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Abstract

Considering spatial accessibility of health services is a critical
part in the planning and management of health services. There is
evidence that poor geographical locations can obstruct prompt
basic health care services to some population sections. We devel-
oped a location-allocation P-median model for health centres after
analysing their sites, demand location of health services and the
road network in Jeddah, Saudi Arabia. This model attempts to
optimize health care services network and to put forward location
recommendations to maximise service coverage. Our model is
shown to be useful as it provides a robust evidence base to urban
planners and policymakers responsible for making spatial deci-
sions for the development of the health sector. Besides, it follows
the paradigm of new urbanism that encourages decentralisation of
essential facilities including basic healthcare in cities, where
emphasis is on offering all basic services within walkable dis-
tances of 15 min. or less.
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Introduction

Globally, the Sustainable Development Goals (SDG),
approved by the member states of the United Nations, stress the
accessibility of good quality health services for all by 2030, with-
out monetary distress being a limiting factor (Chotchoungchatchai
et al., 2020). Indeed, prioritizing spatial accessibility of health ser-
vices is a vital part in the planning and management of people’s
health conditions (Macharia et al., 2017). The distribution of
health services is always important and when resources are limit-
ed, evaluation of their spatial variability becomes critical
(Apparicio et al., 2017). There are several ways to measure spatial
accessibility of health facilities, including the number of health
centres available for a certain population, the estimated ratio of the
population within a stipulated distance and the estimated ratio
within a specified travel time from it (Guagliardo, 2004).

Analysis on spatial accessibility or variability of health ser-
vices of any given area requires georeferenced distribution of data
on population and locations of healthcare resources. Accessibility
of a service can be improved if set up at the optimal location. In
this context, location-allocation models (Rahman and Smith,
2000) have proved useful to find out the optimal location for the
service provision within a city when the geographical distribution
of the demand for a particular service is known. In general,
demand is denoted in terms of consumers (people) who need that
service. The P-median model is one of the efficient location-allo-
cation models used to find out the optimum location for a service
facility (Tomintz et al., 2015).

Some studies have successfully explored the utility of loca-
tion-allocation models based on geographical information systems
(GIS) in service provision (Rios-Mercado et al., 2021), under
which primarily median locations for the first centroids are deter-
mined (the location phase) and then the weights are assigned to
centroids (the allocation phase). This type of models is used in
optimising services, rendering of which depends upon geographi-
cal distances or on the time taken to cover these distances. In case
of health centre accessibility, P-median is one of commonly used
analytic tools for location-allocation models, in which points of
demands are eventually allocated to the nearest supply facility (Jia
et al., 2014). In fact, optimum location of health centres becomes
more important in case of medical emergency at the time when the
response time is critical (Dzator and Dzator, 2013). Researchers
have been using P-median tools to locate and allocate emergency
healthcare facilities in metropolitan cities, such as Belfast
(McAleer and Naqvi, 1994), New York (Carson and Batta, 1990),
Barcelona (Serra and Marianov, 1998) and Perth (Dzator and
Dzator, 2013). P-median location allocation model might also be
beneficial in optimising the location of both emergency health ser-
vices, and basic health care services. In this study we deployed P-
median for the health centre where the emergency medical ser-

[Geospatial Health 2021; 16:1002]



vices are available round the clock. Saudi Arabia has witnessed an
unprecedented expansion in health facilities during the past seven
decades. In 1949, only 100 beds and 111 doctors were providing
health services for the entire Kingdom’s 3-million large population
(Papanikalaou, 1950), while the number reached 72,981 beds and
89,675 doctors in 2020 for a population of 34.8 million (Rahman
and Al-Borie, 2020). In other words, only 0.21 beds were available
for every 10,000 population in 1949, while it had become 2.2 beds
per 10,000 people in 2020. Additionally, the life expectancy in the
Kingdom increased from 66 to 72 years only in the last three
decades (Ministry of Health, 2020). Due to this expansion, the
healthcare system in Saudi Arabia, according to the World Health
Organisation (WHO), now ranks as 26 among 191 countries
(WHO, 2000). However, even after this large-scale expansion,
many studies report geographical variability in healthcare facili-
ties. Areas with less geographic access to healthcare still exists for
certain populations within the city boundaries (Murad, 2005;
Khashoggi and Murad, 2020). To reduce this inequity, spatial anal-
ysis can help identifying the problems and suggest solutions
(Salehi and Ahmadian, 2017; Kim et al., 2018; Murad, 2018;
Wang, 2020).

