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ABSTRACT

Background: This study aims to design a multi-objective model for locating emergency relief
bases with maximum coverage and minimum costs. As a result, this model is expected to
reduce mortality by increasing the efficiency of relief services.
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Available Online: 01 Jul 2021 :  and the statistical information on demand (at least 30 samples for data normalization) in the
¢ last six months 0f 2018, we introduced and implemented a definitive mathematical model. We
also evaluated the model with GAMS software. Using previous studies and interviews, we
identified key and practical indicators of site locations. These indicators are being easy to access,
locating in high-demand areas, such as an urban area, and not being too close to another relief
base. These factors were then prioritized using the hierarchical method, and the output indicates
the high weight of the factor of “being in a place with high demand”. The objective functions
are to maximize coverage, minimize costs, and provide equity in relief time. To deal with the
uncertainty of the parameters, we used the robust optimization approach. To initially select
potential proposed sites to establish the database, we used Geographic Information System (GIS).
To test the above mathematical model in the real world, we conducted a case study in East Tehran.
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1. Introduction

n today’s troubled world, where hu-
manity faces different dangers, an ac-
curate response system with the cor-
rect efficiency of prehospital medical
emergencies is paramount. An essential
feature of emergency service providers
worldwide is the rapid deployment of
ambulances for patients to save them. Because of the im-
portance of saving human lives and reducing the errors
caused by not sending ambulances in time and control-
ling the death rate, these systems should perform with
high precision [1, 2].

The Emergency Medical Service (EMS) is a vital part
of any health system. These services operate at a critical
point in community health. In most emergencies, there
is a very short golden time to provide resuscitation ser-
vices, which can significantly impact disease or accident
prognosis [3]. Success in the EMS system depends on
the performance and skills of personnel, their knowl-
edge, best equipment, and facilities. Because of the dif-
ficult situation of operation in EMS and the process
of much information in a short time, proper decisions
should be made as quickly as possible. The sooner the
answer is found, the better the results for the patient [4].
Considering the high demand for these services in the
east of Tehran City, Iran, and the insufficient EMS bases,
the purpose of this study is to find the best places to es-
tablish emergency facilities to respond appropriately to
all the requests.

Indicators of location-routing problems were deter-
mined according to “location of ambulance bases based
on random demand”, “optimization of location models”,
and “planning and optimization strategies” [5-7]. In this
paper, all research-inspired sub-indices, a part of the
sub-indices of the vehicle routing problem, were catego-
rized into two parts: physical and structural sub-indices.
In physical sub-indices, only a new constraint is added
to the model affected by conditions, such as the type of
transport fleet. In structural sub-indices, the set coverage
model [8] or more complex possible models are consid-
ered, such as the location problem with the maximum
expected coverage [9].

One of these efficient models is the Double Standard
Model (DSM), used to optimize and improve the loca-
tion of ambulance services in Belgium [10], Canada
[11], and Austria [12]. It is one of the accepted models
for related issues is locating an ambulance [13].
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To provide comprehensive coverage, using reliability,
proposed a distribution algorithm to reduce the number
of ambulances at each base implemented and solved
the DSM at different periods [14-17] (Figure 1). They
also modeled and solved the ambulance location prob-
lem along with the dispatch problem. In this case, the
problem with the location and status of each ambulance
and all emergency contacts received up to time t were
defined [18]. By explaining the prioritization of location
indicators, the proposed algorithm optimizes the math-
ematical model and determines the number and location
of ambulances with the assumptions made [19].

By emphasizing the quality of services of emergency
stations in New Delhi, using the statistical data of mor-
tality during three years, and collecting data of places
prone to demand, the researchers calculated and studied
travel time between ambulances to the demand points
[20]. In addition, the key indicators in the development
of the ambulance airbase were also examined, which had
the greatest impact on the distance factor [21].

Based on the research in this field and the study of loca-
tion indicators in reducing mortality and growth of eq-
uitable access to health services in the reviewed articles
and also the importance of health development, which
is one of the indicators of country development, the pri-
mary purpose of the study is to provide an optimal plan
to establish emergency stations. This plan consequently
improves emergency medical services and reduces the
burden of mortality, as well as shortens the response time
to accidents.

2. Materials and Methods

One of the main issues for EMS is the correct loca-
tion of the emergency base and the deployment of the
ambulance [9]. Therefore, ambulances must be present
at a particular time and distance to the requested loca-
tion [10], and EMS planners should choose the best
sites for establishing and deploying ambulances [11].
Researchers have found that significant deviations from
these standards can worsen patients’ conditions [12]. The
present study is an applied-developmental study and has
used cross-sectional data of the Emergency Organization
in East Tehran in 2018. A mixed-integer linear program-
ming model was used to model the problem of optimiz-
ing emergency bases.

