements x that belong to A" atleast to the degree a and that belongs to

~N
A at most to the degree fandy.

Definition 3. A generalized triangular neutrosophic number (GTNN) ?2’ =
((a, Ly, 1w Wa), (@, 1, 53 Ua), (@, 1,705 ¥a) ) is a special neutrosophic set on a
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Job Kinds

Fig. 2. Main groups overlapping.
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*C11 (OWH) Old people with health problems
*C12 (OUH) Old people without health problems
*C13 (AWH) Adult people with health problems
*C14 (AUH) Adult people without health problems
*C15 (KWH) Kids with health problems

*C16 (KUH) Kids without health problems

*C21 (PHR) People with high risk health problems
*(C22 (PWH) People with health problems

*(C23 (PUH) People without health problems

*(C31 (WP) Pregnant
*(C32 (WL) Breastfeeding
¢(C33 (WO) Others

¢(C41 Healthcare Personnel (HP)
¢ (C42 Essential Workers (EW)
¢(C43 Others (OS)

Fig. 1. Main criteria, and sub-criteria used in this study.

Table 3
Linguistic variables used for weighting the main criteria and sub-criteria.

Linguistic variables Triangular neutrosophic scale
(L, M, U); T,LF)

Low priority (LP) ((0.0,0.1,0.2);0.50,0.10,0.30)
Age Simple Priority (SP) ((0.2,0.3,0.4); 0.80, 0.20,0.20)
Medium priority (MP) ((0.4,0.5,0.6);0.90,0.20,0.10)
High priority (HP) ((0.6,0.7,0.8);0.90,0.10,0.10)
Extremely priority (EP) ((0.8,0.9,1);0.90,0.10,0.00)
Table 4

Evaluation of main criteria by three experts using linguistic variables.

Expert 1 C;(AC) C,(HS) C3(WC) C4(JK)
real number set N whose degree of truth-, indeterminacy-, and falsity- are C1(AQ) - 1/ SP MP 1/LP
given by: C,(HS) SP - MP 1/LP

