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Healthcare facilities in geological hazard-prone areas not only are responsible for
local basic medical services but also are the main provider of hazard emergency
rescue work. The selection of their sites is further complicated by the need to
consider both the equalization of regional medical services and resource
allocation and the impact of geological hazards on site safety. Shimian County
in Sichuan Province, a geological disaster-prone area, was chosen as the study
area. First, suitability analysis of the construction land was used to determine the
site alternatives for new healthcare facilities, and an evaluation index system of
construction land suitability consisting of geological hazard susceptibility, slope
and aspect was established. Then, the suitability was evaluated by the Ordered
Weighted Averaging (OWA) operator, and the Analytic Hierarchy Process (AHP)
and the quantitative method of Regular Increasing Monotone (RIM) were used to
calculate the criterion weights and order weights in the Ordered Weighted
Averaging operator respectively. The suitability results were classified into five
levels: high, moderate, average, barely suitable, and unsuitable. Twelve site
alternatives were identified in the highly and moderately suitable areas. Finally,
a comprehensive evaluation index system consisting of indices such as
construction land suitability and medical service accessibility was established,
the PROMETHEE II method was conducted to comprehensively evaluate the site
alternatives, and ranked results for the 12 site alternatives were obtained. These
ranked results were analyzed by subindexes and Graphical Analysis for Interactive
Aid (GAIA) to obtain a score for each alternative index and its similarity to the
alternative, which could significantly help decision-making. This study achieves
reasonable and scientific site selection for healthcare facilities in geological
hazard-prone areas, and the results can provide references for relevant
decision-makers.
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1 Introduction

Healthcare facilities are closely related to social development and
health (Bahadori et al., 2017). With the rapid development of
urbanization and the improvement of residents’ living standards, the
demand for medical services is increasing. China has a large number of
mountainous areas where geological hazard activities are frequent (Lin,
Chen, Qi, & Hou, 2021). Geological hazards seriously threaten the life
and property safety of residents and affect socioeconomic development
(Ma&Mei, 2021). Healthcare facilities in geological hazard-prone areas
are not only responsible for providing basic medical services (Tripathi,
Agrawal, & Gupta, 2021), but also a key part of the post-hazard
emergency rescue management. Nevertheless, China suffers from an
imbalance between the supply and demand of medical resources,
especially in mountainous regions, where the population distribution
and economic development are heterogeneous. Scientific and
reasonable site selection of healthcare facilities is essential to meet
residents’medical needs, improve the efficiency of the regional medical
system, and enhance hazard prevention and mitigation (Dell’Ovo et al.,
2017; Sara & Abbas, 2014). The geological hazard factors should be
considered in the site selection study of healthcare facilities (Gul &
Guneri, 2021). Therefore, this paper examined the scientific and rational
site selection of new healthcare facilities in geological hazard-prone
areas to improve the safety of healthcare facility sites and make the
spatial layout more reasonable.

The site selection of new healthcare facilities requires consideration
of criteria such as geological hazard susceptibility, construction land
suitability, accessibility, and medical equalization, which is a
multidimensional and complex multicriteria decision-making
(MCDM) problem in nature (Eldemir & Onden, 2016; Senvar, Otay,
& Bolturk, 2016; Wang, Shi, & Gan, 2018). MCDM is a method for
solving decision-making and planning problems involving multiple
criteria by evaluating alternatives based on a set of decision criteria
(Tyagi & Singh, 2019). The MCDMmethod is used to select healthcare
facility sites in many studies, and the criteria andmethods used in some
of these studies are shown in Supplementary Table S9. Scholars
generally consider the criteria for healthcare facility site selection in
terms of accessibility, competition, cost, demand, and environment,
with the accessibility criterion being used by all scholars, indicating that
the proximity of healthcare facilities to the transportation road network
is one of the criteria that must be considered. Meanwhile, GIS is widely
used in the site selection of healthcare facilities (Tripathi et al., 2021)
because it can create a problem-solving environment for spatially
referenced data. The integration of MCDM methods and GIS
enables the manipulation and presentation of spatial data, providing
effective ranking of alternatives based on multiple criteria (Sara &
Abbas, 2014), as well as reducing errors and increasing the efficiency of
the decision-making process (Eghtesadifard, Afkhami, & Bazyar, 2020).
Some researchers have identified areas suitable for the site selection of
healthcare facilities in the study areas based on GIS (Ajaj et al., 2019;
Dell’Ovo, Capolongo, & Oppio, 2018; Dulin et al., 2010; Halder,
Bandyopadhyay, & Banik, 2020), but did not prioritize suitable
locations for site selection, leading to decision-makers’ own
judgment for selection. Zolfani, Yazdani, Torkayesh, and Derakhti
(2020), Adali and Tus (2021), and Yilmaz and Atan (2021) used the
MCDM method to identify the ranking of the advantages and
disadvantages of healthcare facility site alternatives based on the
corresponding criteria but lacked a basis for selection when

determining the site alternatives. Based on the above analysis, this
paper will combine GIS andMCDMmethods to study the site selection
of new healthcare facilities in geological hazard-prone areas, identify site
alternatives in the study area and comprehensively evaluate and rank
them to help decision-makers make appropriate choices.