Integer linear programming is a subset of mathematical
optimization whose problems are similar to linear opti-
mization, except that all or some problem variables are
integers. Similar to linear optimization, the primary ap-
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Table 1. Sets used in the mathematical model
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Parameters Ootcome
Collection of candidate areas for the construction of emergency centers E=1,2,..., €]
A set of areas that will need assistance D=1,2,..., di

proach to integer programming is to find the minimum
or maximum value of a linear function in a space with
linear constraints. In the case of discrete variables, this
space is not continuous and convex but a discrete space.
These variables can only be 0, 1, or other valid variables.

The items considered in this modeling are demand
uncertainty, reliability for an emergency response to
requests, and limitation of fair time distribution and re-
lief between stations. The studied model was solved by
considering the model items (2 items according to Table
1) and indicators (9 items according to Table 2). These
items and indicators are based on the standard DSM
model developed by Derrac et al. [14] (Figure 2)

The study population is all data of the eastern region of
Tehran (the second half of 2018). First, we tried to de-
termine the initial points of the construction candidate in
Geographic Information System (GIS) software. Then ac-
cording to the criteria and their weighting by the elites, we
reached the final criteria. In the final phase, the suggested
sites were presented in the first stage by solving GAMS
software. In general, GAMS software is one of the op-
timal and efficient decision-making tools in operational
research. It means that wherever we need to make optimal
decisions with constraints such as time, cost, and resourc-
es, we must use mathematical modeling, the components
of which include 4 phases of information and data entry,
model construction, analysis, and conclusion. It is used to
optimize location using a genetic optimization algorithm
implemented in the GAMS software environment.

In today’s real world, countless parameters may be
different and uncertain. In this research, the important
parameter of customer demand (dei), one of the main
causes of model uncertainty, is considered an uncertain
parameter. Also, fast changes in the environment have
added to the uncertainty and ambiguity in the location
of facilities. Therefore, to reduce the existing risk and
uncertainty, it seems vital to employ an approach to deal
with uncertainty. There are efficient approaches in this
regard. One of these new approaches is the optimiza-
tion approach, which aims to find almost insensitive
solutions to the uncertainty of the environment and the
changing demands. Uncertainty is used when there is no
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complete demand in some data, such as statistical data.
To avoid measuring error, we assume an estimate and a
general forecast as demand in the form of time scenarios.
Reliability is used in the location of facilities in case of
failure or inaccessibility of the system and to prevent
disruption of system order and continued service to the
applicant. In the mathematical modeling of this research,
it is considered a mathematical constraint. Because of
the limited capacity of ambulances to carry out missions,
it is certainly not possible to complete all missions and
respond to all requests. So, it is necessary to design a
support base to respond to unmet requests. In general,
multi-objective location means that it has three objective
functions in the mathematical model. The first objective
function seeks to minimize costs, the second objective
function seeks to maximize coverage and demand, and
the third objective function aims to minimize relief or
justice time during service. In each step, one of the ob-
jective functions is solved, and the other functions are
applied as constraints in the model.

Mathematical model of research
(Imin ZIJZWZ(Fixj-FAmj-Fcoﬁj_).yj(l)
max ZZ:_; ;x[/.dej 2

min Zj=max(xi/.. t,.,.) 3

IZ x,21 Vied (4)

de =" Vied (5)

(1-xij).LA>tij-TS Vied, jee (6)
xij>yj Vied, jee (7)

j; x,>de, Vied (8)

yj=0 oR1,xij Vied, jee (9)

dei>0 Vied (10)

xij.aij>R Vied, jee (11)
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Figure 1. Algorithm for selecting construction emergency centers

Regarding the first objective function, the fixed cost of
constructing and purchasing an ambulance and the vari-
able cost for constructed emergencies are minimized
(minimizing system costs). Regarding the second ob-
jective function, the coverage radius is maximized. Re-
garding the third objective function, the maximum time
interval for relief (to establish social justice or distribu-
tion) is minimized. The first constraint (fourth relation)
ensures that at least one emergency center assists in each
area (covering all locations). The second constraint (fifth

Table 2. Parameters used in the mathematical model
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relation) specifies how many emergency centers should
be allocated to that area according to the demand of each
area. By this constraint, the reliability of the problem is
guaranteed, and based on it, the minimum number of
emergency centers is determined to provide services to
each area (Figure 3).