C3(WGC) 1/MP 1/MP - 1/MP
x—a-+1
+ L a-l,<x<a C4(JK) LP LP MP -
" Expert 2 C1(AC) C,(HS) C5(WC) C4UJK)
Wy xX=a
ps (x) = air an C1(AQ) - 1/LP Sp 1/LP
‘ —+t— a<x<a+r, Ca(HS) Lp - sP 1
T C3(WC) 1/SP 1/5P _ 1/LP
0 otherwise C4(JK) LP 1 LP -
(@—x) + ua(x —a+1y) Expert 3 C,1(AC) C,(HS) C3(WC) C4(JK)
I a—1l,<x<a C1(AC) - 1/LP LP 1/SP
’ C,(HS) LP _ MP LP
U, xX=a
ow(x) = 12) C3(WC) 1/LP 1/MP - 1/SP
7, (x—a)+ula+r, —x) a<x<atr CLUK) sp 1P sp ~
Ts
1 otherwise
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Table 5
Evaluation of main criteria by three experts using neutrosophic scale.
Expert 1 C1(AQ) Cy(HS) C3(WQ) C4(JK)
C1(AC) 1 1/((0.2,0.3,0.4); 0.80,0.20,0.20) ((0.4,0.5,0.6);0.90,0.20,0.10) 1/((0.0,0.1,0.2); 0.50,0.10,0.30)
C2(HS) ((0.2,0.3,0.4);0.80,0.20,0.20) 1 ((0.4,0.5,0.6);0.90,0.20,0.10) 1/((0.0,0.1,0.2); 0.50,0.10,0.30)
C3(WC) 1/{(0.4,0.5,0.6); 0.90,0.20,0.10) 1/{(0.4,0.5,0.6); 0.90,0.20,0.10) 1 1/((0.4,0.5,0.6); 0.90,0.20,0.10)
C4(JK) ((0.0,0.1,0.2);0.50,0.10,0.30) ((0.0,0.1,0.2);0.50,0.10,0.30) ((0.4,0.5,0.6);0.90,0.20,0.10) 1
Expert 2 C1(AQ) C2(HS) C3(WQ) C4(JK)
C1(AC) 1 1/{(0.0,0.1,0.2); 0.50,0.10,0.30) ((0.2,0.3,0.4);0.80,0.20,0.20) 1/((0.0,0.1,0.2); 0.50,0.10,0.30)
C,(HS) ((0.0,0.1,0.2); 0.50,0.10,0.30) 1 ((0.2,0.3,0.4);0.80,0.20,0.20) 1
C3(WC) 1/{(0.2,0.3,0.4); 0.80,0.20,0.20) 1/{(0.2,0.3,0.4); 0.80,0.20,0.20) 1 1/((0.0,0.1,0.2); 0.50,0.10,0.30)
C4(JK) ((0.0,0.1,0.2); 0.50,0.10,0.30) 1 ((0.0,0.1,0.2); 0.50,0.10,0.30) 1
Expert 3 C1(AC) C,(HS) C3(WC) C4(JK)
C1(AC) 1 1/((0.0,0.1,0.2); 0.50,0.10, 0.30) ((0.0,0.1,0.2); 0.50,0.10,0.30) 1/((0.2,0.3,0.4); 0.80,0.20,0.20)
Cy(HS) ((0.0,0.1,0.2); 0.50,0.10,0.30) 1 ((0.4,0.5,0.6); 0.90,0.20,0.10) ((0.0,0.1,0.2); 0.50,0.10,0.30)
C3(WC) 1/((0.0,0.1,0.2); 0.50,0.10,0.30) 1/((0.4,0.5,0.6); 0.90,0.20,0.10) 1 1/((0.2,0.3,0.4); 0.80,0.20,0.20)
C4UJK) ((0.2,0.3,0.4); 0.80,0.20,0.20) 1/((0.0,0.1,0.2); 0.50,0.10, 0.30) ((0.2,0.3,0.4); 0.80,0.20,0.20) 1
Table 6 (@a—x)+y,(x—a+1)
De-neutrosophiction for evaluation of main criteria by three experts. 3 a—l,<x<a
Expert 1 C1(AC) C,(HS) C5(WC) C4(JK) Va xX=a
v (x) = 13)
C1(AC) 1 0.3419 4.8750 0.9877 “ w-a)tylatrn-x <atr
Cy(HS) 2.9250 1 4.8750 0.9877 ry
C3(WC) 0.2051 0.2051 1 0.2051 1 otherwise
C4(JK) 1.0125 1.0125 4.8750 1
where [, 1, l;, 75,1, and 1, are called the spreads of the truth-, inde-
Expert 2 C,(AQ) C,(HS) C3(WQ) C4(JK) . . . . . .
1 (AC) X 0.9877 59250 0.9877 terminacy-, and falsity-membership funct.lons, respectively; and a is the
mean value. w, represents the maximum degree of the truth-
C,(HS) 1.0125 1 2.9250 1 . . . ..
membership function, while uzand y, represent the minimum degrees
C3(WQ) 0.3419 0.3419 1 0.9877 . . . . . .
of the indeterminacy- and falsity-membership functions, respectively,
CalK) 1.0125 ! 1.0125 ! such that they satisfy the conditions below:
Expert 3 Geo 01 Catwe GO0 <, < 1,0<u, <1,0<y, <1 and 0<w, +u, +y, <3. 14)
C1(AC) 1 0.9877 1.0125 0.3419
C,(HS) 1.0125 1 4.8750 1.0125 In this work, we will use Eq. (15) for the de-neutrosophic and gotten
C3(WC) 0.9877 0.2051 1 0.3419 the crisp values of neutrosophic numbers.
C4(JK) 2.9250 0.9877 2.9250 1 1
SC) =g X (L+M+U) x (2+;Tr(x)fazw(x)71);w(x)) (15)
Table 7
Final weights of main criteria by three experts.
Criteria ~ Summation of Final weights by Summation of Final weights by Summation of Final weights by Final Rank
weights Expert 1 weights Expert 2 weights Expert 3 weights
C1(AC) 0.9506 0.2376 1.2141 0.3035 0.7093 0.1773 0.2395 3
C,(HS) 1.5820 0.3955 1.2246 0.3062 1.3576 0.3394 0.3470 1
C3(WQ) 0.2485 0.0621 0.5799 0.1450 0.4599 0.1150 0.1074 4
C4(JK) 1.2189 0.3047 0.9814 0.2453 1.4732 0.3683 0.3061 2
Table 8
Evaluation of the sub-criteria of age index by three experts using linguistic variables.
Three experts Age index (C;)
¢11(OWH) c12(OUH) c13(YWH) c14(YUH) c15(KWH) c16(KUH)
c11(OWH) 1 MP LP EP LP EP
¢c12(OUH) 1/ MP 1 1/MP MP 1/HP HP
c13(YWH) 1/LP MP 1 HP 1/SP HP
c14(YUH) 1/EP 1/MP 1/HP 1 1/EP 1
c15(KWH) 1/LP 1/HP SP EP 1 HP
c16(KUH) 1/EP 1/HP 1/HP 1 1/HP 1
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Table 9
Evaluation of the sub-criteria of health state index by three experts using lin-
guistic variables.

