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Purpose: Rational location of emergency medical service (EMS) facilities could improve
access to EMS, and thus assist in saving patients’ lives and improving their health outcomes.
A considerable amount of spatial optimization research has been devoted to the development
of models to support location planning in the context of EMS, with extensive applications in
policy making around the world. However, in China, studies on the location of EMS facilities
have not been paid enough attention to, let alone their practical applications. This paper
conducted location optimization for EMS facilities in Chengdu, one of the biggest cities in
southwest China with more than 16.5 million population, aiming to optimize the EMS
system by adding (upgrading) a minimum number of EMS facilities to achieve a given
population coverage.

Methods: Location optimization was conducted according to regional health policy goal
for the EMS system in Chengdu, China, 2017. The nearest-neighbor approach was used
to calculate the shortest travel time based on geographical information system (GIS). The
location set covering model was used to formulate the optimization problem under
China’s context, and genetic algorithm (GA) was employed to determine the optimized
locations.

Results: The results showed that a minimum number of 55 new facilities were required to
upgrade to EMS facilities to achieve the policy goal of 90% population coverage of EMS
within 15 minutes. Access to EMS also improved substantially in terms of shortest travel
time after facility upgrading. The weighted median shortest travel time to EMS facilities in
Chengdu decreased by 14.57%, from 6.45 minutes to 5.51 minutes.

Conclusion: Our study showed that the solution could effectively achieve the policy goal of
population coverage with a minimum number of new EMS facilities. Our findings would
support evidence-based decision-making in future EMS planning in China.

Keywords: emergency medical care, EMS location, genetic algorithm, location set covering
problem

Introduction

Emergency medical service (EMS) is one of the most fundamental services in
healthcare system, it is responsible for urgent pre-hospital treatment and patient
transfer in the case of medical emergent events.! Timely and efficient provision of
EMS has a significant impact on patients’ health and recovery, thus plays a vital
role in saving patients’ lives, improving health outcomes, and reducing rate of

mortality.>* On this account, the improvement of EMS system has long been
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advocated throughout a worldwide range>® and is recog-
nized as an important part of health planning in most
countries.” !

Of all the problems arising in EMS planning, locating
EMS facilities has gained great attention from both local
governments and academia. It has been widely concerned
in the city development plan, so as to meet the safety
needs of residents and facilitate the realization of health
goals. Location problem, which seeks the optimal layout
of facilities for a given objective, is one of the most
studied area of Operations Research (OR).

A considerable amount of research work has been
devoted to developing models to support decision-
makings in the context of facility location. Regardless of
details of specific conditions and issues, typical location
problems could fall into the following categories accord-
ing to their optimization objectives: (i) the p-median pro-
blem; (ii) the p-center problem; (iii) the location set
covering problem; and (iv) the maximum coverage loca-
tion problem.'* A thorough overview of location science
can be found in the book of Laporte et al.'* Other popular
models and specific topics for location of EMS facilities
were carefully reviewed in Aringhieri et al'* and Bélanger
et al."”

Based on planning objectives, various studies have
used different models to assist in locating EMS facilities
around the world. Janosikova et al'® determined the opti-
mized location for current EMS stations in Slovak
Republic using p-median model, which allowed for
a significant improvement in access to EMS without add-
ing new stations. Fritze et al’ restructured the location of
EMS stations in Austria by solving maximum coverage
location problem. Their solutions realized better coverage
with fewer EMS stations than the current situation. Zhu
et al'” optimized the location of trauma centers in
Shenzhen, China with a modified location set covering
model. Results showed that a large service area can be
covered and a quick response time can be provided by the
optimized solution. Given that important differences can
be observed, not only in the ways that EMS are provided'®
but also in the development level of EMS systems around
the world, specific planning objectives could be quite
different in policy practice of different countries (and
even cities). Therefore, EMS location strategies should
be context-specific and support the development of local
health system.

This study selected Chengdu as an example to illustrate
how OR approach could support in decision-makings in

locating EMS facilities in China’s context. As one of the
biggest cities in southwestern China, Chengdu is currently
going through the process of developing into an interna-
tional metropolis. According to the strategic planning of
Chinese government, it has been positioned as one of the
national central cities in China.'® Serving as a fundamental
requirement of residents, building a well-functioned EMS
system is clearly an indispensable part of the city’s devel-
opment plans. How to efficiently locate EMS facilities
with limited resources has posed great challenge to the
local government. Hence, addressing EMS facility location
problem from the perspective of OR is urgently needed in
order to support policy making on the path towards
a better EMS system.