The third constraint or equity in distribution (Equation
6) is that if the time interval of an emergency candidate
center from an area is longer than the allowable time,
then that emergency candidate center cannot be assigned

Parameters Abbreviation

The time interval between area i and the emergency candidate center j .
The maximum allowable time interval that the patient should be assisted before this set time T5
Optional large number LA

Area demand i nx;

Ambulance purchase cost for emergency j Am,

The variable cost for the construction of the emergency j cost,
Fixed cost for the construction of the emergency j ﬁxj
Minimum percentage reliability R

Assigned reliability

aij
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to that location. In other words, the time of relief from
each base to the place of demand for all ambulances sent
to their place of mission must follow the same standard
time. The fourth constraint (seventh relation) determines
which emergency candidate center will be established.
The fifth constraint (Equation 8) ensures that the mini-
mum number of emergency rooms required for each area
is assigned. The sixth constraint (ninth relation) deter-
mines the variables zero and one. The seventh constraint
(tenth relation) determines the larger variables equal to
zero (Equation 11). The reliability of the service ensures
that all requests are made to send an ambulance and
complete the mission.

The experts interviewed in this study, based on at least
five years of work experience, included emergency spe-
cialists and several professors of Tehran University of
Medical Sciences. The hierarchical analysis method is one
of the few decision-making tools in today’s world, which
is used to determine the importance of criteria and to
weigh them. First, to value the criteria, each criterion was
given to an expert and asked among the selected criteria
in Table 3, extracted from previous studies, which of your
criteria do you meet? Then, these priorities were given a
score from 0 to 1, and after removing the unreasonable or
inconsistent scores, close numbers were selected, and the
majority of opinions was applied.

3. Results

This study assumes that different areas of the city (east
of Tehran) are divided into smaller regions. For each
area, considering their history of demand, there is a need
for relief and an emergency center. For a certain number
of requests, the minimum number of emergency centers
to provide services is determined. The term refers to the
minimum number of ambulances available for each area,
and based on this, two or more relief centers may pro-
vide services to that area. The nearest allocated emergen-
cy center is the main center, and the rest of the allocated
centers are support centers (to ensure that the demand is
met). Thus, it is possible to guarantee the provision of

July 2021, Volume 6, Number 4

services to all demands, which will make the results of
the work more realistic and bring the research closer to
the real world.

Also, minimizing the maximum service time to emer-
gency centers in different areas is considered, accord-
ing to which service is balanced in all areas and justice
in distribution is guaranteed. However, an area will be
assigned to a relief center if the time interval between
them is observed and not more than the specified time.
If a relief center is needed, the cost of construction and
equipment for the relief center and its running costs will
be added to the system costs.

Using GIS software, the eastern part of Tehran was di-
vided into several equal sections, of which 27 emergency
relief bases are currently active. Also, 50 points were se-
lected as primary centers, and 30 points were proposed
as new emergency centers according to the factors stud-
ied in Table 3 and the genetic meta-innovative algorithm
as the final proposed sites. In general, the algorithm’s
main loop used first generated random responses ac-
cording to the size of the population. The values of the
three objective functions are then calculated for each so-
lution. In the next step, the solutions are ranked. Finally,
according to the input data, the solution to the problem
is obtained according to Table 4, including the main and
backup databases.

According to Table 4, the first column will be the main
base of service and relief, and the second and third col-
umns will be the support bases. If the main base (first
column) cannot respond to the request, the support base
will enter to carry out the mission and provide service.
Using the software and the output obtained from the ob-
jective functions and constraints in the proposed math-
ematical model, new centers of 2, 3, 6,9, 12, 22, and 25
are proposed for construction.

4. Discussion

This study aims to introduce and develop a mathemati-
cal model to find the optimal locations of emergency sta-

Table 3. Different criteria for selecting emergency candidate location in research and their weights

Criterion Number

Criterion Description

Calculated Weight

1 Location availability (ease of access) 0.16
2 Location within the city limits 0.22
3 Being in a place with high demand 0.44
4 Being in a location that is not too close to another emergency 0.18
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Figure 2. Determining potential relief centers in East Tehran and final layering in Arch GIS software

tions in Tehran in terms of variable demands and reliabil-
ity. The issue of time is fundamental in an emergency.
Ambulances should be on duty at all times to ensure that
adequate coverage and timely response to EMS units are
always available. EMS planners must choose the best
locations for the dispatch of ambulances. However, it
is essential to note that, despite responding to requests
on time, the patient’s chances of survival are not neces-
sarily guaranteed [11]. Excessive deviation from these
standards can significantly worsen patients’ prognoses
[12]. The results of this study are in line with the results
of research conducted by Su and Huang in 2015, Simon
2008, Mansouri 2019, Rodrigo 2012, Sin 2010, Zarandi
2011, Davari 2011, Hali 2015, which provide a model
considering the support coverage [18]. However, in the
mentioned articles, location modeling is dealt with as a
single purpose. The site location is modeled only with
simulation software. Overlooking the different demands
of the sites at any hour of the day and night is far from
the reality of the real world. The lack of attention to de-
mand uncertainty in the form of a pivotal scenario can be
considered another key point of this research with previ-

ous research. Besides, considering the issues of fair dis-
tribution of ambulances, the support sites, and GIS are

the innovations in this work.