Three experts Health state index HS (C)

co1(PWH) c22(PWM) co3(PWL)
c21(WRH) 1 HP EP
co2(WH) 1/ HP 1 HP
c23(PUH) 1/EP 1/HP 1
Table 10

Evaluation of the sub-criteria of women states index by three experts using
linguistic variables.

Three experts Women state index WC (C3)

c31(WP) c32(WF) c33(WO)
c31(WP) 1 MP EP
c32(WF) 1/MP 1 HP
c33(WO) 1/EP 1/HP 1
Table 11

Evaluation of the sub-criteria of job kind index by three experts using linguistic
variables.

Three experts Job kind index JK (C,4)

c41(SHS) c42(PAS) c43(WSS)
c41(SHS) 1 MP EP
c42(PAS) 1/MP 1 HP
c43(0S) 1/EP 1/HP 1
Table 12
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Criteria and alternatives discerption

In this section, we identified four main criteria and fifteen sub-
criteria which were evaluated based on the age index, health state,
women state, and job kind index as illustrated in Fig. 1. The main criteria
and sub-criteria were determined based on some reports issued by the
World Health Organization and some references that addressed the most
important groups. In addition, some experts also suggested these
criteria. Due to the importance of some groups, it has been classified in
more than one criterion. For example, the age groups were divided into
six sub-categories, the elderly, adults, and children, and each of them
was divided into sick and healthy people, although they could be
included in the sick category.

An overlapping among the main and sub-criteria is shown in Fig. 2.
In the main criteria of women, there are three sub-criteria. We assumed
that a woman can be a health professional or essential worker which is a
sub-criteria of job kind. On the other hand, some women'’s health status
can fall into the sub-criteria of health state and their age can fall into the
sub-criteria of Age. Therefore, to some extent, it can be concluded that
these criteria can overlap which is depicted in Fig. 2. Table 2 contains a
brief description of the main classification evaluation criteria, and then
the sub-criteria.

COVID-19 vaccines alternatives

Until now there are more than one hundred COVID-19 vaccine
candidates under development according to WHO but only six vacci-
nations have been approved for limited use according to the New York
Times. The best vaccines are determined based on several factors, the
most important of which is safety and comprehensive testing before
generalization, quality, price, and risks. Given that there is a scarcity of
information about COVID-19 vaccines at present for not being tested
widely and internationally, it is not possible to know the advantages and
disadvantages of COVID-19 vaccines as well as a comparison between
them. On the other hand, to find out the most suitable vaccine for the

Evaluation of the sub-criteria of age state index by three experts using neutrosophic scale.