We calculated the shortest travel time from each
demand point to EMS facilities using the nearest-
neighbor method to assess the current access to EMS in
Chengdu. According to the city’s context of healthcare
delivery system and health planning goals, the optimiza-
tion problem was formulated using the location set cover-
ing model. Then, we solved the problem by genetic
algorithm (GA). Our study would provide implications
on the future EMS planning in China, as well as high-
lighting the location set covering modelling and GA in
regional healthcare resources allocation and healthcare
facility location planning, which was rarely adopted in
the practices.

Materials and Methods
Emergency Medical System in Chengdu,
China

The EMS system in Chengdu was organized at two levels:
1) the command level which was responsible for manage-
ment services including ambulance dispatching and tele-
phone advice; 2) the service level that provided actual
EMS, taking orders from the command level. Facilities
in charge of management responsibility included
a central emergency command center in downtown
Chengdu, and 11 emergency command sub-centers in sub-
urbs. Actual EMS, which included field-first-aids and
patient transfer, was implemented by the so-called pre-
hospital emergency care network hospitals (referred as
network hospitals below). Network hospitals were evalu-
ated and certified by central emergency command center in
Chengdu, following by a regular assessment every 3 years.
In consideration of regional differences in distribution of

quality medical resources, local governments in periphery
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districts often permitted some other facilities to participate
in pre-hospital emergency care. However, these facilities
were only able to handle less-emergent cases, uncapable of
treating patients in life-threatening conditions.

In 2016, The China’s state council issued “Healthy China
2030” as its mid-long term strategic planning in promoting
population health. Following it and basing on local socio-
economic development, the city government of Chengdu
subsequently announced “Healthy Chengdu 2030”. Both of
Healthy China and Healthy Chengdu emphasized the EMS
system, and regarded improvement of EMS system as one of
the main goals in the near future. According to China’s
National Development and Reform Commission,*’ the emer-
gency care physicians should be reached by people within 15
minutes. Under the context, we aimed to find the least num-
ber of facilities needed to upgrade to network hospitals, in
order to achieve a policy goal of 90% population coverage of
EMS within 15 minutes in Chengdu.

Study Area and Data

As the provincial capital city of Sichuan Province of
China, Chengdu is one of the largest and most populated
cities in southwestern China with 20 districts.’ The total
area of the city is about 14.34 thousand km?, with its
population reaching 16.04 million in 2017.** As shown
in Figure 1A, the population density is relatively high in
five downtown districts. The periphery areas are much less
populated compared to the central areas.

The data used in this study included supply side, demand
side, road network as well as administration boundary data.
The supply side data were consisted of three parts: 1) the entry
criteria of network hospitals; 2) the list of current network
hospitals, and 3) the data of all healthcare facilities of Chengdu
in 2017, including facility’s name, address, and organization
type (hospital, township health center/community health cen-
ter, and emergency center). All these data were obtained from
the Health Bureau of Sichuan Province and the Health Bureau
of Chengdu. We then screened the whole database and
extracted qualified facilities according to the entry criteria
that one facility should meet to become a candidate for net-
work hospital. Briefly speaking, only general hospitals and
central township health centers with separate emergency depts
were included in our candidate sets. Due to data unavailability,
detailed criteria concerning first-aid medicine and medical
instruments were not used in this study. After determining
the candidate facilities, we used Baidu Map to geocode facility
locations according to their names and addresses.

Considering every resident would be regarded as a risk
person needing for timely EMS, the number of whole popula-
tions was used as estimates of potential demand.* In order to
accurately depict the population distribution trend in Chengdu,
we applied LandScan 2017,** the finest resolution global
population gridded data (946 meters x 946 meters) provided
by the Oak Ridge National Laboratory, as our demand data.
Each grid was treated as a demand point, and grids with zero
population were excluded in subsequent analysis.