Judging from the research content of this paper, the types of
evaluation indices required in this paper are extensive and the data
are diverse. Therefore, the MCDM method was chosen in the study,
which required less data processing and could reflect various index
information. Of course, theMCDMmethodmust be applicable to siting
selection research. Based on relevant researches (Chai, Liu, & Ngai,
2013; Wu et al., 2020b; Guo, Gao, Men, Fan, & Liu, 2021), the
advantages and disadvantages of common MCDM methods are
summarized as Supplementary Table S10. Preference Ranking
Organization Methods for Enrichment Evaluations (PROMETHEE)
is a rankingmethod amongmulticriteria decision-makingmethods that
can rank and select a limited set of alternatives among conflicting
criteria (Behzadian, Kazemzadeh, Albadvi, & Aghdasi, 2010). As shown
in Supplementary Table S10, it has the advantages of no need to process
raw data, little missing information, and the ability to reflect various
characteristics of indicator attributes, which meets the research
requirements of this paper and can better solve the ranking problem
of site alternatives. Sennaroglu and Celebi (2018), Wu, Zhang, Wu,
Zhang, and Liu (2019), Wu et al., 2020a, and Guo et al. (2021) all
applied the PROMETHEE method to facility site studies and

FIGURE 1
Flowchart of the methodology.
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successfully ranked and selected the site alternatives, reducing the
difficulty for decision-makers to identify the best alternative. To sum
up, the PROMETHEEmethod is selected for comprehensive evaluation
of site selection alternatives. The PROMETHEE method has many
derivative versions, among which the PROMETHEE II method can
obtain a complete ranking of the alternatives instead of a partial ranking
by improving the PROMETHEE I method.

In summary, this paper proposes a comprehensive evaluation
method for the site selection of new healthcare facilities based on
GIS and PROMETHEE Ⅱmethods in geological hazard-prone areas.
The flowchart of the methodology in this paper is shown in Figure 1.
The study area is Shimian County, Ya’an City, Sichuan Province,
which is prone to geological hazards. The suitability map for
construction and site alternatives for new healthcare facilities are
determined based on GIS and OWAmethods in the study area. The
PROMETHEE II method is used to comprehensively evaluate the
alternatives and obtain the ranking results of the alternatives. The
method proposed in this paper can take full advantage of the
combination of GIS and PROMETHEE II, which can ensure the
safety and suitability of the site and consider the comprehensive and
developmental aspects of new healthcare facilities. Thus, the purpose
of reasonable and scientific site selection for new healthcare facilities
in geological hazard-prone areas can be achieved.

The rest of the paper is organized as follows: Section 2 briefly
introduces the research methodology, Section 3 details the process of
determining the study area and the evaluation index system, Section
4 details the results of the site alternative identification and
comprehensive evaluation of new healthcare facilities, Section 5
discusses the study results and concludes the paper, and Section 6
proposes future research directions.

2 Methods

2.1 Ordered Weighted Averaging operator

In methods of combining GIS with multicriteria decision-
making, the linear weighted combination approach can result in
some criteria compensating for other criteria that have obvious
constraints (Bagheri, Sulaiman, & Vaghefi, 2013; Kapoor & Bansal,
2021; Aghmashhadi, Azizi, Zahedi, Hoseinkhani, & Cirella, 2022)
since the selection of evaluation indices is usually interrelated. Thus,
it may make the obtained results not as restrictive as intended by the
evaluator (Liu Y. et al., 2014). The ordered weighted averageing
(OWA) operator involves two types of weights: criterion weights
and order weights (Yager, 1988). First, the weighting method is used
to calculate the weight of the criterion, and the criterion is ranked
according to the weight. Then, different order weights are assigned
to the criterion according to the order. The OWA operator can
reduce the influence of extreme values on the results and increase the
influence of central values and the importance of the weighted
measure values (in relation to other values) while maintaining
independence from the original information source (Csiszar,
2021). Moreover, the OWA operator can simulate scenarios that
indicate the suitability of construction land under different decision-
making preferences by setting the decision preference coefficient α.
The OWA operator has been widely used in land suitability studies
(Liu R. et al., 2014; Kumar & Kumar, 2014; Billaud, Soubeyrand,

Luque, & Lenormand, 2020; Cosimo, Martins, & Gleriani, 2021;
Luan, Liu, & Peng, 2021; Yang, Tang, & Li, 2021). Thus, this paper
uses the OWA operator to analyze construction land suitability and
determine the suitable sites of new healthcare facilities in the study
areas. The calculation process is as follows:

OWAi � ∑n
j�1

ujvj∑n
j�1ujvj

⎛⎝ ⎞⎠Zij (1)

In the formula, OWAi is the suitability analysis result of the ith
pixel; j is the rank; n is the number of evaluation indices; Zij is the
attribute value corresponding to the jth index of the ith pixel; uj is
the criterion weight; and vj is the order weight.

