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Abstract

This study discusses a regional healthcare system including several hospitals with dif-
ferent characteristics. We define a utility function for the system based on the sector-
ization concept to form a balance between hospitals in terms of important outputs such
as waiting times and demands. Since the determined system is dynamic, the balance
state is lost over time; consequently, resectorization is done over time. We simulate the
system utilizing the data of a case study. We characterize multiple periods and calcu-
late the utility of the system’s current state. We design resectorization scenarios based
on boosting the capacity and quality of hospitals. Numerical results demonstrate that
substantial improvement of utility with resectorization is achievable.

Keywords: Healthcare System, Resectorization, Balancing, Utility, Simulation

1. Introduction

In healthcare systems, besides less average waiting time and higher average qual-
ity, balancing between service centers in terms of quality and demand is desired. The
balancing should be supplied with policies that benefit patients; otherwise, it cannot
be valuable and applicable (Teymourifar, 2022a). The concept of sectorization can be
used to characterize balancing. The goal of sectorization is to divide a large region
into smaller and proportional sectors (Liu et al., 2020). Sectorization intersects with
districting, accessibility (Bruno et al., 2022), and balancing (Diglio et al., 2020; 2021;
2022), but in this study, we focus on its balancing aspect. This work discusses a re-
gional healthcare system that contains hospitals with different features. Each hospital
and the patients who choose it are considered as a sector. Since service systems are
generally dynamic, the desired condition may be lost over time, in which case resector-
ization can reform it (Teymourifar, 2022a). Resectorization is not a concept different
from sectorization; it is just for balance over time. We define a utility function for the
discussed system based on a multi-objective (MO) model (Mokni et al., 2023). We
employ the simulation method to solve the model (Teymourifar, 2022b). The sector-
ization models designed based on integer programming techniques are non-convex. In



this case, it can be challenging to find solutions for them (Teymourifar, 2021). Simula-
tion models do not have this deficiency. Furthermore, simulation can be a practical tool
for solving dynamic sectorization models (Teymourifar, 2022a) in healthcare manage-
ment (Bouramtane et al., 2022; Do Amaral et al., 2022; Guo et al., 2020; Halawa et al.,
2021; Troy et al., 2020). In the dynamic model of this study, scenarios such as closing
a subset of hospitals and growing capacity and quality levels are analyzed to improve
the utility.

The outlines of this work, its similarities and distinctions from earlier works can be
summarized as follows:

o We determine a function for patients based on which they choose a hospital.
Some studies in the literature have similar definitions (Kaya et al. 2020a,b; Tey-
mourifar et al. 2021a). Unlike them, we don’t include pricing decisions in the
model but consider the decision of using or closing the hospitals in different pe-
riods. This kind of facility layout decision has been investigated deeply in the
literature on healthcare management (Halawa et al., 2020; Taymaz et al., 2020).
However, different than many of the works in this area, we regard the quality
of hospitals and the distance of patients to them for the decisions. We indicate
that closing a subset of hospitals can be beneficial in terms of providing a more
balanced system.

o We define the utility of a healthcare system based on sectorization. Earlier stud-
ies specify utility for individuals and/or society, not for the healthcare system
(Teymourifar, 2022a; Kaya et al. 2020a,b; Teymourifar et al. 2021a).

e Unlike previous studies, we aim to balance a healthcare system in terms of both
demands and waiting times. Advancing average quality is also desired.

e We consider the number of patients that exit the system. This matter is neglected
in most previous works (Teymourifar, 2022a,b).

e Unlike the former works (Teymourifar, 2022a), we do resectorization for more
than one period. This point makes the model more suitable for real-life applica-
tions.

Other parts of the paper are organized as follows: Section 2 presents a literature re-
view on the topic. Section 3 describes the proposed model. The case study, scenarios,
and obtained results are presented in Section 4. The explanation of conclusions and
future works in Section 5 constitutes the last part of the study.



2. Literature Review

Efficient and equitable access to hospitals is a critical challenge faced by societies
worldwide. A challenging subject in healthcare systems is to provide a balance between
hospitals of the system. Studies in the literature deal with this subject from different
sight. An article by Taymaz et al. (2020) presents a stochastic optimization model
for locating walk-in clinics in a network to cater to mobile populations. The authors
model the continuum of care required for different diseases using coverage definitions
that reflect the adherence protocols for the services (Taymaz et al., 2020). The objec-
tive is to maximize the total expected weighted coverage of the network, subject to a
Conditional-Value-at-Risk measure (Taymaz et al., 2020). The article develops cover-
age definitions and an optimization model and presents a computational study carried
out on a real-life case in Africa (Taymaz et al., 2020).