Three Age index (Cy)
experts
c11(OWH) ¢12(OUH) C13(AWH) 614(AWH) Cls(KWH) ClG(KUH)
cn(OWH) 1 ((0.4,0.5,0.6);0.90,0.20,  ((0.0,0.1,0.2);0.50,0.10,  ((0.8,0.9,1);0.90, ((0.0,0.1,0.2);0.50,0.10,  ((0.8,0.9,1);0.90,
0.10) 0.30) 0.10,0.00) 0.30) 0.10,0.00)
¢12(OUH)  1/((0.4,0.5,0.6);0.90, 1 1/{(0.4,0.5,0.6);0.90, ((0.4,0.5,0.6); 0.90, 1/{(0.6,0.7,0.8); 0.90, ((0.6,0.7,0.8);0.90,
0.20,0.10) 0.20,0.10) 0.20,0.10) 0.10,0.10) 0.10,0.10)
c13(AWH)  1/((0.0,0.1,0.2);0.50, ((0.4,0.5,0.6);0.90,0.20, 1 ((0.6,0.7,0.8); 0.90, 1/((0.2,0.3,0.4);0.80, ((0.6,0.7,0.8);0.90,
0.10,0.30) 0.10) 0.10,0.10) 0.20,0.20) 0.10,0.10)
c14(AUH) 1/((0.8,0.9,1);0.90, 1/((0.4,0.5,0.6);0.90, 1/((0.6,0.7,0.8);0.90, 1 1/((0.8,0.9,1);0.90, 1
0.10,0.00) 0.20,0.10) 0.10,0.10) 0.10,0.00)
cis(KWH)  1/((0.0,0.1,0.2);0.50, 1/((0.6,0.7,0.8);0.90, ((0.2,0.3,0.4);0.80,0.20,  ((0.8,0.9,1);0.90, 1 ((0.6,0.7,0.8);0.90,
0.10,0.30) 0.10,0.10) 0.20) 0.10,0.00) 0.10,0.10)
¢16(KUH) 1/((0.8,0.9,1);0.90, 1/((0.6,0.7,0.8);0.90, 1/{(0.6,0.7,0.8);0.90, 1 1/{(0.6,0.7,0.8); 0.90, 1
0.10,0.00) 0.10,0.10) 0.10,0.10) 0.10,0.10)
Table 13
Evaluation of the sub-criteria of health state index by three experts using neutrosophic scale.
Three experts Health state index HS (C,)
co1(PWH) c22(PHR) co3(PUH)
21 (PHR) 1 ((0.6,0.7,0.8);0.90,0.10,0.10) ((0.8,0.9,1);0.90,0.10,0.00)
a2 (PWH) 1/((0.6,0.7,0.8);0.90,0.10,0.10) 1 ((0.6,0.7,0.8);0.90,0.10,0.10)
¢o3(PUH) 1/((0.8,0.9,1);0.90,0.10,0.00) 1/{(0.6,0.7,0.8);0.90,0.10,0.10) 1
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Table 14

Evaluation of the sub-criteria of women state index by three experts using neutrosophic scale.

Results in Physics 20 (2021) 103654

Three experts

Women state index WC (C3)

c31(WP) c32(WL) c33(WO)
c31(WP) 1 ((0.4,0.5,0.6);0.90,0.20,0.10) ((0.8,0.9,1);0.90,0.10,0.00)
caa(WL) 1/((0.4,0.5,0.6);0.90,0.20,0.10) 1 ((0.6,0.7,0.8); 0.90,0.10,0.10)
c33(WO) 1/((0.8,0.9,1);0.90,0.10,0.00) 1/((0.6,0.7,0.8);0.90,0.10,0.10) 1
Table 15

Evaluation of the sub-criteria of job kind state index by three experts using neutrosophic scale.

Three experts

Job kind index JK (C4)

c41(HP)

c42(EW)

¢43(0S)

cq1(HP)
cq2(EW)
c43(0S)

1

1/((0.4,0.5,0.6):0.90,0.20,0.10)

1/((0.8,0.9,1);0.90,0.10,0.00)

((0.4,0.5,0.6); 0.90,0.20,0.10)

1

1/((0.6,0.7,0.8);0.90,0.10,0.10)

((0.8,0.9,1);0.90,0.10,0.00)
((0.6,0.7,0.8);0.90,0.10,0.10)

1

Table 16

De-neutrosophication the sub-criteria of age state index by three experts.