The Analytic Hierarchy Process (AHP) is used to calculate the
criterion weights of the evaluation indices, the quantitative method
of Regular Increasing Monotone (RIM) is used to determine the
order weights (Yager, 1996), and vj is calculated as follows:

vj � QRIM
j

n
( ) − QRIM

j − 1
n

( ) (2)
QRIM r( ) � rα (3)

where r is the independent variable and α is the decision-makers’
preference coefficient. When α=1, the order weights are equal, and
the calculation turns into a linear weighted combination of criterion
weights; when 0<α<1, the greater the criterion weights of the indices
are, the greater their order weights. At this time, the evaluation
results can visually show the most important attributes of the index
system. When α>1, the order weights of indices with larger criterion
weights are smaller, and the less important indices at the back
receive more attention. The study area is prone to geological
hazards; therefore, the impact of geological hazards is the most
important factor and must be considered. Finally, we take α=0.5.

2.2 PROMETHEE Ⅱ

The PROMETHEE II method compares each attribute of the
alternatives in pairs to obtain the ranking of the alternatives
according to certain criteria (recognized criterion). The specific
computational process is as follows:

1) Construction of decision matrix

Suppose a multicriteria decision problem withm alternatives A=
{a1,a2, . . . am}, each corresponding to n evaluation indices, the set of
evaluation indices C={c1,c2, . . . cn}, and the weight vectorw= (w1, w2,
. . ., wn) corresponding to the evaluation indices and satisfying wj ∈
[0,1] and ∑wj = 1, (j = 1,2, . . . n).

2) Construction of preference functions

Pj ap, aq( ) � Fj dj ap, aq( )[ ] (4)
dj ap, aq( ) � fj ap( ) − fj aq( ) (5)

where Pj (ap,aq) (0≤Pj (ap,aq)≤1) is a preference function that is used
to describe the priority of alternative ap relative to aq for indicator cn;
fj (ap) is the value of evaluation index cj for alternative ap, and fj (aq)
is the same.
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3) Calculation of the overall preference indices G (ap,aq) and G
(aq,ap)

G ap, aq( ) � ∑n
j�1
wjPj ap, aq( ) (6)

G aq, ap( ) � ∑n
j�1
wjPj aq, ap( ) (7)

where G (ap,aq) indicates that alternative ap is superior to alternative
aq and G (ap,aq) indicates that alternative aq is superior to
alternative ap.

4) Calculation of the positive flow φ+(ap) and negative flow φ-(ap)
of alternative ap

φ+ ap( ) � 1
m − 1

∑
x∈A

G ap, x( ) (8)

φ− ap( ) � 1
m − 1

∑
x∈A

G x, ap( ) (9)

5) Calculation of net flow φ(ap)

φ ap( ) � φ+ ap( ) − φ− ap( ) (10)

The net flow reflects the priority of alternative ap. The alternative
is ranked according to the net flow of each alternative, and the higher
the net flow value, the higher the priority of the alternative and the
ranking.

3 Determination of study area and
decision criteria

3.1 Study area

Rational planning of the site layout of new healthcare facilities in
the county is a strategic need for national development. Geological
hazards are frequent in Shimian County, Ya’an City, Sichuan
Province. According to data from the Geospatial Data Cloud
platform, there were 442 geological hazard sites in Shimian
County from 1949 to 2018, accounting for 24.26% of the total
geological hazard sites in Sichuan Province. Shimian County is one
of the most prominent hazard prevention and mitigation areas in
Sichuan Province. Therefore, the selection of Shimian County as the
study area has practical significance and representativeness.

Shimian County is located in the eastern part of the Hengduan
Mountains on the Qinghai-Tibet Plateau in the middle reaches of

FIGURE 2
Study area overview.
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the Dadu River. The geographical coordinates are 101°55′-102°34′E
and 28°51′-29°32′N (Figure 2). The maximum horizontal distance
from east to the west in Shimian County is 60 km, and the maximum
vertical distance from north to south is 76.5 km. It is a typical
mountainous county with an elevation of more than 1,000 m
accounting for approximately 90% of the total area, while the
river valley and flat areas only account for 2%.

3.2 Establishment of the evaluation index
system

3.2.1 Establishment of the suitability evaluation
index system

Based on the principles of scientificity, comprehensiveness,
accessibility and comparability, literature analysis are used to
identify and filter indices for construction land suitability
analysis, and the final evaluation index system is established by
making corrections in the context of the study area. According to
Kapoora and Bansalb’s study, we compile a total of 35 papers on the
topics of “Spatial suitability”, “Land use suitability”, “Urban land
suitability” and “Construction land suitability”, which involve a total
of 29 evaluation indices (Kapoor & Bansal, 2021). After eliminating
the irrelevant indices, the frequency statistics of the indices were
conducted, and the indices that appear≥6 times are selected as the
initial evaluation indices. The frequency diagram of the initial
evaluation indices is shown in Figure 3.

