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ABSTRACT

Goal: This article aims to present a systematic approach to improve the resource allocation and
human queues prioritization patterns.

Design / Methodology / Approach: To achieve such a purpose, effective criteria using a fuzzy-Delphi
method, and subject-related researchers’ views were obtained. Utilizing the Analytic Network Process
method, the weights of each criterion was measured. Then, considering the established weights and
using a fuzzy-TOPSIS method, a prioritization system via Discrete Event Simulation was developed.
Results: Results indicate that the established approach properly improved the performance of the
prioritization system in terms of resources and facilities allocation in neurology's ICUs.

Limitations of the investigation: A drawback of this research can be in states of emergency which
limits the options at hand and the criteria proposed may set a drawback on the aim of the study.
Practical implications: The results show that the proposed model can modify patient entry based
on multiple criteria in terms of productivity and social justice in the patient queuing strategy.
Originality / Value: The contribution of this research is threefold: the literature has been reviewed
to conclude the criteria concerning decisions around ICUs, the concluded criteria filtered through an
expert panel which can be relied based on the method, a real application of the steps proposed is
presented which allows comparing the accuracy and efficiency of the decisions made in the hospitals.

Keywords: Hospital Equipment Allocation; Fuzzy set theory; FANP; FTOPSIS; Discrete Event Simulation.

1. INTRODUCTION

Today, the issue of human queues management has emerged as vital to most or all
aspects of human life. Before reducing waiting times in queues, the way the services are
managed has a significant impact on customer satisfaction; thus, managers seek to improve
their performance (Zhou et al., 2018) . The proper use of resources to meet the needs of the
clients has turned out to be vital, which calls for a systematic decision-making process. This
is especially important in the healthcare system due to the sensitivity and unique
characteristics of service recipients. Long waiting times for patients in the queue and lack of
proper management to prioritize patients for treatment can lead the situation to become
critical or cause irretrievable issues. Therefore, given all the constraints, healthcare
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managers should always decide how to use the resources and facilities to improve and
maintain the patient's health (Pegoraro et al., 2020; Ahsan et al., 2019).

Given this and resource constraint, designing a pattern to prioritize patients in ICU is
vital (Louriz et al., 2012). Researches have detected some limited instructions, providing
all the signs related to the hospitalization of patients in ICU (Sprung et al., 2013). These
instructions are not always useful. In some hospitals, especially in developing countries
with limited resources, it is not possible to obey such guidance (Mery and Kahn, 2013).
Therefore, deciding to hospitalize in ICU is up to a doctor’s opinion and not according to
standard instruction (Adhikari et al., 2010). Hence, designing a pattern for entrance and
admission prioritization in ICU appears to be very important. ICU is a unit for patients
whose survival functions are impaired and thus need further technology, intense
medication, close follow-up, and care to make them able to continue their normal
functions. The number of hospitals and consequently that of beds in such units is
increasing across the world; however, it seems that demand for the unit in hospitals is
more than its supply (Mullins and Pines, 2014).

On the other side of this problem, it is well known that prioritizing patients for services in
a hospital is a complex process with uncertainty and ambiguity. Using trial and error methods
in the health system to gain experience and achieve the best results has always been
disapproved by professionals and managers in the field of health organizations. In this regard,
human queues in the health system can be studied using research science in operations.
Multi-criteria decision-making makes it is possible to model the criteria to queue the patients,
and the relative importance of each criterion can be found, thereby minimizing the risk and
cost of ongoing processes of serving the patient and executives.

A report on mortalities has indicated that half of all such fatal accidents have occurred as
a result of delayed treatment in the emergency section (Richardson et al., 2009). Delay in
transferring patients from the emergency department to inpatient wards increases the length
of hospital stay by 12.4% and hospitalization costs by 11% (Huang et al., 2010). On the other
hand, numerous studies over the past few decades have shown that proper triage of injured
patients has reduced mortality and improved resource utilization.

Considering the aforementioned remarks, this research aims to establish a pattern
for entrance and servicing the patients in ICU. To do this, the previous research is
reviewed, then effective criteria for the entrance of patients to ICUs are identified, and
at last, identified criteria are confirmed by other respected experts using a fuzzy-Delphi
method. In the next stage utilizing the fuzzy-ANP method, the identified fuzzy criteria
are weighted. Besides, using the most important established criteria, the prioritization
of patients is done via a fuzzy-TOPSIS method. Finally, the prioritization system using
Discrete Event Simulation is analyzed. In the next section, the literature is reviewed. In
the third section, the research methods, including fuzzy-Delphi, fuzzy-ANP, fuzzy-
TOPSIS, and simulation approach, are discussed. Forth section deals with interpreting
the results and findings, and in the end, the conclusion is provided.

2. LITERATURE REVIEW

Long waiting time not only results in a decrease in the effectiveness but also makes
patients conditions more acute; for instance, they may get permanent disabilities
(Globerman et al., 2013). Prioritization of patients in waiting lists and their access to
variable treatments is one of the most important issues in hygiene institutions.
Prioritization is a complicated multi-criteria decision-making process. Scoring systems
as decision-making gadgets are designed to guide the surgeons and doctors
(Globerman et al., 2013). Still, there is a need to develop proper prioritization gadgets to
rank patients in waiting lists. Thus, the management of waiting lists and proper
prioritization of patients can reduce these unfortunate outcomes (Sun et al., 2018). The
gadgets have advantages including the specification of waiting lists and individuals in a
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service waiting list which helps them in decision-making and performing new tasks
(Sampietro-Colom et al., 2008).