A study by Kaya et al. (2020a) investigates the coexistence of public and private
hospitals and proposes subsidy mechanisms to balance their capacity utilization and
improve overall access to healthcare. The authors develop a simulation model and
analyze the effects of different public policies on patients’ preferences, social utility,
public healthcare spending, patient satisfaction, and waiting times (Kaya et al.,2020a).
The study sheds light on the importance of balancing public and private hospitals to
improve access to healthcare and patient satisfaction and provides insights into the im-
pact of different policies on the healthcare system (Kaya et al.,2020a).

Similarly, a study by Kaya et al. (2020b) proposes new contract mechanisms based
on pricing and subsidy policies to balance healthcare systems containing public and
private hospitals. The study formulates a multi-objective problem and proposes analyt-
ical models to determine the best contract mechanisms and optimal contract parameters
to maximize the total social utility (Kaya et al., 2020b). The study presents detailed nu-
merical results and highlights that the proposed mechanisms can significantly improve
the system performance, reduce waiting times and increase patient satisfaction.

The study of Teymourifar et al. (2020) addresses the challenge of balancing health-
care systems comprising both public and private hospitals. The study underscores the
existing preference of patients towards public hospitals, resulting in overcrowding and
dissatisfaction, despite the better services offered by private hospitals with shorter wait-
ing times, albeit at higher prices (Teymourifar et al., 2020). The study proposes new
pricing policies and contract mechanisms between the government and private hospi-
tals to alleviate the situation (Teymourifar et al., 2020). A MO problem is formulated,
and analytical models are presented to optimize the contract mechanisms and parame-
ters to maximize the total social utility (Teymourifar et al., 2020). The study provides
a detailed numerical analysis to compare the effectiveness of the different contract
mechanisms. It highlights the significant improvements in the system performance,
waiting times, and patient satisfaction with the proposed mechanisms (Teymourifar et
al., 2020).



In a recent study, Teymourifar (2022a) proposes a new model for balancing the
accessibility of healthcare services in a region based on resectorization. The study fo-
cuses on dividing a vast region into symmetric sectors and balancing the accessibility
of healthcare units, which is a common goal of governments. The proposed model con-
siders each hospital and the patients that choose it as a sector, and it defines a new bi-
objective function that aims to improve quality and accessibility. The simulation-based
optimization is used for resectorization, which is portrayed as a tool for policymaking
based on contract mechanisms. The experimental results showed that it is achievable
to balance the accessibility of healthcare units with a suitable contract mechanism.

As seen in Table 1, this work offers new insights into healthcare management and
presents a more comprehensive framework for system balancing. It presents a novel
approach to balancing a healthcare system by considering various factors. Specifically,
we develop a function that captures patients’ hospital preferences based on quality and
distance, and we explore the impact of closing certain hospitals on system balance.
Unlike some related studies, we do not include pricing decisions in our model but
focus on facility layout decisions and their effects on demands, waiting times, and
patient exits. Additionally, we define the utility of the healthcare system itself, rather
than just individuals or society, and we sectorize for multiple periods to better reflect
real-life applications.



Table 1: A comparison between studies in the literature and our study.

Kaya et al. (2020a) Kayaet al. (2020b) Taymaz et al. (2020) Teymourifar et al. (2020) Teymourifar (2022a) This paper
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Patient satisfaction
Waiting times
Hospital distance
Quality of service
Utility function
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3. Description of the Model

The problem of this study can be summarized as follows: A regional healthcare
system is considered, which is comprised of hospitals with different characteristics.
Some hospitals are small and have low capacity and quality, while others are large and
have high capacity and quality. Despite the fact that individuals have a shorter distance
to smaller hospitals, larger hospitals are preferred since they are better in terms of
quality. All hospitals in the model are thought to be administered by the government,
which examines scenarios involving improving hospital capacity and quality as well as
closing some hospitals to provide a more balanced system. The following parts of this
section elaborate on the proposed model. The used notations are summarized in Table

2.