The initial filtering process could potentially result in two
situations. One is that the indices with strong relevance to
construction land suitability in geological hazard-prone areas are

not selected due to insufficient frequency, and the other is that the
evaluation indices do not conform to the selection principles of this
study. To ensure that the indices could accurately evaluate
construction land suitability in geological hazard-prone areas, the
indices in Figure 3 are adjusted as follows: 1) The geological hazard-
prone index is added to ensure the safety of the site selection. 2) The
distance to fault is added because Shimian County is located at the
compound intersection of three fault zones, namely, Xianshui River,
Anning River and Longmen Mountain, and thus the strata in the
territory are fragmented and earthquake prone, so the buildings
should not be built close to the fault. 3) The vegetation is excluded
because it has been considered in the geological hazard susceptibility
index and thus is not repeatedly selected here. 4) The groundwater
table data do not conform to the principle of availability, hence, the
evaluation index is excluded. 5) The precision and comparability of
the soil type in the study area is not high, and the land use type can
replace the soil type to a certain extent; thus, the soil type is also
excluded.

Based on the above analysis, nine indices of geological hazard
susceptibility, slope, aspect, elevation, distance to fault, distance to
river, population density, distance to road and land use type are
determined as the suitability evaluation index system for
construction land. These indices are classified from four aspects:
geological hazards, topography, geohydrology and socioeconomics.
Based on previous studies (Kapoor & Bansal, 2021; Luan et al., 2021;
Yang et al., 2021) and the situation of Shimian County, the grading
standard of the suitability evaluation index is determined. The
results are shown in Table 1. Grades 1–5 correspond to
unsuitable, barely suitable, generally suitable, moderately suitable
and highly suitable, i.e., the suitability gradually increases with

FIGURE 3
Frequency diagram of initial evaluation indices for construction land suitability.
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increasing grade. The Jenks natural breaks classification method is a
data clustering method that determines how values are optimally
arranged in different classes by reducing within-class variance and
maximizing between-class variance. Therefore, this paper used the
Jenks natural breaks classification method to classify the population
density index.

The geological hazard susceptibility is obtained by calculating
and correcting 11 evaluation indices of elevation, aspect, distance to
fault, lithology, river system density, NDVI, road network density,
population density, slope, mean annual precipitation, and land use
type using the information value-logistic regression coupled model
(Yu, Xing, & Hu, 2021). The data sources and processing of the
remaining indices are shown in Table 2.

The Multiple Ring Buffer and Reclassifies Tool of ArcGIS are
used for grading processing, and the evaluation indices are all raster
data with a size of 30 m*30 m; a detailed map of the evaluation index
grading is shown in Figure 4.

3.2.2 Establishment of the site selection evaluation
index system
1) Selection of site selection evaluation indices

The frequency of evaluation indices is counted in the literature
of Supplementary Appendix SA. The indices that appear ≥4 times
are selected as the preliminary evaluation indices, whose frequency
diagram is shown in Figure 5.

TABLE 1 Suitability evaluation index system and grading criteria.

Category Evaluation Suitability grading

Indices 1 2 3 4 5

Geological
hazard

Geological hazard
susceptibility Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ

Topography

Aspect North
Northeast,
Northwest East, West

Southeast,
Southwest South, Flatland

Slope (degrees) ≥25 10–25 5–10 2–5 <2

Elevation m) ≥3000 2000–3000 1500–2000 1000–1500 <1000

Geohydrology

Distance to fault m) <200 200–500 — — —

Distance to river m) <50 50–100 100–300 300–500 ≥500

Socioeconomic

Population density (per
sq. km) 4.51–35.32 35.32–59.17 59.17–98.92 98.92–164.50 164.50–258.91

Land use type
Permanent Snow and Ice, Water

Bodies Forest, Wetland
Cultivated Land,

Shrubland Grassland
Artificial
Surfaces

Distance to road m) ≥1000 750–1000 500–750 250–500 <250

TABLE 2 Evaluation index data sources and preprocessing.

Evaluation indices Data source Data preprocessing

Elevation Geospatial Data Cloud DEM data (30 m resolution)

Slope (http://www.gscloud.cn/) Extracted from DEM data using slope analysis function in ArcGIS.

Aspect The slope direction analysis function is used in ArcGIS to extract
from the DEM data

Land use type National Catalog Service For Geographic Information (http://www.
webmap.cn/)

Land use type raster data (30 m resolution)

Distance to river The river system data is processed using the multiring buffer
function of ArcGIS and converted to raster data

Distance to road The road network data is processed using the multiring buffer
function of ArcGIS and converted to raster data

Distance to fault Geocloud (http://geocloud.cgs.gov.cn/) The fault data is processed using the Multiple Ring Buffer tool of
ArcGIS and converted to raster data

Population density Seventh National Census Data After calculating the population density of each township, the
population density map is obtained by interpolation using the
inverse distance weighting method
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The indices are adjusted in Figure 5 via the following: 1) indices
for construction land suitability are increased and the alternative
with the highest suitability level is selected as often as possible; 2) the
evaluation index of medical service equalization is increased.
Improving the level of equalization of basic public services is a
clear requirement in China’s 14th Five-Year Plan period. 3) The
distance to roads and population density have been considered in
construction land suitability, so they are excluded. 4) The data for
land cost, land expansion and green area do not conform to the

principle of accessibility, so they are excluded. 5) The study area has
better air quality, and the air pollution data do not meet the principle
of comparability, so the air pollution data are excluded. 6) The
demand for healthcare facilities are characterized by medical service
accessibility. If the new healthcare facility in a certain place has the
largest sum of medical service accessibility at the demand points of
the residents in the study area, then the demand for healthcare
facilities in that place is the largest. 7) The total distance to
healthcare facilities is used to characterize the distance to

FIGURE 4
Detailed diagram of suitability evaluation index classification.
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residential points. Based on the above analysis, the site selection
evaluation index system of the new healthcare facility is determined
as shown in Table 3, which contains two categories of quantitative
and qualitative evaluation indices.