The scoring system was introduced in the 1990s; however, as prioritization and scoring
patients were performed by the influence of arbitrary personal opinions, unpleasant and
deadly consequences were obtained, and this led to heavy criticism (Fraser et al., 1993).

Four major problems with prioritization stated by Sun et al. (2018) are as follows:

1. Prioritization of patients is a complicated process, which is always followed by uncertainty
and ambiguity.

2. Stability and justice must be considered as one of the prioritization criteria.

There is double-sided dependence between some prioritization criteria.

4. Possible dangers should be considered since the patients feeling may become acute.

w

The development of prioritization instruments has been the strategy followed by
some countries like New Zealand, Canada, and the United Kingdom among others to
manage waiting lists (MacCormick et al., 2003). It involves the use of priority scoring
tools which are means of generating a score (MacCormick etal.,, 2003). The
development of these instruments is a lengthy and costly process, and in general, has
been focused on specific diseases. Although evidence is not conclusive, one might
expect that establishing common criteria for all types of medical procedures might
simplify the implementation process and allow for a comparable tool to be used across
different procedures (Allepuz et al., 2009). In the case of ICUs, the prioritization
approaches are now static, and the patient condition is assessed by adding them to their
list. Some level of uncertainty and disharmony must be considered in medical science
and clinical methods (Sadegh-Zadeh, 2015).

Despite the importance of ICU in a hospital and the need to utilize scientific approaches
for entrance and admission of patients, there is not much literature on the prioritization of
patients in it. Bailey (1952) conducts the first known work to reduce client waiting times, in
which he balances patient and physician waiting times through mathematical queuing models
to minimize waiting time. The shift system he proposes is known as Bailey's Law. The basis of
this Law is to appoint two people at the beginning of a doctor's appointment. Subsequent
appointments are given one by one at a constant interval equal to the average examination
time. The results of the experiments show that this shifting method successfully increases
efficiency.

Since the 1950s and early 1960s, by increasing the number of patients admitted to
the emergency section of hospitals, experts have found that there is a need for a method
to distinguish patients in need of urgent care from those with lesser problems. This
prompts emergency department officials to seek appropriate applicable action to
expedite the identification and differentiation of injured and critically ill patients from
those who have no urgent and chronic complaints (Gilboy et al., 2005). Therefore, the
use of a triage system to prioritize emergency section patients is suggested as the
appropriate solution to this problem.

In all studies done on a queue control, the aim is often to maximize profit or social
welfare and fairness. A common method of prioritizing is to give absolute priority to
customers in the queue according to the fixed-priority (Hassin et al., 2009). In the
research done by Alexander et al. (2012), some of the priority queues in the amusement
park have been investigated, where the volume of requests is the same; however, one
can be prioritized by paying more. According to the results, the existence of such a
priority causes dissatisfaction and a sense of unfairness in the customers presentin the
main queue and also hurts referral.

Another type of priority is the relative, where the priority given to one class depends on
the state variables in the other classes as well. In research by Haviv and van der Wal (2007),
the average waiting time in a single server queue with the Poisson input distribution and
service time is discussed. In the research by Hassin et al. (2009) and Sun et al. (2009), relative
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priority allocation is discussed, and it shows that by allocating relative priority, the cost in the
system is a function of customer waiting time in queue. It decreases compared to the FIFO
state.

Creemers and Lambrecht (2007) explain how the queue model offers a great tool for
analyzing and improving the performance of healthcare systems. Researchers have used
queuing systems to analyze health systems, such as hospitals (Greenetal, 2006),
pharmaceutical industry) Viswanadham and Narahari (2001), and emergency services) Singer
and Donoso (2008).

Accurate and rapid triage of patients is the key to perform successfully in the emergency
section; if an inappropriate triage level is chosen based on misinterpretation or neglect of
patient variables and triage criteria, the nurse will have a triage error (Lehmann et al., 2009).
The triage error can be in the form of placing patients lower than the actual status, which may
lead to waiting and worsening their conditions, or classifying the patients in a higher level than
the actual situation, over triage or severe triage; undertriage is a delay in the diagnosis and
treatment of severely injured patients, which may result in death) Dehli et al., 2011).

To achieve the subject of “safety in providing patient care,” triage needs to be
minimized while keeping the severe triage at a low level for optimal use of resources
(Lehmann et al.,, 2009). In a study by Creemers et al. (2012), a method for prioritizing
patients in the surgical queue is presented. The results show a reduction in the expected
waiting time for patients. Chalgham et al. (2019) have introduced a new approach to
rank hospital units, which can accommodate emergency patients when the emergency
section is full.

The research gap after the literature review could be summarized as the lack of a
systematic decision-making process in entrance and admission of the patients to ICUs
which could be addressed by utilizing decision theory practices. To consider all the
aspects, criteria concluded in the literature and suggested by experts are used as the
metrics to develop a system of decision-making. Given this, the criteria are screened
using a fuzzy-Delphi method using experts’ opinions. Another weakness of prior studies
is the absence of a numerical approach to have rating results assessed clear and cut. In
this study, in addition to the use of weighting and fuzzy ranking methods, results of
prioritization patterns, as well as all of their details, can be exported from the simulation
system output. As in the real world, most of the criteria have a stochastic nature. In this
study, due to their high ability to analyze the accidental and complicated systems,
Discrete Event Simulation methods are used to consider the mentioned characteristic
and become close to reality.

3. METHODOLOGY

Regarding the subject of this research, the utilized approach is the hybrid of multi-criteria
decision-making and simulation. Figure 1 presents the research stages.

1) Gathering effective criteria for the ranking of patients.