Table 2: Used notations

Notation ~ Description
SI Set of patients in period #
SJ Set of hospitals
SO’ Set of open hospitals in period ¢
ST Set of periods
i Index of patients
jand k indexes of hospitals
J Number of hospitals
H; Hospital j
t Index of period
T Number of periods
y; Decision variable about opening H; in period ¢
A‘l.j Decision variable about selecting H; by the i-th patient in period
I} Number of patients selecting H; in period ¢
I Number of patients in period ¢
1 Number of patients in all periods
p; Probability of selecting H; in period ¢
P Average probability of selecting hospitals in period ¢
I, Number of patients that the system loses in period ¢
q; Service quality level in H; in period ¢
TQ;. Total quality received by patients in H; in period ¢
TO Total quality received by patients in period ¢
m} Capacity of H; in period ¢
W;/. Waiting time of the i-th patient in H; in period ¢
W Average waiting time in H; in period
wd;, Time to reach H; by the i-th patient in period ¢
Wi Average time to reach H; in period ¢
W’l Average total time before examination in H; (including reaching hospital and waiting
for examination) in period #
™' Average total time before examination in all hospitals (including reaching hospital and
waiting for examination) in period ¢
Anflu,, Quality sensitivity of a patient in period ¢
sy, Waiting time sensitivity of a patient in period ¢
cj Fixed costs of H;
c”,." Cost of unit capacity in H;
Cq’/ Cost of increasing quality in H; in period ¢
cq' Cost of increasing quality in all hospitals in period ¢
Chiax Upper level of the total cost in period ¢
U’ Utility function in period ¢
o Index of component o of U’
i Component o of U’
U Utility function for all periods
fo Component o of U
St Scenario s in period 7




We presume there are hospitals in a district, all managed by the government. The
set of hospitals and the j-th hospital are shown as SJ and H;, respectively. There are
differences between hospitals in capacity, quality, and the average distance of patients
to them. In period ¢, the quality and capacity of H; are demonstrated as q;. and m;.,
respectively.

In some periods, a subset of the hospitals may be closed. In period ¢, the decision
variable about whether hospitals are open is expressed as in Equation 1.

Y= VjeSJVteST. (1)

. 1, if Hjis open in period t
0, otherwise.

S O' denotes the set of open hospitals in period ¢. It is obvious that j € SO" if
y; = 1, Vt € ST. The sensitivity of patient i to distance and quality in period ¢, her
distance from H; and the related waiting time are respectively indicated as sn,,, , snj,.,
wdfj and wﬁj (Teymourifar, 2022a). Patient i selects H; in period ¢ if Inequality 2 is
valid.

Sty g’ — sty (Wi, + wdj;) >
sn;uiq;< - snivt[(wﬁk + wd;k) 2)
VieSI,Vj+keSO

A patient leaves the system when Inequality 2 is not valid for any j. This situation
can be interpreted as preferring another hospital out of the region. The values of the
variable defined in Equation 3 are determined by Inequality 2.

X VieSI',VjeSO' VieST. 3)

P 1, if patient i selects H; in period t
0, otherwise.

The number of patients that prefer H; in period ¢ is acquired as in Equation 4.

=", VjeSO, VieST. 4)
ieSr
The probability of selecting H; in period ¢ is defined as in Equation 5.
I
pgzl—j, VjeSO YreST )
Evidently, Equation 6 is valid for all periods.

> pi=1, viesT (6)
jesor



The average probability of selecting hospitals in period ¢ is defined as in Equation
7.

_ 2jesor P;
J

A balance between the probability of selecting hospitals is desired in each period.
To measure this, fl’ , VYt € ST is determined as in Equation 8.

—t

, YteST @)

fi= D=7 VresST ®
jesSor

t = 1 represents the current state of the system. Minimizing f] for V¢ > 1, and
satisfying Constraint 9 is expected.

[ ves1 ©9)

The balance between the probability of patients choosing hospitals during all peri-
ods is measured by f; defined in Equation 10, which is intended to be minimized. T is
the number of all periods.

fi=), 7 (10)
In period f, patients’ average time to reach H; is expressed as in Equation 11.

— Diesr Wd,{jx;j
Wd]-:T, VjeSO' NVteST 1n
J

In period ¢, the average waiting time before examination in H; is as in Equation 12.