Road network was used to compute the shortest travel
times from each demand point to candidate network hospitals.
We gathered road network and administrative boundary data
from the 1:250,000-scale Topographic Database of the
National Fundamental Geographic Information System of
China, which was provided by National Geomatics Center of
China (Figure 1B). In applying network analysis, a standard
speed limit was assigned to each section of road, based on road
class, physical condition, and the Highway Technical
Standards of China. Specifically speaking, 120 km/h,
100 km/h, 80 km/h, 60 km/h and 40 km/h were set for high-
ways, state roads, provincial roads, county roads and village
roads, respectively. For paths where travelling by vehicles was
unavailable, the walking speed was set at 5 km/h.

The Nearest-Neighbor Method

We used the nearest-neighbor method to calculate travel
times from each demand point to candidate network hospi-
tals, and the shortest one was used to assess its current access
to EMS. A key assumption of this method was that residents
would always choose to go to the nearest facility to seek
emergency care, which was in accordance with the utilization
of EMS in an ideal world—complying with the principle of
proximity, command center would dispatch ambulance from
the nearest network hospital as far as possible to reach the
patients. Actual situation in a real world could possibly
violate this assumption due to the problem of congestion.
However, as we adopted this method from a planning per-
spective, it would be acceptable to make such assumption.
Travel times calculated from the nearest-neighbor method
would provide a reasonable representation of access to EMS
for a given demand point. More specifically, the shortest
travel time from each demand point to the nearest network
hospital equaled the total travel time spent by vehicles and on
walk. Walking speed and speed limits on different road were
set as described above, standing for the best potential travel
time (minimum response time) in the real world. The nearest-
neighbor method was performed using OD-matrix and near
modules in ArcGIS 10.6.
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Figure | Population density (A), road network (B) and distribution of network hospitals (C) in Chengdu, 2017.
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Problem Formulation

To achieve the policy goal of 90% coverage of EMS
within 15 minutes in Chengdu with least number of new
network hospitals, the problem of finding optimal facilities
to upgrade to network hospitals/to provide EMS fell within
the context of location set covering problem. We formu-
lated the location problem as follows:

min Yx;,i € 1 (1)
st YPy > Gjed 2)
velolliel 3)
v €{0,1},j€J “)

where 7 and J denoted the set of candidate facilities and the
set of uncovered demand points under current EMS system,
respectively. x; indicated whether facility i was chosen to
upgrade to network hospital (1, if it was chosen; 0, other-
wise) and y; indicated whether demand point j was covered
within 15 minutes after facility upgrading (1, if it was
covered; 0, otherwise). P; denoted the percentage of popu-
lation relative to the entire city in each demand point j. G
was the gap between current population coverage and pre-
determined policy goal. To be specific, if the current popu-
lation coverage was 60%, G was then set as 30%, since
newly upgraded network hospitals were only required to
cover 30% more population, which was currently not cov-
ered by existing EMS system. Equation (1) was the main
objective function, aiming to minimize the number of new
network hospitals needed in order to achieve the policy
goal. Equations (2) to (4) were the constraints. Equation
(2) explicitly expressed the policy goal-—new network hos-
pitals should provide at least G percent coverage to ensure
the achievement of 90% coverage of all population.
Equations (3) and (4) were integrality constraints.

It should be noted that different solutions that satisfied the
policy goal could be of the same priority, ie, these solutions
might require the same number of new network hospitals. In
order to simplify the final solution, we modified Equation (1),
the objective function, into the following equation:

min(Zx,- - ZP,-yj),i el %)

As shown in Equation (5), the additional population cover-
age brought by new network hospitals was added to the objec-
tive function. Noting that population coverage was
a percentage ranging from 0 to 1, by subtracting it from the

number of required facilities, we were able to find the solution

that realized best coverage among those requiring the same
number of new network hospitals. Such modification was
simply a computational skill, and should not be confused
with multi-objective programming which tried to seek both
objectives at the same time.

Solution Methods

Location set covering problem is a typical NP problem
that required solving a large number of polynomials.
Metaheuristic methods, such as genetic algorithm, tabu
search and ant colony optimization, have gained great
popularity in solving this type of problems.”>~° In this
study, we employed genetic algorithm (GA) to solve the
location set covering problem formulated above.