2) Screening criteria using a fuzzy-Delphi method.

3) Weighting the prioritization criteria using a fuzzy-ANP method.

4)  Prioritizing patient groups using a fuzzy-TOPSIS method.

5) Simulating the system'’s current status using discrete event simulation (ED).
6) Validating the simulated model.

7)  Simulating the prioritized system using discrete event simulation (ED).

8) Analyzing the results.
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Establishment of effective
criteria on prioritization

Extracting ranking criteria

Establishing effective criteria using
the Fuzzy-Delphi method

Weighting the effective criteria using
the Fuzzy-ANP method

Simulation

Gathering the possible distribution
functions in the formation of the

v
Simulating the system

Validating the simulated model

Entering the groups and ranks in
the simulated model

Prioritization of patients

Groupingthe patients based on
their disease

Ranking the groups using the Fuzzy
TOPSIS method

- Analyzing the results of prioritizationsystem - > 4

Figure 1: The diagram of research stages (Authors)

3.1. Fuzzy Logic

Individuals’ judgment about priorities to estimate values are often unclear, and
dedication of a number to it is not possible, thus fuzzy logic is useful for unclear and uncertain
problems. The fuzzy theory was first presented by Zadeh (1965) to adjust the uncertainty of
people understanding of models. Fuzzy numbers are shown by “ “on top of the number.
Triangular fuzzy numbers are shown in Figure 2.

> M

l m u 1

Figure 2: Presentaion of triangle fuzzy number (Adapted from Zadeh, 1965)

Triangular fuzzy numbers are demonstrated by (/,m,u). These parameters are denoted as
the least possible prospective content, possible prospective content, and the most possible
prospective content, respectively. The membership function of a triangular fuzzy number is
demonstrated as a linear function, which is defined on its left and right side as following
Equation 1:

Brazilian Journal of Operations & Production Management, Vol. 18, No. 1, e2021975, 2021

5/21



Prioritization of patients in ICU: composite approach of multiple-criteria decision-making and discrete event simulation

(M

3. 2. Fuzzy-Delphi Method

The Delphi method was first introduced in Round Company in 1963. It is a geodesic
method based on experts’ views; it has three main features as following: unnamed response,
repeated controlled feedback, and finally, statistical group response (Hsu et al., 2010). This
technic is a disciplined method to gather and harmonize the award group judgments of
specialists about a question or a special topic. In many real situations, judgments of specialists
cannot be stated and interpreted as measurable contents. In other words, data and certain
numbers due to ambiguity and uncertainty are not enough for modeling the real-world
systems in the decision maker’s view. Thus, to overcome this situation, the theory of fuzzy is a
suitable method to remove ambiguity and uncertainty in the decision-making process (Zadeh,
1965). Therefore, in this research, the fuzzy-Delphi method is used to screen and confirm the
criteria. Delphi method steps are as following (Bouzon et al., 2016):

First step: identifying the criteria by reviewing the theoretical bases of research overall.

Second step: gathering the decision maker's opinions. In this step, after identifying the
criteria, the decision-making group, including specialists with the related research
subject, is formed, and a questionnaire is sent to them to evaluate the correlation of
identified criteria with the original subject of research. To do this, lingual variables,
including Very low, Low, Moderate, High, Very high, are used to state the importance of
each criterion. There is a vast range of fuzzy numbers, including triangular and
trapezoidal fuzzy numbers. In this research, triangular fuzzy numbers are used due to
their simplicity. They are presented as # =(i,m,u), standing for smallest, most possible,
and biggest possible values.

Third step: validating important criteria. This is done by comparing the gained value of every
criterion and threshold d § . Using the mean value of criteria as the threshold content is

one of the most trustable methods (Hsu et al., 2010). To do this, initially, the content of a

triangular fuzzy number of g, =(l(/,m(/,u(/~) sii=12,..,n ,j=1,2,..,m is calculated by researcher’s

view. In this relation, i denotes the expert person, and j stands for decision-making
criteria. a; is the gained fuzzy content of each decision-maker person; to calculate the

opinion of n respondent, mean fuzzy of them are calculated. Thus, the fuzzy numbers of
each criterion should be calculated. The triangular fuzzy number of g, :(lj,mj,uj), where

a; is the mean fuzzy value of criteria for each criterion, is calculated through the following

Equations (Hsu et al., 2010):

1; =min(1;) (2)
mj= [E’"u ji 3)
u; = max(uy ) (4)

Moreover, the calculated mean fuzzy content by Equation 5 is defuzzied using the
centroid of the area method (Chang et al., 2011).
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Crisp:1+2;n+u (5)

After calculating the mentioned contents, if the defuzzied content is a,>$, the criterion

is approved and will be entered to the main stage of decision-making; however, if the
defuzzied contentis 4, <S, the criterion will be rejected.

3. 3. Geometric Mean Buckley Method

The geometric mean Buckley method is utilized to calculate relative weights in pairwise
fuzzy scales (Hsieh et al., 2004). The stages of this method are as below:

Assume p; is a set of decision-maker preferences about a criterion dependent on other
criteria. Matrix of pairwise comparison scales is as follows:

1 ~12 Pln
A=|P 1 B, (6)
nl n2 1

In this Equation, n stands for the number of related elements in each row. The fuzzy
weight of each criterion in the matrix is obtained using the geometric mean Buckley method.
The geometric mean of fuzzy's comparing value for i on each criterion is obtained through
Equation 7.

n %
;i:[ni;jJ i=12,...,n %)

Then, the fuzzy weight of ith criterion is shown by a triangular fuzzy number Equation 8.
w[=;;-(r1+r2+...+rm)7] (8)

After calculating fuzzy weight factors, using the below formula, weights are defuzzied and
then normalized.