(A
_; ZiESI/ Wijxij
w,. = —

. 12
: . Vje SO VieST (12)
J

Average total time before examination in H;, including reaching the hospital and
waiting time, in period 7 is indicated as in Equation 13.

TW, = wd, + W, VjeSO' NteST (13)

Average of Wz for all hospitals is as in Equation 14.

—t
o jeso(wd;+ W)
fi=TW - VteST (14)

As defined in Constraint 15, the values of f; in periods should be less than in the
current state.

fi<f), vi>1 (15)



Minimizing f,, defined as in Equation 16, is aimed.

= Z%’ (16)

teST

/3 is defined as in Equation 17 to measure the balance of WZ between hospitals in
period ¢, which is supposed to satisfy Constraint 18.

fi= D ATW)-TW)|, VteST (17)
jesor

A<, ve>1 (18)

The average of f; for all periods is identified as in Equation 19, which is aspired to
be minimized.

f= % (19)

teST

The total quality acquired by patients choosing H; in period ¢ is defined as in Equa-
tion 20.

TQ,=4q\I;, VjeSO' VteST (20)

I', the number of patients in period 7 is calculated as in Equation 21.

I' = Z I', VteST Q21
jesor
In period ¢, the average quality level received by the patients is indicated as in
Equation 22.

t TO.
fi= o _ > Q", VteST 22)

t t
1 jesor 1

The average level of quality over all periods should be at least that of the current
situation, which is satisfied by Constraint 23.

A< Vi1 (23)
To be minimized, f; is determined as in Equation 24.
ft
fi= ) 7 24)

teST

cjand ¢ are, respectively, the fixed and unit capacity costs in H, while cq’j is the
cost of the boost in quality in H; in period #; thus, cg’ is calculated as in Equation 25.

cof = ) cq VreST (25)
jesor



The total cost of hospitals in period ¢ is defined as in Equations 26.

fi=cq + ) (fc;+mic, VreST (26)
jesor
Due to an increase in capacity, there may be a growth in f;. Constraint 27 is defined
to manage this augmentation.

fi<c . VieST @7

The total cost of hospitals during all periods is determined as in Equations 28,
respectively.

fi= > A (28)

teST
I' . is the number of patients that the system loses in period ¢; then the probability
of patients not choosing the regional hospitals is identified as in Equation 29, which

should satisfy Constraint 30.

It

fo=3¢ 29
fi<fl, ve>1 (30)

The probability that patients do not prefer regional hospitals during all periods is
as in Equation 31.

fo= % 3D

teST

The defined utility for period ¢ is an MO function, as in Equation 32.

Urz(f{7f2t?f§7fi’f51’fé) (32)

T 0=1,2,..,6is component o of U’. The utility for all periods, i.e., the model’s
objective function, is identified as in Equation 33.

U =(f1, 2, f3: Ja f5. o) (33)

Similarly, f,,0 = 1,2,...,6 is component o of U. As stated before, it is not intended
to minimize fZ, ¥Vt € ST, but only to satisfy Constraint 27. This point can be interpreted
as the government tolerating the cost growth to improve the healthcare system but
defining an upper limit.

10



4. Implementation and Experimental Results

The model described in Section 3 is implemented in the Rockwell Arena 14 soft-
ware. We utilize a system with an Intel Core i5 processor, 2.4 GHz, with 12 GB of
RAM. The patients’ inter-arrival times are formed through the Exponential distribution
in the Create module in Arena. The inter-arrival times, decision variable in Equation
1, quality levels, and costs are identified as variables. The quality and waiting time
sensitivities and distances from hospitals are assigned to each patient as attributes. Ca-
pacities, i.e., the number of teams that do examinations in hospitals, are defined in the
Set module.

Inequality 2 is defined in the Expression module of the Arena software. If patient
i chooses H; in period t, then xfj = 1. This decision ensures in the Decide module of
the Arena software. The patients that choose one of the hospitals in the region exit the
system after going through a Process module of the Arena software representing the
examination process. The simulation model’s output is the waiting time, the number of
patients, and the utility components for each period.