Three experts

Age index (C;)

c11(OWH) c12(OUH) c13(AWH) c14(AUH) c15(KWH) c16(KUH)
c11(OWH) 1 4.8750 1.0125 9.4500 1.0125 9.4500
c12(OUH) 0.2051 1 0.2051 4.8750 0.1411 7.0875
c13(AWH) 0.9877 4.8750 1 7.0875 0.3419 7.0875
c14(AUH) 0.1058 0.2051 0.1411 1 0.1058 1
c15(KWH) 0.9877 0.1411 2.9250 9.4500 1 7.0875
c16(KUH) 0.1058 0.1411 0.1411 1 0.1411 1
Table 17
De-neutrosophication the sub-criteria of health state index by three experts.
Three experts Health state index HS (C,)
c21(PHR) co2(PWM) c23(PUH)
c21(PHR) 1 7.0875 9.4500
c22(PWM) 0.1411 1 7.0875
c23(PUH) 0.1058 0.1411 1

Table 18
De-neutrosophication the sub-criteria of women state index by three experts.

Three experts Women state index WC (Cs)

c31(WP) c32(WL) c33(WO)
c31(WP) 1 4.8750 9.4500
c32(WL) 0.2051 1 7.0875
c33(WO) 0.1058 0.1411 1

Table 19
De-neutrosophication the sub-criteria of job state index by three experts.

Three experts Job kind index JK (C,4)

c41(HP) c42(EW) c43(08S)
c41(HP) 1 4.8750 9.4500
c42(EW) 0.2051 1 7.0875
c43(0S) 0.1058 0.1411 1

different groups is also a challenge. Due to these reasons, we made some
assumptions about COVID-19 vaccine alternatives.

The first assumption: we assume that six vaccines have been
approved by the World Health Organization and governments and
available for allocating in this period.

The second assumption: In this study, we assume that each vaccine of
the six available vaccines is more suitable than others for specific
groups, for example,

Alternative Al is more suitable for elderly people.

Alternative A2 would be suitable for people with risk health
problems.

Alternative A3 is suitable for pregnant and breastfeeding women.

Alternative A4 would be suitable for health workers and people with
more contact with patients and therefore closer to infectious diseases.

Alternative A5 is suitable for healthy people and young people.

Alternative A6 is more suitable for children and young adults.

Proposed approach

In this section, we propose a framework of both AHP and TOPSIS



LM. Hezam et al.

Weights
0.4500
0.4000
0.3500
0.3000
0.2500
0.2000
0.1500
0.1000
0.0500
0.0000

0.3035

0.237

1773

C1 (AC)

Results in Physics 20 (2021) 103654

0.3955

0.3683
0.3394
.306 0.3047
0.1450
0.1150
0.062

C2 (HS) C3 (WC) 4 (JK)

M Expert1l MExpert2 M Expert3

Fig. 3. Ranking of experts for the main criteria.

Weights

0.4500
0.4000
0.3500
0.3000
0.2500
0.2000
0.1500
0.1000
0.0500
0.0000

0.4000
0.3500
0.3000
0.2500
0.2000
0.1500
0.1000
0.0500
0.0000

0.3955

0.237

Expe

0.3047 0.3035 0.3062
0.2453
0.177
.145
115
.062 I I

0.3683
0.3394

rtl Expert 2 Expert 3

C1(AC) mC2(HS) mC3(WC) mCa(JK)

Fig. 4. Ranking of main criteria by three experts.

0.2395

Weights

0.3470

0.3061

0.1074

1

mC1(AC) mC2(HS) mC3(WC) mcCa(K)

Fig. 5. Final weights of main criteria.

8



Results in Physics 20 (2021) 103654

LM. Hezam et al.