I+2m+u
Werisp = 4 (9)

3. 4. Fuzzy ANP Method

ANP method uses a pairwise comparison matrix to rate and rank the preferences in which
certain numbers are entrance data. However, in the case of ambiguity, this matrix cannot be
used. To solve this problem, researchers have presented a model that uses the ANP method
in a fuzzy environment. The difference of the presented model with the conventional ANP is
in the extraction of important weights from the fuzzy pairwise comparison matrix. Other steps
are the same as in the conventional ANP method.

In the fuzzy-ANP method, the relative importance of each pair of elements and
preferences of decision-makers is shown by triangular fuzzy numbers. By the pairwise
comparison, fuzzy judgments matrix of A" forms in which &, =(; u;) tells the importance of

i

compared criteria, the importance of i relating to j (Uygun et al., 2015), as in Equation 10.
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A=| ¢ (10)

To establish a priority vector gained from each pairwise comparison matrix, various
methods, such as Developed Interoperation and Logarithmic Least Squares, exist, one of
which can be taken to calculate it. In the ANP method, a supermatrix is used to illustrate
interaction and dependencies between two dimensions of decision-making, the
establishment of criteria dependent importance, and prioritization of the question
alternatives. A supermatrix (Table 1) is, indeed, a partitioned matrix that, in every part of it,
the relation between two ties or levels of a decision in all the decision-making questions is
shown in which C denotes the tie and e denotes the elements in the tie. W vectors in this
matrix are weight vectors gained from pairwise comparison of tie elements with each other,
as shown in Table 1.

Table 1: W matrix

C, C, C,
Criteria
€11€12++-Cim1 €21€22++-€2m2 €n1€n2 -+ -Cnmn
& €11 €12 * € Wi Wi, Win
(&5} €y €37 1 ey Wai Wi, W
Cn €nl €n2 : €nmn Wnl WnZ Wnn

In the initial supermatrix, every weight of columns is divided into the overall sum of
weights in that column. Gained matrixes are called weighted/stochastic supermatrix that,
indeed, are obtained by normalizing the initial supermatrix. Using the stochastic supermatrix,
the final supermatrix is calculated, and the weight of each criterion is obtained. To calculate
the final supermatrix, the weighted/stochastic supermatrix should be raised to the large
enough power until the weights converge and remain stable, as in Equation 11.

W = lim w2+! an

K->

K is a natural number, and its content can be raised arbitrarily to reach convergence. In other
words, all the weights in a row or a column become the same.

3. 5. Fuzzy TOPSIS

TOPSIS, as a well-known classic ranking method, is another useful tool in decision-making
to rank the alternatives. TOPSIS steps are as follows (Jahanshahloo et al., 2006):

The first step is the normalization of the fuzzy decision matrix. Then, Equation 12 is
utilized to normalize the decision matrix. By using this Equation, each value in each column is
normalized by the maximum value of the same column.

%
v max(7;) (12

Where in Equation 12, i=1,2, ..., m and j=1,2, ..., n, experts define different weights. Then, the
weighted normalized decision matrix is calculated by multiplying the matrix of weights in the
normalized matrix. The matrix of weights and the weighted normalized matrix with fuzzy
values are formed as follows:
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W w00
N 0 W,, 0 0
l= (13)
0 0 I/f/n,n
X W Lnet XWo L, XW,
3 _[~ }([~ ]_ LyXWp oo L XW h, XW,
(RSN Eol IS ot I (14)
_rm,l XW] rm,n—l XWn—l I.m,n an_

i=1,2,..,mandj=1,2, .., n.
Then, ideal and anti-ideal points can be defined by Equations 15 and 16.

AT = (8 ={maxd; |(i=1,2,+.n), j =12,--,n)} (15)
A" =98 ={max3; |(i=1,2,--,n), j = 1,2,--,n)} (16)

The total measure of the distance between each alternative and the anti-ideal points can
be obtained using Equations 17 to 19:

d(M[,MJ)=\/§[(1[_1_,)2+(m,._m/.)2+(u,._u,)2] (17)

5= fd(@,,@j)iﬂ,z, o (18)
j=1

5= | 2@, 8)i= 12, m (19)

where d is the distance between two fuzzy numbers.

The closeness coefficient for each alternative is calculated using Equation 20, which is
used to rank each alternative. The highest value of the closeness coefficient factor is the
farthest from the anti-ideal point.

Cr=—S =12 . m (20)

In the final step, alternatives are ranked based on the value of & .

3. 6. Discrete-Event Simulation

Simulation is adopted to emulate the current state of any process (Al-Refaie and Li, 2011).
Simulation can be used as an effective analysis technique to create, retain, appraise, or
improve a system or process. Simulation within healthcare has been used for a long time to
solve bottlenecks related to healthcare in total. Discrete Event Simulation represents and
enables the modeling of the complicated and stochastic streams of patients that are usually
dealt with in healthcare clinics (Jacobson et al.,, 2006). Furthermore, the most studied

Brazilian Journal of Operations & Production Management, Vol. 18, No. 1, e2021975, 2021

9/21



Prioritization of patients in ICU: composite approach of multiple-criteria decision-making and discrete event simulation

simulation technique for healthcare improvement in the literature is Discrete-Event
Simulation, which is followed by Monte Carlo Simulation and System Dynamics (SD)
(Young et al., 2009). It seems that computer simulation, compared to most traditional
statistical methods, is a good alternative with less time and costs. Among different simulation
methods, discrete-event simulation is one of the most used ones in healthcare are and
different parts of treatment, such as the emergency. In this research, Enterprise Dynamics
software is used to model simulation. ED was officially introduced by In control Simulation
Solution, a Dutch company, for the first time in 2003. In contrast to other software, like Arena
that is process-oriented, this software is an object-oriented simulation, which is combined with
the event-driven method.