Data from a case study is employed in the simulation model conducted in the Es-
kisehir state in Turkey between 2015-2018. More details can be found in references
(Kaya et al. 2020a,b; Teymourifar et al. 2021a). There are seven hospitals in the re-
gion, indicated as H;, ¥j = 1, ..., 7. It should be noted that in the case study, H;, H, and
H; were public hospitals and Hy, Hs, Hg and H; private hospitals. But in this study, we
presume that all hospitals are public because otherwise, implementing scenarios, es-
pecially those about closing hospitals, can be challenging. Although, this assumption
does not damage the model’s generalizability, and if multiple hospitals with different
characteristics have a unified administration, the proposed model can be applied.

Three periods are considered, denoted by 71, #,, and #3. As seen in Table 3, the inter-
arrival times of patients are the same in #; and #,. However, #; represents the current
state, while at #,, the government decides to improve the utility by resectorization. #3
represents the period in which the arrival rates of the patients are less. As seen in the
first column of Table 3, based on the arrival rates, the hours of a day are divided into
three intervals (Kaya et al. 2020a).

Table 3: Inter-arrival times, i.e., the average times between patient arrivals (in seconds).

Inter-arrival times

Time intervals £ and t, t3
02:00-08:59 65 130
09:00-16:59 30 60
17:00-01:59 19 38

11



Times to reach H, H,, and H3 by i-th patient in period ¢ are considered to be
according to the Normal distribution with mean and standard deviation equal to 45
and 15, respectively, which is stated as wdfj~ NORM(45,15) Vj = 1,2.3, Vi € ST,
Yt =1,2,3. Also, we supposed that wdl’j~ NORM(20,10), q3 =09,V = 1,2,3,
q’j = 0.7,Vj = 4,56,7Vt = 1,2,3. This means that the average distance of pa-
tients from H,, H,, and Hj3 is more than Hy, Hs, Hg, and H7, while their quality level
is alike more. In hospitals, H;, H,, and Hs3, the capacity is supposed to be four, and
for hospitals Hy, Hs, Hg and H7, it is assumed to be two. H;, H,, and H3 are called
large-sized hospitals, and others are called small-sized hospitals. The examination pe-
riod for each patient is NORM(5,1.5) in all hospitals. If a negative examination time
is generated from this distribution, it is assumed to be equal to zero. It is also sup-
posed that there is just one examination process. Costs are defined as: ¢; = 10000 and
c?“ = 15000, Yj € SO'. In addition, the cost of a unit increase in the quality level of
each hospital is defined as 10000. For example, cg’ =70000 if there is one unit quality
improvement in all hospitals in period 7. The value of ¢/, in Constraint 27 is defined
as 407,000, which is 10% more than fs1 Cost values are similar to the years when the
case study was conducted, and the unit is Turkish Lira (Kaya et al. 2020a). Further-
more, we suppose that sny, ~ NORM(300,10) and snj, = 1. Vi € SI'Vt € ST. The
used parameters are also summarized in Table 4. As it is clear from the values of y},

¥je SO, att = 1, all hospitals are available for service, and then SO' = S J.

The simulation model outputs for the current state are as in Table 4. All results are
the average of ten replications, each lasting 720 hours, i.e., one month. As such, each
period can also be assumed to be one month. It should be noted that similar outputs
are obtained with more repetitions. For example, results similar to those in Table 4 are
acquired with 100 replications. The warm-up period is three days.

12



Table 4: Parameters and outputs of the simulation model for the current state of
the system, i.e., period 7 = 1.

Parameters:

y}:y%:yé:yi:y;:yé:y;:Lq}:qé:q;:O_qu:qé:qé:q%:()j
m}:mé:mé=4,m}‘=m;=m1=m1 2

6 7=

Outputs:

H, H, H; Hy Hs He H;
I Jl 25537 25840 24169 2996 3021 3076 2981
p} 0.29 0.29 0.28 0.03 0.03 0.04 0.03
w; 2249 2215 2216 046 0.46 0.44 0.51
Wl; 3023 3052 30.04  3.67 3.41 3.61 3.39
W; 5272 5267 5220 413 3.87 4.05 3.9
TQ} 22983.3 23256  21752.1 2097.2 2114.7 21532 2086.7
cj+ m; ¢ 70000 70000 70000 40000 40000 40000 40000

cq' =0,1} 0

out —

Comparing the values of p;. and w!, Vj € SO with the values of the real system
in reference (Kaya et al. 2020a), the validation of the simulation can be confirmed. It

should be remarked that the values W;, Vj € SO are not given in reference (Kaya
et al. 2020a), and they are added in this study. In period ¢ = 1, i.e., current state, the
system is not balanced regarding waiting times and the probability of patients choosing
hospitals. Also, I!,, = 0, meaning that all patients choose hospitals in the region.