2) Data sources
1) Resident demand point data. Most of the population demand

data take streets, communities and other residential surfaces
as a whole and extract the geometric center as the resident
demand point. However, this practice will cause certain errors
in the calculation results of travel impedance for
mountainous cities with uneven population distribution. In
this paper, the median center of natural villages in each
township and street is calculated, and the median center of
natural villages is used as the resident demand point, as
shown in Figure 6A.

2) Healthcare facility data. The healthcare facilities in Shimian
County include 4 hospitals, 15 rural township health centers,
1 community health service center, 1 disease control and
prevention center, and 1 maternal and child healthcare
hospital. The data are obtained from Gao De Map POI

interest points, as shown in Figure 6B. Since the internal
data of some healthcare facilities are not available, the
following healthcare facilities refer to hospitals.

3) Traffic road network data. Based on the Open Streets Map, the
carriageway is drawn with reference to the road data in the
National Catalog Service for Geographic Information and
Google Earth. After topologically processing the road network
data, the travel impedance between resident demand points and
healthcare facilities is calculated. According to the road types in
Shimian County, Technical code for urban road engineering
GB51286-2018 and Regulation on the Implementation of the
Road Traffic Safety Law of the People’s Republic of China, the
vehicle travel speed is assigned to the traffic road network, where
the vehicle travel speeds of Class I, Class II, Class III and Class IV
are set to 60 km/h, 45 km/h, 40 km/h and 30 km/h, respectively,
as shown in Figure 6C.

3) Data calculation
1) Distance to existing HCF (D1). To make the distribution of

healthcare resources more balanced, the distance between the
new healthcare facilities and the existing healthcare facilities
should be as far as possible. Therefore, the following equation
is used to calculate the distance between the two kinds of
healthcare facilities:

Dk � AVERAGE∑ djk (11)

whereDk is the average distance from the new healthcare facility k to
the existing healthcare facility j and djk is the distance from the new
healthcare facility k to the existing healthcare facility j. The network
analysis function of ArcGIS is used to calculate djk.

2) Accessibility to medical service (D2). Accessibility refers to the
sum of the accessibility to medical services at resident demand
points in the study area, including the sum of the original

FIGURE 5
Frequency diagram of the preliminary evaluation indices.

TABLE 3 New healthcare facility site selection evaluation index system.

Category Evaluation indices

Quantitative indices Distance to existing HCF D1

Accessibility to medical service D2

Medical service equalization D3

Total distance to HCF D4

Qualitative indices Construction land suitability D5

Distance to industrial area D6
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accessibility to medical services at resident demand points and
the increased accessibility after the addition of healthcare
facilities. The greater the accessibility to medical services in
the study area is, the better. The specific equation is as follows:

A*
k � ∑m

i�1OAi +∑m

i�1Aik (12)

where Ak* is the medical service accessibility at resident demand
points in the study area after the addition of healthcare facility k,OAi

is the original medical service accessibility at resident demand point
i, and Aik is the medical service accessibility increased by resident
demand point i after the addition of healthcare facility k. An
improved potential model is used to calculate the accessibility to
medical service (Joseph & Bantock, 1982).

3) Medical service equalization (D3). The fairness of accessibility to
medical services is used to measure medical service equalization
in the study area, which is represented by the deviation degree
(variance) of accessibility (Zhang, Cao, Liu, & Huang, 2016). The
smaller the variance of accessibility is, the better. The specific
equation is as follows:

Ek � Var Ai{ } (13)
Ai � popip

OAi + Aik( )
A*

k

[ ], i � 1, 2, . . . . . . n (14)

where Ek is the medical service equalization in the study area after
the addition of healthcare facility k, Var(Ai) is the variance of the
sequence Ai of the accessibility at resident demand point i, and popi
is the population at resident demand point i.

4) Total distance to HCF (D4). Total distance to HCFs is calculated
by the sum of the weighted distance between resident demand
points and their nearest healthcare facilities (existing and new).
The smaller the total distance to HCFs is, the more suitable the
site. The weight of demand points is the population of the site,
and the specific equation is as follows:

TDk � ∑m

i
popipMin dij‘( ) (15)

where TDk is the total distance to the HCF at resident demand points
after the addition of new healthcare facility k,Min(dij’) is the shortest
distance from resident demand point i to healthcare facility j`, and j`
includes existing and new healthcare facilities. The calculation
process of dij’ is the same as Eq. 11.