GA was firstly introduced by John Holland based on the
concept of evolution theory, analogous to the process of
natural selection.”” In a typical GA, a population of candidate
solutions to an optimization problem was gradually evolved
towards better solutions via an iterative process. Specifically,
each candidate solution was coded as an individual chromo-
some with genes, where each gene stood for one candidate
facility (ie, equaled the value of x;), indicating whether it was
chosen or not. The fitness of an individual chromosome was
defined using the fitness function. Based on the optimization
objective, Equation (5) was initially employed as the fitness
function and a smaller value for this function corresponded to
a better fitness. To integrate the constraint, we further added
a penalty term to the original function—solutions that did not
reach the policy goal (Equation (2)) were given a maximal
penalty term so that they would have a minimal fitness. The
iteration process went: (i) Randomly generating the initial
population; (ii) Stochastically selecting individuals with bet-
ter fitness from the current population to form the new
population through a combination of genetic operators,
namely mutation and crossover. The best individuals of the
current population would also be retained in this step. (iii)
Repeating step (ii) until the predetermined number of itera-
tions without fitness improvement has been reached.

Individual with the best fitness in the final population
was considered the best solution to the optimization pro-
blem. The computational process was conducted using GA

28,29
package,

a package designed for genetic algorithm in
R. Parameter settings (Table 1) and function formulation
were based on the author’s guide.*°

Weighted median travel time, interquartile range (IQR)
and population coverage within 15 minutes were used to
compare access to EMS in all districts before and after

facility upgrading. Greedy method was used to prioritize
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Table | Parameter Settings in GA

Parameter Value
Population size 1000
Number of genes 463
Probability of crossover 0.8
Probability of mutation 0.1
Number of best individuals survived at each 5% of population
generation size (50)
Number of iterations without improvement 1500

before stop

the order of facility upgrading in the optimized solution
based on the increase of population coverage. All data

analyses were conducted in R 3.6.1.%"

Results

Current Network Hospitals in Chengdu

In 2017, there were 95 network hospitals in Chengdu,
including 88 hospitals, 6 central township health centers
and one emergency center (a special case that located in

Table 2 Access to EMS Before and After Facility Upgrading

CTU, Chengdu Shuangliu International Airport). As
shown in Figure 1C, most network hospitals are concen-
trated in central downtown districts, with fewer facilities
distributed in other districts. Even in periphery districts,
network hospitals tend to cluster within a small area.
Such pattern of network hospital distribution conse-
quently led to a huge disparity in access to EMS among
different districts. Generally, current network hospitals in
Chengdu could provide EMS with 78.27% population cov-
ered within 15 minutes (Table 2); thus, newly upgraded
network hospitals were only required to cover 11.73%
more population in order to achieve the policy goal. All the
populations in five downtown districts have already reached
the 15-minute coverage standard (5/20). Besides, four adja-
cent districts (4/20), including Xindu, Pidu, Longquan and
Shuangliu, have also achieved the policy goal of 90% cover-
age under current situation. However, the remaining 11 dis-
tricts (11/20) did not reach the policy goal. In the worst two
districts, namely Jintang and Jianyang, more than 60% of the
population could not be reached by EMS within 15 minutes.

Current Status After Facility Upgrading
Median Shortest Travel Time Population Median Shortest Travel Time | Population Coverage in 15
(IQR) Coverage (IQR) Min
in 15 Min

Total 6.45 (10.65) 78.27% 5.51 (7.17) 90.05%
District

Chenghua 2.55 (1.82) 100.00% 2.55 (1.82) 100.00%
Jinniu 3.26 (3.39) 100.00% 3.26 (3.39) 100.00%
Jinjiang 2.26 (2.27) 100.00% 2.26 (2.27) 100.00%
Qingyang 2.10 (1.47) 100.00% 2.10 (1.47) 100.00%
Wuhou 2.46 (1.78) 100.00% 2.46 (1.78) 100.00%
Pidu 6.65 (5.87) 96.80% 6.28 (4.74) 99.33%
Xindu 7.90 (5.96) 94.86% 7.78 (5.51) 97.81%
Longquan 5.74 (6.18) 93.18% 4.95 (5.50) 96.21%
Shuangliu 7.47 (5.85) 92.63% 6.93 (5.74) 95.06%
Xinjin 10.37 (5.48) 85.46% 10.28 (5.09) 88.05%
Wenjiang 8.82 (7.64) 82.95% 7.29 (4.29) 98.83%
Qingbaijiang 10.42 (6.40) 76.85% 8.02 (5.31) 92.39%
Dujiangyan 10.81 (14.27) 64.46% 8.27 (5.68) 92.00%
Chongzhou 12.57 (9.59) 61.17% 8.90 (7.26) 88.01%
Pujiang 13.69 (11.87) 58.34% 10.19 (7.91) 80.96%
Dayi 13.78 (9.88) 56.39% 10.12 (6.83) 81.85%
Pengzhou 13.87 (10.54) 55.34% 8.17 (6.45) 88.59%
Qionglai 15.85 (18.45) 47.34% 10.30 (11.43) 70.09%
Jintang 18.90 (16.30) 37.26% 11.32 (9.78) 70.21%
Jianyang 34.35 (20.48) 10.94% 15.93 (14.37) 46.73%