Large-sized hospitals, namely H;, H,, and Hj, are more preferred by patients due
to their quality. It should be considered that the value of sn[, is higher than snj, in
all three periods. It means that patients generally give more importance to quality than
waiting time. As a consequence, these hospitals have higher average waiting times than
others.

13



To improve the utility, the following scenarios are designed for period # = 2:

S%Z ClOSil’lg H4, H5, H@, H7.

S%: Closing Hy, Hs, Hg, H7 and increasing the quality level of H,, H,, H3 to 0.95.

S%: Closing H4, Hs, Hg, H7 and increasing the capacity of H,, H,, H3 to 5.

Sﬁ: Closing Hs, Hs, Hg, H7 and increasing the capacity of H, H,, H; to 5 as well as
increasing their quality level to 0.95.

S Closing Hy, Hs, Hg, H7 and increasing the capacity of H;, H,, H3 to 6.

S?,,: Closing Hy4, Hs, Hg, H7 and increasing the capacity of H, H,, H3 to 6 as well as
increasing their quality level to 0.95.

S%: Closing Hu, Hs, Hg, H7 and increasing the capacity of H,, H,, H3 to 7.

S%: Closing Hs, Hs, Hg, H7 and increasing the capacity of H, H,, H3 to 7 as well as
increasing their quality level to 0.95.

S3: Closing Hy.

S %0: Closing H; and increasing the quality level of H, H,, H3 to 0.95.

S %] : Closing H; and increasing the capacity of H, H,, H3 to 5.

S%z: Closing H7 and increasing the capacity of H;, H,, H; to 5 as well as increasing
their quality level to 0.95.

Similarly, the following scenarios are designed for period ¢ = 3:

S f Using the parameters of current state for # = 3.

Sé: ClOSng H4, H5, H6, H7.

S%: Closing Hy, Hs, Hg, H7 and increasing the quality level of H;, H,, H3 to 0.95.

S Closing Hy, Hs, Hg, H7 and increasing the capacity of Hy, Hy, H3 to 5.

Sg: Closing Hy, Hs, Hg, H7 and increasing the capacity of H, H,, H; to 5 as well as
increasing their quality level to 0.95.

S%: Closing Hu, Hs, Hg, H7 and increasing the capacity of H,, H,, H3 to 6.

§3: Closing Hy, Hs, Hg, H7 and increasing the capacity of Hy, Hy, Hj to 6 as well as
increasing their quality level to 0.95.

Sg: Closing H4, Hs, Hg, H7 and increasing the capacity of Hy, Hp, H3 to 7.

Sg: Closing Hy, Hs, Hg, H7 and increasing the capacity of H, H,, H; to 7 as well as
increasing their quality level to 0.95.

The parameters of the scenarios designed for periods ¢ = 2,3 are summarized in
Table 5.

14



Table 5: Parameters in scenarios.

t=2

St =En =y =y =y =y =0=0.q1 =g, =5 =09, my=my=my=4

S%; y::y;:y;:l’yi:y;:yé:y;:()’q}:qzzq3=0.95,m{:m;:m;:4

S o=y ==Ly =y =y =y=0.4, =4, =q; =09, m; =my; =mj; =5

S o =En =y =l =ys=y=y=0.q =q,=q5 =095, m; =my =m; =5

S o=y =yy=Lyj=ys=y=y=0.q; =q,=¢; =09.m; =my =my=6

Sg vi=n =y =Ly =yi=y=y=0,q, = q, = q; =095 m =m; =my =6

S3 vi=En ==Ly ==y =0=0,qi = ¢, =q; =09, m{ =my =my =7

Sé; y::y%:y:;:],yi:y;:yé:y;:()’q}:qzzq3=0.95,m{:m;:m;:7

Sk oyl=yl=yl=yl=yl=yl=1,y1=0,¢ql =g} = ¢} =09,¢} =gl =¢. =07
my=my=mj=4my=ml=mj=2