3. 7. Verification and Validation of Simulation

The next stage in simulation is to assure the accuracy and validity of the simulated model.
The simulated model should have a real-world like function to extend its results to the reality,
(Equation 21). Steps of validation are shown in Figure 3:

{HO:uA:uB (21)

Hy:uy,#up

/ NO \
sy
Normal?

Natural YES
o —>
Pairing?

Paired T-Test

Vars NO : :
a4 Smith-Satterwaithe Test  puummmmmmm
Equal?

Independent T-Test

Figure 3: Validation graphic of the simulated model (Chung, 2003)

First, it should be determined that the data collected from real and simulated models
have normal and abnormal distribution. If the data were not normal, a non-parametric test or
Kolmogorov-Smirnov test would be used. If the data were normal, statistical parametric tests
would be used. That is, if the data have a paired mode, data are not independent but
dependent on other sample data. If the data do not have a paired mode and equal variances,
the Smith-atterwrite test is used; otherwise, an independent-T test is used.

4. RESULTS AND DISCUSSION

In this research, patients in the ICU of neurosurgery in Tehran X Hospital were chosen as
the study system. There were 14 beds in this section. To sort the entered patients to ICU, data
regarding characteristics of patients in NCCU were collected; then, data related to the entrance
time of patients using the hospital information system were extracted. Six types of patients,
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including Trauma, Brain tumor, Cerebrovascular, Cerebral hemorrhage, Hydrocephalus, and
Spine surgery, had been accepted in this section contain.

4. 1. Choosing the Prioritization Criteria

After investigating the research background and extracting effective criteria in the
prioritization of patients, some other effective criteria are presented, and a tree of decision-
making for prioritization criteria of patients in ICU is illustrated, as in Figure 4.

Prioritization of patients in waiting list

Clinical criteria |- Social criteria

O O L1 o OSBRSS SN

Cg: Hardness of doing activity in

case of not curing
C5: Responsibility of patient about

taking care of relatives
finding job, study, work and etc.

Cy: Patient Severity of pain
C,: Rate of disease progress
C5: Needed time for curing
C4: Effective ness of curing
Cs: Time in waiting list

Cg: Constraint of patient for
(4o Social position of patient

Cq: Patient’s age

-

C, 1 Possibility of death in case of not curing C4 1: Possibility of success in curing
C, ;: Danger of serious complication in case of not curing C4 o Increasing in being alive years
C, 3: Danger of decrease in effectiveness in case of not curing in case of successful curing

C, 4: Danger of spreading the disease in near textures in case of
not curing

C; 5: The possible months of staying alive in case of not curing

Figure 4: Extracted criteria for prioritization of patients (Authors)

4. 2. Screening Effectiveness of Criteria Using Fuzzy-Delphi Method

Choosing a cycle of experts is one of the most important parts of the Delphi method.
Awareness of the mentioned group about the subject is a good guarantee for high-quality
results in Delphi. Thus, a Delphi cycle member in research is chosen based on specialty and
not on a random selection process. A researcher chooses the Delphi cycle regarding their
awareness of the subject. Therefore, a list of 12 doctors and hospital employees, who have
close contact with health system management, are selected. After collecting 12 filled
questionnaires, the defuzzied content of each question is calculated; then, using these,
outputs are interpreted. In this study, according to experts' opinion, criteria with more than a
mean spectrum of 3, as their defuzzied content, are considered as important criteria, and
those with a mean spectrum less than 3 are considered as less important criteria. Therefore,
given the aforementioned remarks and Table 2, criteria of social position are selected as less
important effective criteria and thus are omitted.
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Table 2: Output of the Delphi method

Fuzzy value of each

Question question Defuzzied content of each  Question’s Consensus
number L M U question condition percentage
C 4 5 5 4.614 proved 75
&) 4 4 5 4.404 proved 66.67
Gy 4 4 5 4.364 proved 75
G 4 4 5 4.364 proved 75
G5 5 5 5 5 proved 100
Gy 5 5 5 5 proved 100
C s 4 4 5 4.404 proved 66.67
Cs 4 4 5 4.404 proved 66.67
¢ 4 4 5 4.364 proved 75
Cy i 3 3 4 3.361 proved 75
Cs 2 2 3 4 3.058 proved 66.67
Cs 3 3 3 3 proved 100
Cs 3 3 3 3 proved 100
& 4 4 5 4.287 proved 91.67
Cs 2 3 4 3.021 proved 75
Cy 3 3 4 34 proved 66.67
Cro 1 1 1 1 rejected 100

Given the remarks mentioned earlier in the topic literature, the weight of the researcher’s
criteria using the fuzzy-ANP method is presented. Initially, as can be seen in Table 3, internal
relations of criteria and sub-criteria are established by experts.