Abbreviation: IQR, interquartile range.
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As listed in Table 2, a wide disparity also existed in
the weighted median shortest travel time among dis-
tricts. The weighted median shortest travel time in
Chengdu is 6.45 minutes, with subordinate districts
ranging from 2.10 minutes in Qingyang to 34.35 min-
utes in Jianyang. Figure 2A showed the visualization of
shortest travel time in each demand point. The bottom
two districts with regard to population coverage,
namely Jianyang and Jintang, were both located in
eastern corner of Chengdu. Due to the lack of network
hospitals, their shortage of timely EMS was explicitly
shown in the figure, with large areas covered by red

colors.
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Optimized Network Hospitals in
Chengdu

After data screening, 463 facilities which met the basic
entry criteria of network hospitals were set as our candidate
set. The computational result showed that Chengdu could
reach a 90% coverage of all population in 15 minutes,
assisted by a minimum number of 55 new network hospi-
tals. The locations and upgrading priority of these newly
upgraded facilities were shown in Figure 3. Detailed results
of greedy methods were listed in Table S1. In general, all
the new network hospitals were sparsely distributed outside
the downtown districts, with more facilities located in dis-
tricts with worse access to EMS. As for the facility type, 10
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Figure 2 Access (shortest travel time) to network hospitals before (A) and after facility upgrading (B).
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Figure 3 Distribution of current and newly upgraded network hospitals in Chengdu. Numbers denoted the upgrading order of each facility.
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of them were hospitals, the remaining 45 were all township
health centers.

As shown in Figure 2B and Table 2, after facility
upgrading, population coverage within 15 minutes in
Chengdu could reach 90.05%. The weighted median short-
est travel time decreased by 14.57%, from 6.45 minutes to
5.51 minutes. The IQR also decreased from 10.65 minutes
to 7.17 minutes. Three more districts, including Wenjiang,
Qingbaijiang and Dujiangyan, achieved the 90% coverage
goal when calculating the coverage index at district-level
(12/20). The next three districts, namely Pengzhou, Xinjin
and Chongzhou, all drew close to the policy goal, with
district coverage exceeding 88%.

Although still showing a relatively lower converge
rate, the bottom two districts both improved greatly in
access to EMS. The weighted median shortest travel time
in Jintang decreased by 40.11%, from 18.90 minutes to
11.32 minutes, with 70.21% population (vs 37.26%
before) covered by EMS within 15 minutes. Jianyang
improved the most with the help of newly selected net-
work hospitals—the shortest travel time was less than half
that of the current situation, and population coverage
within 15 minutes raised from 10.94% to 46.73%, increas-
ing by more than 300%.

Sensitivity Analyses

In order to explore potential solutions under different
conditions from the planning perspective, we further mod-
ified our model to conduct three sensitivity analyses: 1)
reselecting all network hospitals from candidate facilities,
which implied that existing network hospitals might not be
included in the EMS system in final solution; 2) relaxing
entry criteria for candidate facilities—we included all hos-
pitals, whether qualified or not, plus qualified central
township health centers in the candidate set; 3) changing

Table 3 Summary Results of Three Sensitivity Analyses

the standard of emergency response time from 15 to 12
minutes in the policy goal.

We provided three sensitivity analyses as complements to
the main result, brief results were listed in Table 3.