The 15-min. city concept, i.e. access to all basic services with-
in a walkable distance of 15 min. or less, is on the rise in global
cities (Euklidiadas, 2020; Vansynghel, 2020). This means that
urban neighbourhoods should be planned so that all basic services
and amenities (including healthcare) are decentralised and thus
easily accessible by foot (Moreno ef al., 2021; Smith 2021). This
work presented here proposes a model for optimising health centre
location in Jeddah, Saudi Arabia offering services to the majority
of the population within 15-min. proximity using the P-median
location allocation model.

Materials and methods

We structured the approach into five parts, each of which
includes general knowledge and perspective on the history and
application of GIS in the healthcare field. Section 2 discusses case
studies and data points used to establish the locations of health care
centres in the city of Jeddah and explains the process of implemen-
tation using ArcGIS (ESRI, Redlands, CA, USA). The results of
the plotting of spatial data and location-allocation modelling are
described in section 3, while sections 4 and 5 provide discussion,
closing comments and suggestions for future work.

Study area (City of Jeddah)

The city of Jeddah, the heart of Jeddah Province, is 75 km from
Makkah, 320 km from Madinah and about 850 km from the capital
Riyadh. Its geographical location is important because it links
Madinah with the city of Makkah providing the basic needs of the
cities of Makkah and Madinah via the Jeddah Islamic Port and
King Abdulaziz International Airport (Naji, 2020). The population
of the city of Jeddah is distributed between various districts of
varying population density. The Al-Safa, Al-Jami’a and Al-

Table 1. Source and use of data in the study.

Location and capacity of health centres

Population distribution Jeddah Municipality (2018)

Ministry of Health, Jeddah (2020)
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Rabwah districts are the most populated. It also means that these
districts have relatively higher number of demand points for health
services. There is around 1765 km? of urban boundary within the
city that in 2017 had an estimated population of 3.43 million
(General Authority of Statistics, 2018) Based on the 2019 census,
the Jeddah metropolitan area has 61 primary care centres (PCCs)
served by 691 doctors and 918 nurses, which gives a ratio of 1.94
centres per 100,000 people, now considered the lowest in the
Kingdom (General Authority of Statistics, 2019). The city is highly
car-dependent, with a negligible mode share of public transit
among other transportation possibilities (Aljoufie and Tiwari,
2020, 2021).

Data sources

In any location allocation model, the location of facilities, the
set of demand points, and the supply networks by which facilities
fulfil the needs of the demand points are essential. Accordingly, for
our model three primary maps were used. Data on health centre
locations (the facilities) in Jeddah, and their respective capacities
was obtained from the Ministry of Health office in Jeddah for the
year 2020. Data on the population distribution (the demand points
for possible health service) were collected from Jeddah
Municipality for the year 2018. Road network data were acquired
from Jeddah Municipality for the year 2020 as this reflects the sup-
ply network needed to fulfil the presumed health centre demand
(Table 1). Demand points were created by converting population
district polygons to point features

Next, a GIS database was built using the primary maps of the
road network, population distribution, and the data on health cen-
tres. Several tools were used to construct the proper geo-database,
including screen digitizing (heads-up) and a table of geocode
addresses. Also required for this process was a table storing the
addresses to be geocoded and a composite address locator. The
application compares the addresses against the address locator and
saves the output for each input record in the new point function
class. The ArcGIS ‘Smooth Polygon tool’ was used to enhance aes-
thetic and cartographic consistency by smoothing sharp angles of
polygon contours. All the data used in this study were cross-
checked for geospatial accuracy, including: i) positional accuracy
(absolute accuracy, relative accuracy and positional accuracy of
the data in the grid); ii) thematic accuracy (correction of classifica-
tion, degree of correction of quantitative attributes and accuracy of
quantitative attributes); iii) temporal accuracy (accuracy of tempo-
ral measure, temporal consistency and temporal validity); iv) com-
pleteness (commissions and omissions); v) logical consistency
(conceptual consistency, domain consistency, format consistency
and topological consistency); and vi) usability. These requirements
were introduced to satisfy acceptable quality parameters for the
mapping criteria and the data were then used to optimize the health
centre modelling process.