Str M=y =y =y =y =g = 1y;=0.q; = g, = q; = 0.95.q; = g5 = ¢ = 0.7
my=my=mj=4my=ml=mj=2

S%li y}:yé:y;=yi=y;:yé=1,y;=0,q{ =qz=‘13=0~9’q}t=‘]§=‘1é=0-7
my=my=mj=5my=ml=mj=2

S%li y} :yézy;:yi:y;:yézl,yézo,q% :q2:q3:O.95,qi:q;:qé:0'7
my=my=m}=5my=ml=mj=2

St ovi=EwEn === ==lq =9, =45 =09, 9, =g} = g5 = ¢; =07
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The simulation model is run for each scenario. The outputs of the scenarios are
presented in Table 6, where the selected ones for each period are bolded. Also, the
results from Table 4 are summarized in Table 6. As stated before, for fS’ ,t=1,2,3, they
are only checked to be valid in Constraint 27 instead of minimization. For instance, f,j2
for § § is more than S g, but S é is chosen because it has better values for other utility
components. Note that the values of /2 for both S3 and S3 are less than f; because the
number of hospitals in both is less than that in the current situation.
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Table 6: The results of scenarios for periods ¢ = 1,2, 3.

t = 1 (Current state)

h h fy fi s f
S| 0.87 24.79 166.43 0.87 370000 0
t=2

f; 5 i fi 5 fe
s2 0.01 22.21 177.68 0.90 210000 0.02
§2 0.01 22.21 177.68 0.95 225000 0.02
S3 0.00 16.47 131.75 0.90 255000 0.01
S2 0.00 16.47 131.75 0.95 270000 0.01
S2 0.00 14.13 113.02 0.90 300000 0.00
S2 0.00 14.13 113.02 0.95 315000 0.00
sz 0.00 13.96 111.69 0.90 345000 0.00
S2 0.00 13.96 111.69 0.95 360000 0.00
S3 0.79 23.70 169.35 0.88 330000 0.04
N 0.79 23.70 169.35 0.93 360000 0.04
S2, 0.99 16.34 130.75 0.90 375000 0.00
N 0.99 16.34 130.75 0.95 405000 0.00
t=3

i 5 f A 5 fs
s3 1.14 13.98 111.86 0.90 370000 0.00
S3 0.01 13.97 111.74 0.90 210000 0.00
S3 0.01 13.97 111.74 0.95 225000 0.00
s3 0.01 13.88 111.02 0.90 255000 0.00
S? 0.01 13.88 111.02 0.95 270000 0.00
S: 0.01 13.83 110.66 0.90 300000 0.00
S3 0.01 13.83 110.66 0.95 315000 0.00
S3 0.01 13.82 110.53 0.90 345000 0.00
S3 0.01 13.82 110.53 0.95 360000 0.00
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Fort =2, S§ is chosen, in which hospitals with less capacity and quality, i.e., Ha,
Hs, Hg and H are closed, and the capacity and quality of H;, H, and H3 are raised. In
this case, all the utility components improve, and even the cost is reduced compared to
the current state. Forr =3, § g, which is a similar scenario to § g, is chosen. However,
compared to S 2in S g the capacities of H, H,, and H; are increased by a smaller
amount. The reason is that, at ¢ = 3, there are fewer arrival rates and, therefore, lower
patients than 7 = 1, 2.

Using Equations 10, 16, 19, 24, 28, 31, 33 the results of selected scenarios are
summarized in Table 7. These outputs satisfy all Constraints 9, 15, 18, 23, 27 and
30. Also, Table 7 gives the results of using the current state’s parameters for all three
periods. As seen, all components of the utility function improve, and even cost reduces.

Table 7: The value of the objective functions at the end of the third
period, with the proposed scenarios (for three periods).

bil f 5 Ja fs J6

With proposed scenarios (S2, S g aswell as S })

0.29 17.54 129.71 0.92 1000000.00  0.00

With the parameters of current state

0.96 21.19 148.24 0.88 1110000.00  0.00

Managerial Implications

The study’s findings have noteworthy managerial implications for balancing and
enhancing the performance of local healthcare systems. The outcomes show the im-
portance of regular resectorization to keep healthcare systems balanced in terms of
key outcomes such as waiting times and demands. Managers can proactively adapt to
changing dynamics and maintain an effective system over time by regularly performing
resectorization depending on patient arrival rates.