d1 d1 d1 d1 d1 d1 d1 d1 d1 dN dN d1 d1 d1 d1 9V
ds d1 d1 d1 d1 d1 d1 d1 d1 d1 dd d1 dd d1 d1 Sy
d1 dN dIN d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 vV
ds ds ds ds dN dN d1 d1 d1 d1 d1 d1 d1 d1 d1 €y
ds ds ds ds ds ds d1 dH dd d1 4 d1 dd ds dd TV
d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 dIN dIN v
¥910°0 THL00 SS12T°0 85000 0920°0 9S00 ¥810°0 6€L0°0 LYST0 €£00°0 €890°0 0£00°0 58500 1¥20°0 €vL0°0 m
(S0)t Mma)e» (dH) o (om)ee (IM)%® (dM) € (HNd)* (HMJ)% (4Hd) "% (H) (HMM)S (HAV)" (HMV) (HNO)h (HMO) '™ € 1adxy
d1 d1 d1 d1 d1 d1 d1 d1 d1 dH dH d1 d1 d1 d1 9V
ds ds ds d1 ds ds d1 d1 d1 d1 d1 dH dH d1 d1 sv
d1 dH dH d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 a4
ds ds ds ds dH dH d1 d1 d1 d1 d1 d1 d1 d1 d1 v
ds ds ds ds ds ds d1 ds dIN d1 dN d1 dN d1 dIN TV
ds ds ds ds ds ds ds ds ds d1 d1 ds ds dH dH v
¥910°0 TYL00 SSIT°0 85000 0920°0 95200 ¥810°0 6€L0°0 LYSTO €£00°0 €890°0 0£00°0 58500 1¥20°0 €vL0°0 M
(so)er M3 (dH) > (oMm)e (IM) % (dMm) e (HND) > (HMA)% (gHJ) % (HM) HMM)SD (HAV) (HMV)EPD (HNO)®™ (HMO)' T 1adxy
d1 d1 d1 d1 d1 d1 d1 d1 d1 dd dd d1 d1 d1 d1 9V
ds ds ds d1 ds ds d1 d1 d1 d1 d1 dN dN d1 d1 Sy
d1 dN dd d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 d1 14
d1 d1 d1 ds dd fic d1 d1 d1 d1 d1 d1 d1 d1 d1 €V
ds ds ds ds ds ds d1 dN dH d1 dH d1 dH d1 dH TV
ds ds ds ds ds ds ds ds ds d1 d1 ds ds dd dd v
¥910°0 TvL00 SS1T°0 85000 09200 95200 ¥810°0 6€L0°0 LYST0 €L00°0 €890°0 0£00°0 §850°0 1¥20°0 €vL0°0 M
(s0)& (MA)%> (dH) 2 (oMm)e (IM)%% (dM) '€ (HNd)%% (HMJ)% (4HA) ' (HM)° (HMM)S (HAV)"' (HMV)EP (HNO)h (HMO) ' 1T Madxyg
*BLIDJLID-QNS 0) SUIPIODIR SIANIBUIS)[R SUIDIRA 6T-AIAQD JO XLIJeW uonen[eAy
12 dIqelL
41 S 4 ST 6 € 11 9 I €1 L 2t 8 ot 14 uel [eqoD
€ 4 1 € 4 1 € 4 1 S 4 9 € 14 1 yuel [ed0]
¥910°0 TYL00 SS1T0 8500°0 0920°0 95200 ¥810°0 6€L0°0 LYSTO €£00°0 €890°0 0£00°0 §850°0 1+20°0 €vL0°0 S)Y3rom [eqo[D
LESO'0 £THT0 0v0L°0 £€S0°0 €2HT0 0040 0€S0°0 62120 17€L°0 ¥0€0°0 €S8T°0 2620°0 ¥¥be 0 9001°0 2010 S1Y3PM [0
(SO)e» (MA)?o (dH) o (om)eed (1M)%€d (dm) e (HN)#> (HM) %> (4Hd) e (HM)D (HMX ST (HAVY)Y™ (HMV)E (HNO)?™ (HMO)'™o Sa0IpUl-qng
190€°0 ¥£0T°0 0L¥€°0 S6€T0 ySrem
(6 (9)ee} OMED (SH)?D oD BLISILID UTRN

*S9DIpUI-qNs Jo Sunjuer pue ‘s)ySrom [eqord ‘syySrom [ed07]

(AL CLA



LM. Hezam et al. Results in Physics 20 (2021) 103654

_ _ _ methods. Here, we assume three experts will give the weights of each
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Fig. 6. Final weights of sub-criteria.

Table 23
Ranking of alternatives by TOPSIS method.

problems, lactated mothers, healthy elderly, healthy people, workers in
the other sectors, in the last ranks, the healthy people whatever adult or
kids as shown in Fig. 6.