Table 3: Internal relations of criteria and sub-criteria

Relations of criteria and sub-criteria

GOAL
c,,C,,C5,C4,C5,C4,Cr, Cy, Cy ¢
C] ’ C3' C4' C6 c
Gy 10Cs 320Gl 50 Gy 4r Cop 5 ’
C3
C2
¢
Ch Il(h 2
c, Cs
C,, Gy, Cy Cs
C6' C8' C9 C'7
CIIC6/C7IC9 C8
C9
Czizrczisrczianz; c
GGy o
C G 3.6 4. Cs c
GGy -
C 1:.C 2.C 4, G s (G
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Relations of criteria and sub-criteria

GOAL
G5, Cy
C 1:C 2,C 3,C s
Gy
GGy
C 1:C 2,C 3.Cy
G s
C.Cy
Cs 2
Cy i
Cs,Cr G 2,C 3.C 4G 5
Cs

CiiC 110G 2,C 3,C 4, G 5

To calculate related weights of the researcher’s criteria, initially, a questionnaire of
pairwise comparison criteria considering their internal relations is formed. After forming the
questionnaire, they are passed to decision-makers to complete it. In this research, to calculate
the weight in a pairwise comparison, lingual phrases and triangular fuzzy members stipulated
in Table 4 are used.

Table 4: Lingual phrases and fuzzy numbers for the weight of criteria

Fuzzy Numbers
L M )

2
o

Lingual Variables

—
—_
—_

Equally important
Equal to partly more important
Partly important
Partly important to highly important
Highly important

Highly to very highly important
Very highly important

O (0 N o U1 A W

Very highly to totally important

0o N o b WN -
O 00 N oot M WN

W 00N o 1 b W N =
N
o

Totally important

By filling out the pairwise comparison questionnaire using convertible fuzzy numbers
table, judgments of experts are altered to suitable triangular fuzzy numbers. After forming the
network structure of research, performing the fuzzy pairwise comparison, and obtaining
weights, the supermatrix of question should be formed. The first supermatrix of question is
uneven supermatrix, as can be seen in Table 5.

Table 5: The first supermatrix

C, C, criteria
Goal
G G, Gy Gy Gs G, G, ¢ G G ¢ G G &/ C G
sz] 0 0.705107 0.4272 0.675363 0.633667 0.527365 0.53016 0 0.623194 0 0 0 0 0 0 0 0
szz 0.42548 0 0.24551 0.139939 0.121561 0.113719 0.11357 0 0.113489 0 0 0 0 0 0 0 0
C, C273 0.16971 0.119211 0 0.129309 0.122041 0.199048 0.19295 0 0.115519 0 0 0 0 0 0 0 0
C274 0.35935 0.120371 0.28359 0 0.122731 0.112489 0.11571 0 0.110959 O 0 0 0 0 0 0 0
C275 0.04546 0.055311 0.0437 0.055389 0 0.04738 0.04761 0 0.03684 O 0 0 0 0 0 0 0
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C, C, criteria
Goal
G G, G Gy Gs G, G, ¢ 6 G ¢ C G G C G
Cypyo 1 1 1 1 1 0 0 0 0 00853 0 O 0 0 0 0
< C;r 0 0 0 0 0 1 0 0 0 0 016461 0 O 0 0 o0 0
C, o 0 0 0 0 0 0 0 0151134 0 0 0 0.14995 0.14995 0.13501 0 00517
C, 1 1 1 1 1 0 o o o 0 1 1 0 0 0 o0 03419
C; 0 0 0 0 0 0 0 003267 0 0 0 O 0 0 o0 0.0393
C, o0 0 0 0 0 1 1 00390428 0 0 0 0 0 0 0 03052
Criteria Cs 0 0 0 0 0 0 0o 1 0 0 0 0 O 0 0 o0 0.0411
C; 0 0 0 0 0 0 0 0015171 0 0O 0 0 042971 056993 0 0.0837
G 0 0 0 0 0 0 0 0 0 0 0 0 04971 0 018076 0 0.0346
Cy 0 0 0 0 0 0 0 0 0 0 0 0 033305033305 0 0 0078
Co 0 0 0 0 0 0 0 0 0 0 0 0 008729008729 01143 0 0.0245
Goal 0 0 0 0 0 0 0o 0 0 0 0 0 O 0 0 0 0
Since the sum of some columns in the matrix is not equal to 1, it cannot be stated that the final
effect of the considered control criterion has been truly shown. Thus, the weight of each element in
a column cluster of supermatrix should be multiplied to a vector of relative importance in that cluster.
Hence, the sum of elements in all columns of supermatrix becomes equal to 1. The obtained
supermatrix is called an even supermatrix. Table 6 shows the even supermatrix of this study.
Table 6: Even supermatrix
C, C, Criteria
Goal
G, G, G Gy Gs 6, G, ¢ G G ¢ C G G C G
C, ;0 023503 0.1424 0225121 0211222 0.175788 026508 0 0311597 0 0O 0 O 0 0 o0 0
C, ; 0141827 0  0.081837 0.046646 0.04052 0.037906 0.056785 0 0056744 0 0 0 0 0 0 o0 0
C, C, 3 005657 0039737 0 0043103 0.04068 0.066349 0.096475 0 0057759 0 0O 0 0 0 0 o0 0
C, 4 0119783 0.040124 009453 0  0.04091 0037496 0.057855 0 0055479 0 0O 0 O 0 0 o0 0
C, 5 0015153 0018437 0.014567 0.018463 0  00157930.023805 O 001842 0 0O 0 O 0 0 o0 0
C; ; 0333333 0333333 0.333333 0333333 0333333 0 0 0 0 0 0417695 0 O 0 0 o0 0
“ C, o 0 0 0 0 0 033333 0 0 0 0 0083050 0 0 0 o0 0
lef 0 0 0 0 0 0 0 0 0075567 0 O 0O 0.14995 0.14995 0.13501 0 00517
C, 0333333 0333333 0333333 0333333 0333333 0 0o 0o 0o 0 05 1 0 0 0 o0 03419
C; 0 0 0 0 0 0 0 00151133 0 0 0 0 0 0 o0 0.0393
o 0 0 0 0 0 0333333 05 0019214 0 0 0 0O 0 0 o0 03052
Criteria  Cs 0 0 0 0 0 0 0 1 0o 0 0 0 0 0 0 o0 0.0411
Cy 0 0 0 0 0 0 0O 0 00788 0 0O 0 0 042971056993 0 0.0837
c, 0 0 0 0 0 0 0O 0 0 0 0 0 042971 0 018076 0 0.0346
Cy 0 0 0 0 0 0 0O 0 0 0 0 0 033305033305 0 0 0078
Gy 0 0 0 0 0 0 0 0 0 0 0 0 008729008729 0.1143 0 0.0245
Goal 0 0 0 0 0 0 0 0 0 0 0 0 o0 0 00 0