Plotting the spatial data

Automated map creation does not make use of the maximum
potential provided by GIS for data plotting objectives. Currently,
the most commonly used GIS plotting and mapping techniques in

To determine location of available facilities
To know the demand points of the service users

Road network Jeddah Municipality (2020)

To elucidate service network

[Geospatial Health 2021; 16:1002]

OPEN aACCESS



\epress

the health care research sector include dot maps, diagram maps,
choropleth maps, probability maps and flow maps (Kistemann and
Queste, 2016). There are several ways to provide GIS functions
focused on different public health data sources, including geocod-
ing, data source aggregation and cluster identification. Mapping
health data is generally accomplished by dot maps, choropleth
maps and isopleth (or gradient) maps. Choropleth maps offer a
simple way to present how a measurement differs, or to display the
degree of heterogeneity within a field across a geographic area. In
addition to choropleth maps, health data can be plotted as a gradu-
ated-symbol map, where symbols differ in size depending on the
value of the attribute they represent, a technique used by the appli-
cation described in this paper to classify health care centres based
on the attributes of all centres. ArcGIS graduated symbols were
used to illustrate a quantitative distinction between mapped fea-
tures by changing the symbol scale. To represent the spectrum,
health centre data were divided into ranges each assigned a symbol
scale. The map of graduated symbols denoted numerical values,
where larger symbols represent larger values. This type of map
makes it easy for users to discern between low and high values, to
see variations and to make comparisons.

Classification

The first step in classifying populations living near health cen-
tres is to define how far patients need to travel to access care. This
objective falls under health care accessibility in the health care lit-
erature. Access is a multidimensional term, which is defined as the
right to use health services when and where required and describes
the interaction between the characteristics of service demands and
the characteristics of service delivery mechanisms (Photis 2016).
There are five important dimensions of access:

*  Availability, defined as supply of services in relation to needs,
i.e. are capacity and types of services adequate to meet the
health care needs?

e Accessibility that is delineated by geographical barriers,
including distance, transportation, travel time and cost. It high-
lights the geographical location of services in relation to the
population’s needs.

e Accommodation, defined as the degree at which services are
organized to meet clients’ needs, including hours of operation,
application procedures and waiting times.

e Affordability that refers to the price of services in relation to
people’s ability to pay. Income levels and insurance coverage
are critical aspects of this dimension.

e Acceptability that describes clients’ views of health services
and how service providers interact with them. It encompasses
barriers linked to gender, culture, ethnicity and sexual orienta-
tion affecting the clients’willingness to use health services and
the sense of comfort and satisfaction in receiving services
(Elmes 2004; van Gaans, Hugo, and Tonkin 2016).

There are several common methods for the identification of a
single attribute’s spatial properties, including distribution (e.g.,
median, quartile, interquartile) and box plot. A variety of classifi-
cation methods have been developed (Maheshwaran and Haining
2004), which include heuristic interchange; separated class; natu-
ral breaks; equal interval; and quintiles. The natural breaks method
was selected as classification method for health centres in the city
of Jeddah in this paper.

Location-allocation modelling

This study used the P-median tool of location-allocation model
to optimize public health facilities in Jeddah (Lefebvre and
Chapelet 2005). This kind of modelling is used in the context of
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existing available health care facilities and underlying demograph-
ic demand to determine the best places for new services, e.g., a
new site for a maternity centre. Mathematical programming tech-
niques are used for location-allocation modelling, where the pro-
gramming can be defined as a collection of computational methods
for solving optimization problems. This kind of models have been
used in health care decision-making to determine the best place for
a new facility, ensure that resource locations are sufficient to satis-
fy the needs of the network and to lay out the improved paths to
health facilities in communities (Li ef al., 2015). Several other sit-
uations have also been reviewed in which optimization models
may be used to enhance connectivity or improve operations across
the network (Luo ef al., 2017; Wang, 2012). Changes, including
the addition of restrictions, the use of various objective function
values or separation of decision variables by form are possible
with optimization modelling (Wang, 2012). There are a variety of
standard location-allocation problems: The P-median problem
minimizes the weighted distance between customers and
providers; the location-covering problem (LCP) minimizes the
number of services needed to cover all demands and the maximal
location-covering problem (MCLP) maximizes demand within the
optimal distance or time period by locating a specified number of
services (Li et al., 2015).

Minimize weighted impedance, or P-median modelling avail-
able by ArcGIS software, was used in our application to identify a
certain number of health care facilities between a range of candi-
date facility locations in the city of Jeddah, reducing the overall
distance of travel from the districts to their closest health care facil-
ities. In P-median allocation problem solutions, facilities are situ-
ated in such a manner that the amount of all weighted costs
between the demand points and the solution facilities are reduced.
The arrows in the accompanying diagram shown in Figure 1 illus-
trate the fact that the distribution is centred on the distance between
all points of demand.

Mathematically, the P-median problem can be summarized as
follows:

The objective function is to make Z as small as possible:

Minimize Z= Y-, Y,-,a,d; x; M

Subjective to possible constraints, an individual demand site
must be assigned to a facility described as:

Yo x,=1foralli ©)

|
1]

prm—ps I

_" Demand Points

Fm

Figure 1. The P-median model process.