Alternatives ds+; das=; Performance score p; Rank (PS;) Thus, individuals with high-risk health problems have the extreme
a 0.2149 0.0759 0.9610 3 priority to take doses of the COVID-19 vaccine first, regardless of their
Ay 0.1162 0.2245 0.6589 1 age, .gend(?r, or (?ccupation. When .differentiating bgtween pa.tients, the
As 0.2517 0.0671 0.2105 4 priority will .be first for elderly patients, then fqr c'hlldren patients, t}?en
Al 0.2265 0.1578 0.4106 5 for adult patients. Also, Pregnant women get prlf)rlty over breastfeeding
A 0.2515 0.0531 0.1743 S mothers and the health wc?rkers over t.he essential workers. For healthy
A 0.2734 0.0387 0.1240 6 people, the elderly come first, then children and adults at last.

On the final rank level, the people with high-risk health problem
rank first with a weight of 0.2547 followed by the health workers with a
weight of 0.2155, pregnant, patient’s elderly, essential workers, people
with a normal health problem, kids and adults with normal health

0.7
0.6
0.5
0.4
0.3

0.

N

0.

[N

o

Table 23 illustrates the Euclidean distance between the positive
perfect solution ds;” and negative perfect solution ds; which is calcu-
lated using Egs. (6, 7). Also, it shows the PS; calculated via (8). More-
over, as it is clear in Table 22, the appropriate COVID-19 vaccine for
patients get the highest priority, while the most appropriate COVID-19
vaccine for the medical personnel comes second in terms of priority.

Al A2 A3 A4 A5 A6

HdS+ mdS- mPi

Fig. 7. Final ranking of COVID-19 vaccine alternatives by TOPSIS method.
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After that, the COVID-19 vaccines which are more suitable for the
elderly and pregnant/lactating women, and lastly, the suitable vaccines
for children and youth. Fig. 7 also shows the final rank of the COVID-19
vaccine alternatives.

Overall, this work defined the selection criteria to rank the most
eligible groups to receive the COVID-19 vaccine first. Since the number
of COVID-19 infected patients is increasing day by day, it is a great
concern for all groups of society not being able to vaccinate. Therefore, a
scheduling plan must be made so that the first payment of COVID-19
vaccines for the most vulnerable groups who if infected with the virus.

Moreover, the COVID-19 vaccine alternatives were ranked using the
TOPSIS method. Due to the lack of information about these alternatives,
it has been assumed that each vaccine is more useful for a specific group
better than others and has been ranked on these rules.

The lofty goals of governments are reducing deaths, straighten the
curb of COVID-19 infected patients, and well-being for all humans. So,
the present approach gives governments an outline for scheduling so-
ciety groups according to need by optimizing the allocation process as
well as selecting the most appropriate vaccine. Also, the proposed
approach was more flexible because the inputs were neutrosophic, and
more than one expert opinion was adopted. Other categories and experts
could be added if there arises any necessity. Therefore, this study can be
considered comprehensive in this area and can be applied in similar
applications such as treatment priority and others.

Conclusion

The world is racing against time to find vaccines for COVID-19. Only
a few may complete all phases of trial and get approval, but the available
doses will not cover the needs of all populations in this period. And
because of the limited doses of vaccines, some fear a lack of fair allo-
cation at both the global level between countries and the local level
among the different groups of society. Therefore, it was necessary to
establish guidelines and a timetable for allocating the primarily avail-
able COVID-19 vaccines until vaccines are available in abundance to all.
This study aims to develop a preliminary vision for classifying and
ranking the most deserving groups in the society so that they have pri-
ority in taking the vaccine first. AHP method under uncertainty was used
to evaluate and rank the main and sub-criteria, as the inputs were
neutrophilic numbers, which gave greater flexibility to the study. Then,
neutrosophic TOPSIS was also applied to rank the COVID-19 vaccine
alternatives. The results obtained from the work indicated the impor-
tance of classification and ranking, as priority was given to critically ill
individuals, health workers, elderly, pregnant, and lactating women.
Based on the weights of the sub-criteria, the appropriate COVID-19
vaccine was chosen as the best alternative. Future studies can be done
by including more groups as well as more experts. Furthermore, the
COVID-19 vaccine can be classified according to cost, safety, availabil-
ity, and delivery.
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