After forming the even matrix, it should be powered by an arbitrary very big number to
obtain the long-time relative effect of each element of even matrix on each other. By doing
this, all the elements of the supermatrix columns become equal. This matrix is called the
boundary supermatrix. In the boundary supermatrix, the weights of all model's agents are
identified. In this matrix, shown numbers in each row demonstrate the weight of the
corresponding agent of that. To use these weights in interpreting and ranking, they must be
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altered to normal weights. Normalized and boundary weights of research agents are
illustrated in Table 7.

Table 7: Boundary and normalized agents of the study

Criteria Limiting weight Normalized weight
o 0.026791 0.05462
G, 0.195285 0.39811
C; 0.030682 0.06255
C, 0.127153 0.25921
Cs 0.027852 0.05678
Cs 0.036189 0.07377
G 0.019809 0.04038
Cs 0.019388 0.03952
Cy 0.007385 0.01506

G 0.140944 0.48725
G o 0.048537 0.16779
G s 0.041802 0.14451
Gy 0.045434 0.15707
G5 0.01255 0.04339
Cy 0.155451 0.70596
Cs s 0.064747 0.29404

After calculating the weight of criteria, patient categories are prioritized using the
fuzzy-TOPSIS method; for this purpose, the matrix of the question decision should be
formed for six types of studied patients. In this research, the condition of each patient
type related to each research criterion is evaluated by 13 decision-makers using lingual
variables and fuzzy spectrum stipulated in Table 8. Its results have been presented in
Table 9.

Table 8: Fuzzy variables of TOPSIS method

Lingual phrase Stipulated fuzzy number

Totally low (0,0,1)
Very low 0,1,3)
Low (1,3,5)
Equal (3,5,7)
High (5,7,9)

Very high (7,910
Totally high (9,9,10)

Table 9: TOPSIS method

. - . . Cerebral
Option of criteria Brain tumor Trauma Spinesurgery  Cerebrovascular Hydrocephalus hemorrhage
Intensﬁ;; Zifnpatlent’s (2.84,4.84,6.846) 3,57) (9,10,10) (57.9) (7,9,10) (357)
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Danger of death in case

of delay (9,10,10) (9,10,10) (2.84,4.84,6.84) (8.69,9.76,9.92) (8.389.53,9.84) (9,10,10)
Danger of serious
complication in case of (9,10,10) (9,10,10) (57,9) (57,9 (8.69,9.76,9.9) (9,10,10)
delay
Danger of reduction in
effectiveness in case of (9,10,10) (9,10,10) (0.92,2.76,4.69) (5,7,9) (8.69,9.76,9.92) (9,10,10)
delay
Danger of spreading
the disease in near
textures in case of not (©10.10) 0.0.1) 001 ©.0,1) 0,0,1) (0,0,1)
curing
Possibility of surviving
in case of delay(waiting (1,3,5) (0,0,1) (5.30,7.23,9.07) (1,3,5) (0,0,1) 0,0,1)
list)
Needed time for curing ~ (8.84,9.92,10) (6.07,7.92,9.38) (57,9) (3.31,5.30,7.3) (2.84,4.84,6.84) (5.30,7.23,9.07)
P055|b|I|t3/uc::anccess in (357) (5.15,7.15,9.07 (7,9,10) (5,7.9) (0.077,1.15,3.15) (1.35)
Increase edilg (531,7.239.07) (7.15,9.07,10) (3,5.7) (35,7) (1,3,5) (57,9
period
Waiting list period (35,7) (357) (35,7) (357) (357) (357)
Hardness of doing
activity in case of not (5,7,8.92) (8.84,9.92,10) (5.61,7.46,9.15) (5.15,7.15,9.07) (8.84,9.92,10) (9,10,10)
curing
Responsibility of patent
in taking care of (357) (357) (35,7) (357) (357) (357)
relatives
Constraint in finding
job, study or work in (5.15,7.15,9.07) (3.15,5.15,7.15) (5.76,7.61,9.23) (57,9 (6.84,8.84,9.92) (9,10,10)
case of not curing
Patients’ age (357) (357) (357) (357) (357) (357)

After all stages of the fuzzy-TOPSIS method regarding research literature, six types of
patients based on multiple criteria and their weight are established in which Trauma, Brain
tumor, Cerebrovascular, Cerebral hemorrhage, Hydrocephalus, and Spine surgery form the

priorities of neurology unit, respectively, as can be seen in Table 10.