5. Conclusion

Emergency stations are an essential part of any health
system. The proper application of these services and their
correct locations will prevent human mortality and in-
crease the speed of relief, satisfaction, and life expectan-
cy. Therefore, we studied the factors affecting the location
of emergency centers in Tehran. In this article, indicators
such as ease of access to the relief base, being in a place
with high demand, being in an urban area, and being in a
location near no other emergency, have been studied.

Tehran is a developing metropolis with a growing
population, and in any city whose population increases,
the demand for services will increase. Among these, the
quality of emergency services is one of the most impor-
tant services in demand. If the services and places of pro-
viding these services are chosen rationally and correctly,

Mahmoudi H, et al. Multi-objective Location Model in GIS Environment. HDQ. 2021; 6(4):235-244.
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Figure 3. Determining the locations of east Tehran emergency candidates in the map in the emergency department

it can increase the desirability and satisfaction of people.  The number of emergency stations in East Tehran is cur-
This objective is possible by recognizing and examining rently 27, but using the mathematical model developed
the factors affecting the location of emergency stations. in this study, this number should be increased to 34. In
According to the research conducted in this article, the other words, seven other bases are required. Using the
criterion of being in a place with high demand has the mentioned model, the construction costs of the facility
most weight and importance. can be minimized so that the obtained solution becomes

Mahmoudi H. et al. Multi-objective Location Model in GIS Environment. HDQ. 2021; 6(4):235-244.
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Table 4. Allocation of different areas to relief centers

First Emer- Second Emer-  Third Emer- First Emer- Second Emer-  Third Emer-

Area Number Area Number

gency Center  gency Center  gency Center gency Center  gency Center gency Center

1 1 404 11 3 404 -
2 404 = = 12 3 404 B,
3 402 - - 13 3 426 -
4 402 - - 14 426 9 =
5 1 404 - 15 9 B .
6 404 1 - 16 3 407 -
7 404 402 - 17 3 423 -
8 426 402 - 18 6 3 -
9 426 - - 19 6 426 405
10 3 404 - 20 6 9 -
21 9 403 - 46 422 411 -
22 9 403 - 47 421 431 -
23 403 9 - 48 431 419 -
24 407 420 430 49 431 22 -
25 420 423 - 50 22 - -
26 423 425 6 51 411 422 -
27 6 423 405 52 411 422 -
28 405 6 - 53 419 422 -
29 405 9 - 54 431 419 12
30 9 403 - 55 12 431 -
31 403 9 - 56 12 - -
32 403 - - 57 418 412 419
33 420 430 - 58 418 419 -
34 420 423 425 59 418 - -
35 425 423 - 60 428 12 -
36 409 423 425 61 12 418 -
37 405 409 - 62 412 418 421
38 405 9 - 63 421 414 412
39 9 405 - 64 428 12 421
40 403 - - 65 428 12 =
41 403 - - 66 25 - -

]
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First Emer- Second Emer-  Third Emer- First Emer- Second Emer-  Third Emer-
Area Number Area Number
gency Center gency Center  gency Center gency Center gency Center  gency Center
42 408 420 - 67 427 412 -
43 408 431 420 68 413 427 412
44 425 431 - 69 414 413 -
45 425 409 - 70 414 12 -
71 25 - - 78 415 429 -
72 406 413 - 79 25 - -
73 406 413 - 80 415 429 -
74 415 414 - 81 428 415 -
75 25 - - 82 429 - -
76 406 - - 83 429 - -
77 406 415 -
I3lealthin
€mergencies and |dlisasters [0luarterly
solid. This issue can have a significant effect on increas- Acknowledgments

ing demand coverage and thus reducing demand response
time, improving quality and productivity, and especially
reducing the number of deaths due to delays in relief. It
should be noted that this study had some limitations, such
as collecting demand data at different hours of the day.

To complete this research, we suggest that the variable
of traffic effectiveness in locating bases and the subject
of time in a fuzzy way be considered in future studies.
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