Facility location
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Demand must be assigned to an open facility as follows:

X; < Y for all (i) ®)

The number of facilities (p) must be located (the number of
communities assigned to themselves equals the number of facili-
ties to be located):

2 X =p )

All demand from an individual demand site is assigned to only
one facility:

X, = (0,1) for all (i) ®)

where Z is the objective function; / the set of demand areas (usual-
ly nodes of a network); the subscript 7 an index denoting a partic-
ular demand area; J the set of candidate facility sites (usually nodes
of a network); the subscript j an index denoting a particular facility
site; a, the number of people from demand site i; dj; the distance or
time (travel cost) separating place i from candidate facility site .
d; =1 if demand at place i is assigned to a facility opened at site j
or = 0 if demand at place i is not assigned to that site. p is the num-
ber of facilities to be located (Cromeley and McLafferty, 2011).

Road network coverage was used for the P-median model, and
it was applied using health centres as p and city population as 7
(demand location).

Results

Spatial distribution of health care centres

Table 2 and Figures 2 and 3 show the results of a natural breaks
classification of health centres based on patient number, which
indicates that the city can be classified into three parts (A, B and
C) according to health centre patients. Part A consists of health
centres located in the central-eastern parts of the city (such as al-
Safa, al-Marwah and al-Naseem), which serve 94% more patients
than all other parts of the city; Part B shows patients living in the
northern and western city districts (such as al-Shati and al-
Mohammadiah), which have a low population density and thus a
lower number of patients compared to Part A. Additionally this
area has 5 public health centres, however people in here prefer pri-
vate health centres over public health facilities. Part C displays
north-eastern areas of the city in districts, which are not served by
any public health centres, so the inhabitants use only private health
centres.

Figure 4 shows a further classification of health centres based
on doctors working in each centre. This graph shows that there is
a larger supply of medical personnel at the eastern health centres to
accommodate the higher health care demands at these locations.

\epress

Access classification

Figure 5 displays the zones from where people can access a
health care centre in Jeddah within 15 min. As can be seen about
60% of city districts fall outside the acceptable 15-min. travel
radius. The next step was to identify the population size living in
these zones. As seen in Figure 6 a remarkably large population live
near health centres located in the eastern and middle parts of the
city, while the number of people decreases near the northern and
western health care centres.

Location-allocation

ArcGIS network analysis was used to produce the P-median
location-allocation model for Jeddah health care centres (Figure 7).
This output helped each health centre to its optimum location. For
example, Azizia health centre was allocated for two districts
(Azizia and Mushrifah) (Table 3). The Allocation function of
ArcGIS produces a table output which defines the optimum health
care centre allocations, including the name of the health centre and
its assigned districts. This output can be used by health planners in
Jeddah to select optimum health centre service areas.

Legend
Patients
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Figure 2. Location and size of health centres in Jeddah City.
White areas in the map show the seaport and airport.

Table 2. City of Jeddah classification based on health centre demand.

A 268.186484 46 31 1,242,69
B 184.406593 21 5 71,89
C 688.891789 43 0 0
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Figure 3. Classification of Jeddah based on health centre demand.
A = the areas with the highest population density, which are
served by many health centres; B = areas with a low population
density; C = areas not served by any public health centres.
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Figure 4. Classification of health centres based on the number of
doctors available.
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Figure 5. Areas in Jeddah from with health centres reachable

within a 15-min. travel by car.

Figure 6. Number of people living near health centres in various
parts of the city.
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Discussion

This paper has attempted to point out problem of health facility
location, which entails allocating an optimal set of locations.
Earlier studies have shown that spatial accessibility and variability
are two important considerations for the essential service provision
in an efficient fashion. Rahman and Smith (2000) found the P-
median tool interesting because of its assumption that service users
generally tend to travel short distances to avail services, which
means less weight of travel duration is the most important issue for
service users to reach their nearest facilities. In case of the Al-
Aaaizia health centre, the output of the location-allocation P-medi-
an model (Figure 7) confirmed that this health, facility could pro-
vide services effectively to demand points located in the two dis-
tricts Al-Aaaizia and Mushrifah. Dzator and Dzator (2013) found
the P-median model highly suitable in the allocation of emergency
services.