The study outlines some precautions that may considerably boost the utility of the
system. Notably, closing minor hospitals while improving the capacity and quality
of larger hospitals can have a substantial positive impact. This is a strategy that pol-
icymakers may employ to improve resource allocation and system performance. The
study also highlights a challenge that might be interpreted as a lack of demand for local
healthcare systems. Administrators may create focused initiatives to attract and keep
patients by comprehending the factors influencing patients’ hesitation to select local
hospitals, thereby enhancing hospital usage and system effectiveness.
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5. Conclusion and Future Works

This study addresses a regional healthcare system that includes hospitals with dis-
similar characteristics in terms of quality, capacity, and average distances to patients.
Some hospitals are small-sized with low capacity and low quality, while others are
large-sized with higher quality and capacity. Though patients have a less average dis-
tance to small hospitals, large-sized ones are preferred because of their better quality.
We suggest a new model for this system to balance patients’ average waiting times and
improve quality. Since balancing is one of the noteworthy objectives of the sectoriza-
tion concept, the model is characterized based on it. Each hospital and patients that
choose it are considered as a sector. The foundation of the proposed model is the defi-
nition of a new utility function for the system. Scenarios based on raising the capacity
and quality of hospitals to improve utility are designed. In addition, since all of the
hospitals in the model are supposed to be managed by the government, closing a subset
of them is analyzed in the scenarios. This matter has not been dealt with enough in
previous studies. Since the discussed system is dynamic, it is essential to do resector-
ization over time to improve utility. Therefore, different scenarios should be analyzed
in different periods.

We utilize simulation, which is suitable for the analysis of dynamic systems. Model
and designed scenarios are implemented within the Rockwell Arena software. In the
experimental results section, data from a case study is used. Three periods are defined
based on the patients’ arrival rates, one of which is assumed to represent the system’s
current state. In the second period, arrival rates are the same as the first one, i.e., the
current state, but the government does resectorization to improve the defined utility. In
the third period, the arrival rates are less than the previous ones for which the govern-
ment applies resectorization too.

Unlike most of the studies in the literature, we consider the case where patients did
not choose any of the regional hospitals. This situation can be regarded as a loss of
demand for regional hospitals. In the analysis of scenarios, the cost component in the
utility function is handled with a constraint of the upper limit. This means that limited
increases in cost can be tolerated if it benefits society. Results demonstrate that the
defined scenarios can remarkably improve the utility. The outputs indicate that closing
small hospitals and increasing the capacity and quality of large hospitals can improve
the defined system. Even in this case, it is possible to reduce the cost. This matter is a
noteworthy consequence from the managerial viewpoint.

In this work, a high-level and simplified discrete event simulation model is em-
ployed to assess a strategic-level problem. Future work will develop more sophisticated
techniques to define multiple decision variables. The values of the used parameters,
which are selected from a case study (Kaya et al., 2020a, 2020b; Teymourifar et al.,
2021a, 2022a), affect the managerial implications. In order to provide more broadly
applicable managerial consequences, it is intended to analyze a wide variety of param-
eters in future studies.
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The model described in Section 3 is not a mathematical programming model; it
is just a formulation for understanding the problem and also to be implemented in
the Rockwell Arena software. The model is developed based on the choices of each
individual patient. However, while this approach can be implemented in a simula-
tion model, it can be complicated to define it in a mathematical programming model.
Patients may become ill for many reasons that affect their choices, which should be
considered in the simulation model. However, closing a hospital can be interpreted
as capacity sharing between healthcare units; in reality, it has managerial complexities.
All of these limitations will be considered in future work to develop a more broad-scale
model.

This study assumes that the government manages all hospitals in the region; oth-
erwise, hospitals’ closure scenarios are not functional. This matter does not affect the
model’s generalizability, and it can be applied to hospitals with different characteristics
managed by the same authority. Future works will discuss which policies can improve
utility where public and private hospitals co-exist in the region. In addition, in this
study, we considered just an examination process in the centers. We plan to model
complex healthcare systems with diverse processes for future work.
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Appendix

Table of abbreviations

Abbreviations  Definition
MO Multi-objective
NORM Normal distribution
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