The first analysis addressed the same problem as the main
research from the perspective of facility relocation. All qualified
facilities that met the entry criteria, including existing network
hospitals, were set as candidate facilities. Therefore, this model
aimed to reselect all network hospitals to find the most resource
saving solution. Eighty-one facilities were finally selected and
consisted of a new EMS system that covered 90.01% popula-
tion within 15 minutes. It was worth noting that the number of
network hospitals required was even less than that of the current
EMS system (95 network hospitals).

The second analysis relaxed the entry criteria of net-
work hospitals. In addition to the existing 463 candidates,
290 other hospitals were included in the candidate set. The
solution to this modified model showed little difference
from the main results: 54 facilities were upgraded to net-
work hospitals, leading to a 90.13% coverage in Chengdu.

The third analysis reduced the emergency response
time from 15 to 12 minutes. After appropriate calculation,
we found that even if all qualified facilities were set as
network hospitals, it was still impossible to achieve the
policy goal of 90% coverage (these facilities could only
reach a maximum of 89.23% coverage). In this regard, all
1173 healthcare facilities in Chengdu were included in
candidate set, and the same reselecting strategy was
applied as in the first analysis. Results showed that with
a minimum number of 206 facilities, the coverage rate
within 12 minutes could reach 90.02% in Chengdu.

Discussion
The time needed to reach EMS was considered a key
performance indicator of EMS system. Timely access to

Objective Strategy

Candidate Set

Result

Objective |: Achieving 90% Reselecting all

Qualified hospitals and township health centers

81 Facilities were selected

coverage of EMS within 15 min network hospitals

558 facilities in total

90.01% coverage within 15 min

Objective 2: Achieving 90% Upgrading to

Hospitals plus qualified township health centers

54 New facilities were upgraded

coverage of EMS within |15 min network hospitals

753 facilities in total

90.13% coverage within 15 min

Objective 3: Achieving 90% Reselecting all

All healthcare facilities in Chengdu

206 Facilities were selected

coverage of EMS within 12 min network hospitals

1173 facilities in total

90.02% coverage within 12 min
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EMS could substantially reduce the rate of mortality and
improve overall health outcomes. For this reason, emer-
gency response time has gained great popularity in health
planning around the world. For example, Italian law has
made it mandatory for EMS facilities to respond to urgent
call within 8 minutes in urban area.'* Local governments
in lower Austria required that 95% of population should be
reachable by emergency care physicians within 20 min-
utes. In China, EMS systems in many provinces have been
developed with the goal of constructing a “l5-minute
emergency response circle” or setting up a “3-5 km ser-
vice radius” for EMS facilities. After the announcement of
“Healthy China 2030”,*? Chinese government was actively
promoting both capacity and efficiency of EMS system
across the country. However, compared with the advanced
development in location optimization techniques, regional
policy making in China was relatively lagging with little
or no use of these scientific methods, which often resulted
in irrational locations of EMS facilities under resource
constraint. Therefore, locating EMS facilities using opera-
tion research method was expected to uncover latent
defects in current EMS system and assist in decision-
makings in future EMS planning. Our study also high-
lighted the necessity of modernization of regional health
planning, which would be of great advantage in real
practice.

Based on current network hospitals, our study found
a significant disparity in access to EMS across different
districts in Chengdu. Five downtown districts were
reported to have a full population coverage of EMS within
15 minutes, while periphery districts like Jianyang and
Jintang still suffering from a shortage of EMS, with cover-
age rate less than 40% under current situation. Our result
was consistent with previous studies focusing on access to
healthcare resources in Sichuan province.**** Since health
resource supply was considered one of the most important
contributors to residents’ access to health care,* clustered
distribution of network hospitals would certainly widen
the existing regional gaps in access to EMS, and further
induce disparities in healthcare outcomes.

Applying location set covering modelling and solving it
by GA, we provided an optimized solution in selecting newly
upgraded network hospitals in Chengdu. Our solution could
reach the policy goal of 90% population coverage within 15
minutes, with a minimum number of 55 new network hospi-
tals. The optimized location of EMS facilities also promoted
access to EMS in Chengdu, with weighted median shortest
travel time decreased by 14.57%. Results suggested that

significant improvements were achieved in district level as
well. After facility upgrading, more than 50% of the districts
(12/20) achieved the policy goal of 90% coverage. Currently,
location optimization was rarely adopted in regional prac-
tices of healthcare facility location. Above results validated
the effectiveness of our optimization model, and demon-
strated that location optimization could play an important
role in future EMS planning in China.