Table 10: Result of TOPSIS method

Patient classification Result Priority
Trauma 0.642941 1
Brain tumor 0.632826 2
Cerebrovascular 0.577112 3
Cerebral hemorrhage 0.56346 4
Hydrocephalus 0.517121 5
Spine surgery 0.491971 6

4. 3. System Simulation

To create a simulated model of patients in NCCU, distribution of data and the period of
residency are calculated, and a model for 14 beds of NCCU by FIFO order for the patient

entrance by ED software is simulated. Figure 5 shows the overall view of the model.
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Figure 5: Simulated model of ICU (Authors)

To determine the validity of the simulated model, the number of discharged patients
would be studied. For this, the simulated model is implemented in the last ten months and
compared with ten months ago data. According to Chang chart (Figure 3), the assumption
should be assessed first to make sure that the two samples are normal (Table 11).

Table 11: Outputs from the simulated model and real information

Simulated models’ output (c;,) 72 83 71 74 71 66 70 67 78 70

Real data(cC,) 93 80 68 67 71 70 79 71 73 75

Probability Plot of C2

Probability Plot of C1
Normal

Normal

8

Mean 77
StDev  4.29%
N 10
KS 0172
P-Value >0.150

Mean 722
StDev 5073
N 10

@

K 0216
P-Value >0.150

Percent
8

Percent
Bgaggz3d s 8

60 65 70 75 80 85 60 65 70 75 80 85
o) a

Figure 6: P-values for resulted outputs from the simulated model and real information

According to Figure 6, the p-values for the simulated model and real data, it can be
understood that both societies follow the normal distribution. Noticing that the data are
paired, a paired T-test is used for checking the validity of the model; see Table 12.

Table 12: Paired T-Test

Paired T-Testand C,: C,; C,

Paired T for C, - C,
N Mean StDev SE Mean
C, 1072.20 5.07 1.60

C, 1072.70 4.30 1.36

Brazilian Journal of Operations & Production Management, Vol. 18, No. 1, e2021975, 2021 17/21



Prioritization of patients in ICU: composite approach of multiple-criteria decision-making and discrete event simulation

Difference 10 -0.50 5.04 1.59
95% ¢, for mean difference: (-4.10; 3.10)

T-Test of mean difference = 0 (vs not = 0): T-Value =-0.31 P-Value = 0.761

According to results, it can be understood that the two societies are equal, and the model
has good validity.

4. 4. Simulation Results

After the validation of the model, it is necessary to investigate the obtained results of the
simulated model. Thus, the simulated model is run for 320 times, and then results are
presented in Table 13.

Table 13: Simulation result

Observation period:2592000
Warmup period:86400

Number of observations:320

Simulation method: Separate runs

Atom FIFO OUTPUT PRIORITY OUTPUT
Brain tumor 10.6 15
Cerebral hemorrhage 11.25 8.1
Cerebrovascular 8.99 13
Hydrocephalus 6.51 4.8
Spine surgery 21.5 15
Trauma 13.99 17

5. RESULTS DEBATE

Based on the results of the simulated model in FIFO mode and also after applying the
prioritization, it is clear that according to the set criteria, the composition of patients should
be changed to improve system efficiency.

As in the research literature, the importance of patient prioritization criteria was
emphasized. In order to prioritize patients, it is very important that the main criteria are clearly
defined (Abbasgholizadeh Rahimi et al., 2016).

Accordingly, in this study, the main and sub-criteria were determined and the importance
of each was determined using fuzzy ANP of which the rate of disease progress and
effectiveness of curing ranks higher due to the life emergency issues (Lin and Harris, 2013).
Other criteria related to social justice which are of cocern are constraint of patient for finding
job, study, work and et., responsibility of patient about taking care of relatives and hardness
of doing activity in case of not curing. Stability and justice should be considered as one of the
indicators of patients' prioritization (Chang et al., 2018). Prolonged treatment not only reduces
the effectiveness of treatment but also makes the patient's condition more acute and
irreversible (Globerman et al., 2013). For this reason, the effects of treatment delay were also
fully considered.

6. CONCLUSION

The resource allocation planning is extremely challenging in healthcare systems.
Especially in these systems that poor decisions may lead to chronic situations for patients. In
this research, a comprehensive combined method, including discrete-event simulation, fuzzy-
Delphi, fuzzy-ANP, and finally, fuzzy-TOPSIS, is used to prioritize patients.
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To consider all the criteria of patient prioritization, the concluded criteria are screened
using the fuzzy-Delphi method and experts’ opinions. In addition to weighting and fuzzy
ranking methods, results of prioritization patterns and all their details can be exported from
the output of the simulation system. The results show good performance of the proposed
method in the analysis and optimization of the system. The major focus of this research is
patient prioritization with multiple criteria in a fuzzy environment. After collecting the
information and processing by ED software, the model is simulated to include the system
complexities in the model. After assuring the model validity, the priority model runs on the
simulated model. The results show that the proposed model can modify patient entry based
on multiple criteria in terms of productivity and social justice in the patient queuing strategy.

The contribution of this research is threefold: the literature has been reviewed to
conclude the criteria concerning decisions around ICUs, the concluded criteria filtered through
an expert panel which can be relied based on the method, a real application of the steps
proposed is presented which allows comparing the accuracy and efficiency of the decisions
made in the hospitals.

A drawback of this research can be in states of emergency which limits the options at
hand and the criteria proposed may set a drawback on the aim of the study. This can be
explained in the sense that this study aimed to develop a method to systemize the decision
process and the method is the main contribution of the study since the authors are experts of
operational management.

Future research may lie in: investigating modern methods of weighting and prioritizing in
the human queue, using the queues theory and modeling in the bed dedication considering
the fuzzy-MCDM methods, and investigating the hidden risks of human queues prioritization.
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