5) Construction land suitability (D5). The evaluation results of
construction land suitability are used to measure the
suitability of alternative sites for new healthcare facilities. The
multivalue extraction to points function of ArcGIS is utilized to
extract the suitability rating to the alternative, which is
considered the evaluation value of this index.

6) Distance to industrial area (D6). There are two industrial parks in
Shimian County, the Sichuan Shimian Industrial Park and the
Xiaoshui Industrial Complex. To avoid possible damage to
healthcare facilities caused by unexpected environmental
events under special circumstances in industrial parks,
healthcare facilities should be as far away from industrial
parks as possible. The distance to the industrial area is
classified with reference to “Basic requirements of safety
technology for enterprise handing hazardous chemicals
business GB18265-2019” (Table 4).

4 Results

4.1 Determination of site alternatives for
new healthcare facilities

4.1.1 Suitability results
The Analytic Hierarchy Process (AHP) is used to calculate the

criterion weights of the evaluation indices. The evaluation indices
are ranked according to the values of criterion weights from large to
small, and then the order weights of the evaluation indices are

FIGURE 6
(A) resident demand point distribution map; (B) healthcare facilities distribution map; (C) traffic road network distribution map.
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calculated according to Eqs 2, 3. The results of the criterion and
order weights are shown in Table 5.

According to the criterion and order weights of evaluation
indices, the suitability of construction land in geological hazard-
prone areas is evaluated in ArcGIS using the raster calculator
combined with suitability grading values and Eq. 1. The results
of the suitability analysis range from 1.01 to 4.90. Then, the results
are classified as highly suitable, moderately suitable, generally
suitable, barely suitable, and unsuitable by using the natural
breakpoint method (Figure 7).

4.1.2 Determination of the site alternatives for new
healthcare facilities

According to the suitability analysis results and the
resident point data of Shimian County, the highly suitable and
moderately suitable sites are selected as the site alternatives for
new healthcare facilities in the residential surface layer coverage
area of each township and street in Shimian County (Figure 8).

4.2 Comprehensive evaluation of site
alternatives based on PROMETHEE II

Based on the characteristics of 6 common preference
functions in PROMETHEE Ⅱ, the linear preference is the best
choice for quantitative criteria when needing a Q indifference
threshold. Therefore, the linear preference function is selected for
the four quantitative evaluation indices of distance to existing
HCFs, accessibility to medical services, medical service
equalization, and total distance to HCFs. The indice of
construction land suitability has only two grades, and the

alternatives with large values have absolute advantages, so the
usual preference function is selected. Distance to industrial area is
a qualitative indice and has multiple levels. The level preference
function is better suited to qualitative criteria when the decision-
maker wants to modulate the preference degree according to the
deviation between evaluation levels. Hence, the level preference
function is selected for the evaluation index of distance to
industrial areas.

The indifference and preference thresholds of the linear
preference functions are determined based on the average
absolute deviation of the quantitative evaluation indices. The
detailed equation is as follows:

1) Determine the mean absolute deviation S of index j.

S � ∑m
i�1 aij − �aij
∣∣∣∣ ∣∣∣∣
m

(16)

where aij is the value of the jth evaluation index for alternative i, and
m is the number of alternatives.

2) If the preference function requires only a single indifference
threshold or preference threshold, the threshold equals 0.5S.

3) If the preference function requires both an indifference threshold
and a preference threshold, the indifference threshold q equals
0.25S and the preference threshold p equals 0.75S.

The level preference function of the evaluation index of distance
to industrial area defines the indifference threshold q as 0 and the
preference threshold p as 1.

The quantitative evaluation indices for 12 alternatives are
calculated using Eqs 11–15 and standardized. The higher the

TABLE 4 Distance classification to industrial area.

Evaluation indices Classification

1 2 3 4 5

Distance to industrial area (m) <1000 1000–3000 3000–5000 5000–10000 ≥10,000

TABLE 5 Weights of suitability evaluation indices.

Category Evaluation index Criterion weight Order weight

Geological hazard Geological hazard susceptibility 0.381 0.333

Topography Aspect 0.029 0.065

Slope 0.075 0.089

Elevation 0.066 0.071

Geohydrology Distance to fault 0.228 0.138

Distance to river 0.114 0.106

Socioeconomic Population density 0.026 0.061

Land use type 0.067 0.079

Distance to road 0.015 0.057
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value of these indices, the higher the degree of preference.
According to the results of construction land suitability
analysis, different grades of construction land suitability are
assigned. The grades of unsuitable, barely suitable, generally
suitable, moderately suitable and highly suitable are assigned
1, 2, 3, 4 and 5, respectively. The numerical results of the distance
to industrial area are obtained by extracting the value of the
distance to industrial area grading chart into the alternatives
(Figure 7). The numerical results of the evaluation indices for
12 alternatives are shown in Table 6.

Based on the calculation results in Table 6, the indifferent and
preference thresholds for each quantitative index are calculated
using Eq. 16, as shown in Table 7.