Mathematical modelling based on GIS can also describe the
spread of communicable diseases and offer solutions based on
optimisation (Elmes, 2004). However, we used the GIS-based opti-
misation model based on the P-median tool for allocating health
care services to the optimum locations in Jeddah. The objective
was to locate health care centres among a set of candidate facility
sites (population districts) that would minimize the total travel dis-
tance to serve the population assigned to the health centre as dis-
cussed by Afshari and Peng (2014) and Tao ef al. (2014) who they
proposed optimal healthcare centres locations with a modified P-
median model in Henan Province, China. However, the latter
research team conducted their study in a context where multiple
models of urban transit are available, while we used conventional
P-median model because of the car-dominant nature of Jeddah
City, where the impact of various transportation network types is
absent. The results presented by this paper can be of great value for
allocating health care services at optimum locations.

Another important use for GIS was in the preparation of maps
of health care locations. These maps can be used to explain pat-
terns of service areas, to provide residents with information on ser-
vice locations and availability and to visualize the spatial match
between service needs and resources (Murad, 2018). Information
collected about the number of patients enables the calculation of
feature classification and density, which assists the plotting of
health centre spatial data. Exploratory spatial data analysis used
numerical and visualization aspects to detect spatial data proper-
ties. It is necessary to connect numerical and graphical procedures
to the map, so that the analyst can address the question: Where are
these health centres on the map? GIS emphasizes the geographical
dimensions of access, such as spatial accessibility. People’s access
to health services is rooted in their daily activity patterns in time
and space. With the home as a base of activity, people move about
in space to conduct various activities, which relates to work,
school, shopping, and care of children or the elderly. These move-
ments form a catchment area of activity, a geographically defined
zone typically centred on the home, within which everyday life
unfolds. Access to health care is an important component of the
space of activity, which can be a constraining factor.

Table 3. Allocation results for Azizia health care centre.

8 Azizia-Azizia 4 37
9 Azizia-Mushrifah 4 38
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The role of geographic accessibility in service utilization
depends on population characteristics. How well people overcome
distance constraints depend on their capacity to use certain ser-
vices. Travel for health care is strongly affected by demographic
and socioeconomic characteristics, such as income, occupation,
age and gender (Murad, 2014). Research shows that people whose
mobility is limited by various reasons are more sensitive to dis-
tance, and thus more likely to use the nearest health care provider
or even forgo care altogether. Although distance is a fundamental
factor in geographical access, travel time, cost, transportation
access and perceived distance are often of high relevance to health
care utilization. Assisted by GIS, one can estimate travel time
along road networks, considering average speeds and speed limits
on different classes of roads and physical barriers to travel (Murad,
2014).

Modelling the optimum distribution of health care service
areas is one of the most important issues associated with health
care planning. Optimization is a statistical science that offers a way
to balance dynamic relationships around a system in engineering
and science, and there is a tradition of using optimization to sup-
port medical decision-making (Murad, 2005). Versions of location-
allocation modelling are used to identify right sites for new facili-
ties, including health services. For example, the choosing of a new
site for a primary health centre or a diabetes centre would consider
current sites for available health care, as well as the basic need for
facilities (Khashoggi and Murad, 2020). These models look for a
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Figure 7. Location-allocation P-median model for health centres
in the city of Jeddah.

1 1814.337971
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set of places from a set of candidate locations that optimize or
decrease the objective function. Location-allocation models are
represented in mathematical programming approaches that can be
described as a set of numerical methods contributing to solving
optimization problems associated with public health scenarios
(Gong et al., 2017). Normative models of facility location or ser-
vice delivery do not seek to describe existing facility locations.
Instead, they are designed to identify the facility locations that
maximize or minimize a mathematical function, which expresses
the objective of the decision-maker.

The efficacy of our research can be understood when consider-
ing the emerging new urbanism paradigm, in which the 15-min.
city is emphasised. Such consideration is inevitable when aiming
to ensure sustainability in post-pandemic urban planning (Moreno
et al., 2021). This type of city denotes a new kind of urban plan-
ning that re-links city dwellers by decentralizing urban facilities
and urban life (Smith, 2021). Many global cities i.e. Paris, France
(Euklidiadas, 2020) and Seattle, USA (Vansynghel, 2020) are seri-
ously thinking of entering in the 15-min. city club. Currently,
health facilities in Jeddah are located in certain parts of the city,
while a large portion of the population would be isolated under the
15-min. norm of health care accessibility. Hence, the realignment
of health facilities would only be possible by optimizing health
centre locations and establishment of new health centres in line
with the results of the proposed P-median model discussed here.

Conclusions

The results of the study offer an evidence base for urban plan-
ners and policymakers involved in the planning of health facilities
that could be most beneficial for those concerned with planning of
the health sector. It is in line with the new 15-min. city model,
focused on maximising sustainability in post-pandemic urban
planning. It suggests decentralisation of life and facilities, in which
essential facilities and services, basic healthcare in particular,
would be available by walking within 15 min. or better.
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