It should be noted that in the optimized solution, 45 of 55
(83.33%) newly upgraded network hospitals were all township
health centers. According to the Chinese Ministry of Health,
township health center was officially classified as primary
healthcare institution in China.>>*® However, in addition to
primary care services, they also took charge of medical care
services in areas with scarce healthcare resources. The solution
of the location optimization model has pointed out the vital
role of township health centers in improving access to EMS in
rural areas. As parts of the primary healthcare system, town-
ship health centers were more evenly distributed compared to
higher-level hospitals. Such pattern of distribution was con-
sistent with the universal coverage goal of EMS, and therefore
township health centers would be ideal candidates for future
network hospitals in rural areas. One of the obstacles that
hindered the participation of township health centers in deli-
vering EMS was their lower level of service capability and
quality. Even if the entry criteria set for township health
centers was relatively looser compared to that of hospitals,
satisfying all the requirements was still a great challenge for
most township health centers in rural areas. Pooling regional
resources on a couple of township health centers to construct
regional medical centers would be a possible solution. By
doing so, certain township health centers would be able to
develop at a rapid pace, substantially improving their service
capability so as to meet the entry criteria of network hospital.
In addition, training programs concerning emergency medical
care were highly encouraged as an important approach to
improve EMS ability in rural areas.

The clustered distribution of existing network hospitals
also revealed a potential defect of current EMS system in
Chengdu. The qualification assessment for network hospital
was passively conducted by central emergency command
center after applications of willing facilities. Considering
the clustered distribution tendency of quality healthcare
resources, the probability was relatively high that a fair pro-
portion of network hospitals would concentrate within small
areas. Such distribution pattern would probably result in
resource maldistribution problem which usually led to
a waste of resources, thus harm the efficiency of overall
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EMS system. As shown by the first sensitivity analysis,
a minimum number of 81 network hospitals were already
sufficient to achieve the same policy goal of 90% coverage
within 15 minutes. Although 81 facilities were not enough in
real-world situations, the gap between solutions (81 vs 150)
was large enough to uncover the latent maldistribution pro-
blem in the current EMS system. Similar result was also
obtained in Austria by Fritze et al’. Various measures could
be adopted in order to alleviate such problem. On the one
hand, the guidance function of government should be
brought into full play to encourage wide participation of
healthcare facilities in providing EMS. On the other hand,
for related policymakers and planners, rational location stra-
tegies should always be kept in mind to avoid inefficient
location of EMS facilities.
encouraged to seek professional help from experts of man-

Government officials were

agement science or Operational Research.

We recognized that this study had several limitations.
First, we used shortest travel time as a representative of
potential emergency response time and calculated this
index in the best possible situation. However, actual emer-
gency response in the real world would cost much more time
in consideration of potential traffic jams and extra prepara-
tion time before the departure of ambulance. Future studies
could make use of more detailed data to find solutions under
real-world conditions. Second, due to data unavailability, we
could not obtain the list of healthcare facilities in adjacent
cities of Chengdu. Problem of cross-regional medical prac-
tice was inevitable in this study. Residents living close to the
administrative boundary of Chengdu might seek EMS from
adjacent cities, thus the actual access to EMS would be better
for these people comparing to our results. However, the
frontier region of Chengdu were mostly rural areas with
deficient healthcare resource. Therefore, cross-regional med-
ical practice would have a minor influence on our study
results. Third, our study dealt with a practical issue using
standard operation research methods that might limit our
research depth. With new techniques and detailed data, it
would be possible to perform more in-depth optimization and
provide more comprehensive solutions in the future.

Conclusion

Improving efficiency of EMS system has long been called
for in different countries around the world. In this paper,
we addressed the location set covering problem using
genetic algorithm in order to find the least number of
facilities required to achieve the policy goal of 90% cover-
age of EMS within 15 minutes in Chengdu. Optimization

model showed that only a small number of newly
upgraded network hospitals would be sufficient to achieve
the policy goal. Our findings will benefit policymakers and
planners in future EMS planning in Chengdu, and high-
light the importance of location optimization in health
facility location planning, which was rarely adopted in
policy making in China.
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