The results in Tables 6 and 7 are input into Visual
PROMETHEE software, and then the positive flow, negative
flow, net flow and ranking results of 12 site alternatives for
new healthcare facilities in geological hazard-prone areas are
shown in Table 8.

The net flow values of the alternatives are S2, S3, S1, S4, S5, S12,
S8, S9, S6, S7, S10 and S11 in descending order, as shown in Table 8.
S2, with a net flow value of 0.5738, is the best site for a new
healthcare facility. S11, with a net flow value of -0.6595, is the
most unfavorable site for a new healthcare facility.

5 Discussion

5.1 Analysis of suitability results

As shown in Figure 7, the barely suitable and unsuitable
construction land areas are distributed in the longitudinal central
and central-eastern parts of Shimian County, which are mostly areas
with high geological hazard susceptibility. The highly suitable and
moderately suitable areas are mainly distributed in western,
northeastern and southeastern Shimian County. Generally,
suitable areas are mixed at the junction of suitable and
unsuitable areas. There is a high consistency between the results
of construction land suitability and geological hazard susceptibility.
This situation occurs because the OWA operator is chosen for the
suitability analysis with an “optimistic” attitude and the decision
preference coefficient is small, which gives more weights to indices
with a high degree of importance. Therefore, the geological hazard
susceptibility indices have the greatest weights, and their influences
on the suitability results are most significant. Comparing the results
of the construction land suitability analysis with the land use type
map of Shimian County (Figure 4), it can be found that almost all the
construction land with the highest suitability rating in the land use
type map is located in the highly suitable areas in Figure 7. This

FIGURE 7
Results of the construction land suitability analysis.
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finding indicates that the suitability analysis of construction land is
reasonable in this study.

5.2 Analysis of comprehensive evaluation
results of site selection

After obtaining the ranking of site alternatives, the
PROMETHEE Rainbow and Graphical Analysis for Interactive

Aid (GAIA) functions in Visual PROMETHEE software are used
to further analyze the comprehensive evaluation results of the site
selection of new healthcare facilities.

1) Subindex analysis of site alternatives

The rainbow chart is generated by the function of PROMETHEE
Rainbow, as shown in Figure 9. A bar chart is drawn for each site
alternative, with different fragments representing different

FIGURE 8
The site alternatives for new healthcare facilities.

TABLE 6 Results of evaluation indices for alternatives.

Alternatives S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

D1 0.735 1.000 0.592 0.683 0.426 0.227 0.226 0.333 0.383 0.000 0.253 0.741

D2 0.351 1.000 0.430 0.440 0.264 0.117 0.093 0.368 0.200 0.000 0.105 0.559

D3 0.735 1.000 0.806 0.792 0.672 0.403 0.315 0.733 0.566 0.000 0.355 0.879

D4 0.740 0.822 0.951 0.112 0.323 1.000 0.325 0.000 0.905 0.716 0.086 0.188

D5 5 4 5 5 5 5 4 4 4 4 4 4

D6 5 5 5 5 5 3 5 5 4 4 2 5
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evaluation indices. The size of the fragments is proportional to the
net flow of the index and is ordered from top to bottom by the size of
the net flow of the index. The names of evaluation indices
corresponding to the sequence of fragments are marked on the
upper and lower sides of the bar chart. The site alternatives are also
ranked from left to right according to the numerical magnitude of
their net flows. Figure 9 shows the subindex scores for the site
alternatives. As an example, S2 scores higher on indices D1, D2, D3,
D4, and D6 and lower on D5. The results show that compared to
other alternatives, the new healthcare facility at S2 can be located as
far away from existing healthcare facilities as possible, which can
balance the layout of medical resources, increase accessibility to
medical services, and improve the level of medical service
equalization in the study area. Meanwhile, a new healthcare
facility at S2 can also reduce the total distance to healthcare
facilities for residents and be located away from industrial areas.
However, the net flow value of the construction land suitability for
S2 is negative, indicating that the construction land suitability rating
of S2 is moderately suitable. Although the score of S2 is lower
compared to other site alternatives, the site meets the requirements
for construction suitability. The Rainbow figure can also be used to
compare different alternatives. For example, compared with S3 and

S2, the net flow of all indices in S3 is positive, but the fragments size
of D1, D2, D3, and D6 indices is smaller than S2. It shows that the
new healthcare facility at S3 can increase the accessibility to medical
services and improve the level of medical service equalization to a
certain extent. And it is far from the existing healthcare facilities and
industrial areas, which can basically meet the requirements of
balanced distribution and competitiveness of medical resources.
However, the effect of the new healthcare facility at S3 is far
worse than that at S2. In addition, it is better than S2 in terms of
the total distance to healthcare facilities for residents and
construction land suitability. Based on the above methods, the
analysis of the subindexes of other site alternatives can also be
obtained. The decision-maker can choose the site alternative
according to his personal preference.

2) Graphical Analysis for Interactive Aid (GAIA)

GAIA is used to carry out an interaction-aided graphical
analysis of the site alternatives. Three-dimensional space is used
to visualize the proximity of evaluation indices and alternatives
by GAIA, which is expressed in three planes: U-V, U-W and W-V
(Figure 10). As shown in Figure 10, the red lines at the end of the

TABLE 7 Preference functions and thresholds of evaluation indices.

Evaluation indices Preference function Indifference threshold q Preference threshold p

D1 Linear 0.059 0.177

D2 Linear 0.049 0.148

D3 Linear 0.058 0.173

D4 Linear 0.085 0.256

D5 Usual — —

D6 Level 0 1

TABLE 8 Flow scores of site alternatives.

Alternatives The positive flow The negative flow Net flow Rank

S2 0.6617 0.0879 0.5738 1

S3 0.5927 0.0861 0.5066 2

S1 0.5470 0.1178 0.4293 3

S4 0.4790 0.1734 0.3056 4

S5 0.4202 0.2896 0.1305 5

S12 0.4224 0.3204 0.1020 6

S8 0.2653 0.3534 -0.0880 7

S9 0.2824 0.4476 -0.1652 8

S6 0.2962 0.4919 -0.1957 9

S7 0.1575 0.5164 -0.3589 10

S10 0.1212 0.7016 -0.5804 11

S11 0.0390 0.6985 -0.6595 12
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circles represent the decision axes; the longer the decision axis is,
the more information the plane expresses and the more
accurate the decision. Thus, Figures 10A expresses the most
information, representing 78.0% of the 3D spatial information.
In Figures 10A, when the decision-maker uses D1, D5, and D6 as
the main evaluation indices, S1, S3, S4, and S2 will be the final
decision targets. When D2 and D3 are defined as the main

evaluation indices, S3, S2, S12, and S8 will be the optimal
solutions. If an evaluation index is in the same or similar
direction as the decision axis, then the index meets the current
evaluation criteria. Therefore, all 6 evaluation indices meet the
current evaluation criteria in Figures 10A–C can all be analyzed
according to the above methods and will not be repeated here.
The decision-maker can analyze whether the current results are

FIGURE 9
PROMETHEE Rainbow figure.

FIGURE 10
Interaction-assisted graphic: (A) U-V plane, (B) U-W plane, (C) W-V plane.
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the same as their expectations using GAIA to make timely
adjustments.

6 Conclusion

Healthcare is a matter of national economy and people’s
livelihood. This paper aims to reduce the losses caused by
geological hazards and to achieve equalization of medical
services and balanced allocation of medical resources in
mountainous areas with heterogeneous population distribution
and economic development. Thus, this paper proposes a GIS and
PROMETHEE II-based method for determining the site selection
of new healthcare facilities in geological hazard-prone areas.
First, GIS and OWA operator are used to identify site
alternatives for new healthcare facilities. Second, based on the
identification of site alternatives, the PROMETHEE II method is
used to conduct a comprehensive evaluation of the alternatives.
This comprehensive evaluation method has the following
advantages: 1) four criteria of geohazard, topography,
geohydrology and socioeconomic are fully considered; 2) the
importance of each index is measured using the α value set by
the OWA operator; and 3) both qualitative and quantitative
evaluation indices are considered, meeting the requirement of
multiple criteria to be considered in the site selection study for
new healthcare facilities. The paper fully measures the suitability
of the site and the competition, accessibility, equalization,
environment, and demand for new healthcare facilities,
effectively ensuring the safety, suitability and development of
the site and achieving a reasonable and scientific site selection for
new healthcare facilities in geological hazard-prone areas. The
results of the study show that the GIS and PROMETHEE II-based
evaluation method has the ability and advantage of solving the
site selection of new healthcare facilities in geological hazard-
prone areas and other similar complex site selection problems,
which can provide some references for similar studies.

In addition, the method allows the decision-making process
for suitability analysis to be more flexible by setting the α value
according to the decision-makers’ attitudinal preferences. The α
value can represent the mutual restriction relationship between
geological hazards and construction land development. At the
same time, decision-makers can assign weights to indices in
Visual PROMETHEE software to intuitively obtain the
changes in weights on ranking results. Decision-makers can
also conduct detailed analysis on the relationship between the
subindexes of the ranking results and the alternatives to improve
the accuracy of decision-making according to rainbow graph
and GAIA.

With the development of society and economy, other
standards should be considered for the site selection of new
healthcare facilities in geological hazard-prone areas to
improve the comprehensiveness and accuracy of the indices,
such as land cost, land expansion, green area, air pollution
and so on. Other multicriteria decision-making methods or
fuzzy multicriteria decision-making methods, such as ANP,
ELECTRE, TOPSIS, Fuzzy-TOPSIS, VIKOR, Fuzzy-VIKOR,

TODIM, Fuzzy-SAW, and EDAS, can also be used to study
site selection. Follow-up research can use a variety of MCDM
tools for comparative research. The transparency of the decision-
making process and the robustness of the decision-making results
can be improved by comparing the advantages and disadvantages
of different decision-making methods. In addition, machine
learning methods, such as LSSVM, MPA, PSO, GA, GWO,
SVR, LSSVR, and RBFNN, can also be tried to solve the site
selection problems in the future.
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