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Abstract Access to basic health care services is one of the major issues in developing nations. The
location of health care facilities is an important aspect in health care delivery. It is therefore necessary
for health care services to be located optimally to serve the demands well. This study develops an
integrated methodology in the field of healthcare location which minimizes the weighted average
Euclidean distance between existing facilities and new facility in a way that demands will not have to
travel a very long distance to access medical facilities. Geographic information systems (GIS) were
used to store and handle the coordinates and weights of the existing facilities. While the Weber model
and Weiszfeld’s algorithm was employed to determine the new healthcare location. The technique was
applied to a case study in one of the local government areas in Nigeria. Our results show that the
methodology can find a new facility to support demands in the study area. The proposed model can
also be applied in studies of a similar nature as in location of library, medical drugs and equipment
warehouse and support facility in emergency cases.
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1 Introduction

Facility location problems have been extensively studied in the public and private sectors. The
goals of decision making in the public sector usually include social cost minimization,
universality of service, efficiency and equity. While private sector concerns are generally
based on maximizing profit or increasing market share from competitors. Facility location is
an area of analytical study that has been active for many decades. The area covered by facility
location has numerous applications which include: emergency services (such as ambulances,
warning sirens, hospitals, fire stations, police stations); warehouse placement, locating
automatic teller machines, positioning a computer and communication units, locating National
Youth Service Corps (NYSC) orientation camps in the country, locating rail stations, schools,
postal facilities, solid waste disposal sites, factory sites, etc. [1].
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There is very rich literature on facility location problems. Some of the existing works are
classic ones such as [1-5]; some presenting reviews and some discussing important aspects, as
model features, types and algorithms [6]. In a number of papers, investigators are very
specific for treating a particular type of problem. Examples are papers [7-10]. Other studies
focus on specific applications, as in [11-12] while in some instances continuous location
problems are considered using different measures of distances, e.g. [8, 13-15], etc.

One of the most important logistic decisions is the location of health care facilities [16].
Health services are a major concern in most developing countries, because of the continued
rising costs of precious resources involved. A second concern is that many still do not have
access to health care; or to the fact that many patients live in areas with a shortage of medical
health care professionals. The study envisages family-oriented health care services for people
living in rural and semi-urban communities. These services include primary and preventive
health care, outreach and related services. However, the primary level of care, the expected
first port of call and bedrock of the health system, is grossly deficient. In rural and semi-urban
communities that represent the bulk of the population, primary health centers are dilapidated
structures lacking trained manpower, drugs and equipment [17].

This paper addresses this question, by applying Weber model to minimize the weighted
Euclidean distance from existing facilities to a new facility in a way that demands will not
have to travel a very long distance to access medical facility. More facilities may be cited to
reduce weights of demand on existing facilities in the region to reduce spread of diseases and
mortality rate.

In the healthcare area, Rahman and Smith [18] developed a review of the location-
allocation models in health service planning in developing nations. A number of authors are
specific on the type of practical problem. Examples are Chanta et al. [19] and Pirkul and
Schilling [20] that dealt with emergency medical services. While Sinuany-Stern et al. [21]
developed a model for the location of hospitals in rural region. Jacobs et al. [22] described
and analyzed locations and service areas of blood banks in American red cross blood
facilities. Others, including authors [23-24] attempted to give new perspectives by discussing
the application of classical models to a real health care location problem in different
developing nations.

In many papers described, the focus is on developing heuristics that will solve the

problems in a reasonable amount of time. However, the work of Griffin et al. [26] employed
statistical methods while Fo and Mota [23] used the direct approach and four optimization
models in solving the problems. In our case, we focus on the Weber model and Weiszfeld’s
algorithm, implemented within the GIS environment to locate optimally the new health care
facility.
The rest of this paper is organized as follows: Section 2 presents the Weber location model
and previous works. Section 3 describes the solution algorithm for the location of new
healthcare facilities. Section 4 provides an applied example in one of the local government
areas in Nigeria. Section 5 presents some concluding remarks and recommendations for future
research.

2 Weber location model and previous research
A fundamental challenge in location planning is minimizing the distance between the facility

and demand points (patients). Among different distance planning methods for a given number
of facilities and locations, the p-median model seeks to minimize the total travelling distance
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from all clients to their closest serving facilities [3]. According to [27], Sinuany-Stern et al.
[21] and Mehrez et al. [28] have used two different continuous models in identifying sites for
a new hospital in Negev. The first was Weber model using three-stage procedures to find the
best location, while the second was similar but the square of the Weber objective function.
Demir [29] and Demir and Kockal [30] determined the emergency support facility and cement
plant locations applying Weber model to Weiszfeld’s algorithm with the aid of spatial results
respectively. However, the study of Kwarteng [31] located library in Sunyani municipality
using planar K-central single-facility Euclidean algorithm similar to Weiszfeld’s method.
Likewise the authors [32] discussed the optimization of location-allocation problem of
pharmacy warehouses using integer programming and GIS while the study of authors [33]
stressed the importance of applications of optimization models to locate healthcare facilities.
According to Dokmeci and Ozus, as reported in [32] mathematical models and GIS are the
most common tools in literature and practice used to arrive at satisfactory decisions for
facility location problems. As seen from the studies reviewed above, there is still a dearth of
work on the application of mathematical models and GIS to the location problems in
healthcare. Therefore, achievements of past studies [29, 30, 32] motivated the study.

1-median model (Weber model) is a variant of the p-median models that have seen
relatively little use in the health care location field. For the details on Weber problem, consult
a comprehensive review by Wesolowsky [1] and Hakimi [34] for p-median models.

The Weber location problem (also known as Fermat-Weber problem) is a basic model in
the location theory whose task is to find the “minisum” point (x*, y*) which minimizes the

sum of the weighted Euclidean distances from itself to n fixed points with co-ordinates (a, b;).
The weights which are associated with the fixed points are denoted by w;.
Weber problem can be stated as follows:

N
minW (x) = > w,d; (X, &) (2.1)
i=1
where
W =weighted sum of distances of x froma,,...,a, ..
a, = (ail, a’,...,a" )is the known position of the i"fixed point, i =1,...,N.

X= (Xl, X5y Xy )T is the unknown position of the new facility;
w;> 0 is a weighting constant for fixed point (customer) i, i =1,...,N ;and

di(x, y) = \/(xl —a/)% +(x, —a})? isthe Euclidean distance between (x,, X, ) and (ail,aiz).

The Weber problem has been solved with several methods [1], but the most popular
method that is used to solve the Weber problem with Euclidean distances is given by a one-
point iteration procedure which was first proposed by Weiszfeld. The Weiszfeld iteration
procedure is the most widely used procedure for the solution of the single-facility minisum
location problem on the plane with Euclidean distances. It is also used in many multi-facility
procedures as a step in the solution algorithm. This is presented in [35].

3 Solution algorithm

Among the solution procedures mentioned above, the simplest and, most commonly used
technique is the “Weiszfeld procedure", and it is the solution procedure of interest in this
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research because the weights of demand points have been taken into account in the Weber
model formulation.

3.1 Weiszfeld's algorithm

There are a variety of distance metrics used in facility location problems, among which are: I,
weight, I, norm, block norm, round norm, mixed norms, Jaccard, expected, central and mixed
gauges (for details, see [6]).

The most common distance metric of all mentioned is the I, distance metric. When p
takes a value of 1, it is known as rectilinear distance metric and when p takes a value of 2, it
becomes the Euclidean distance metric. Weiszfeld's algorithm is based on Euclidean distance
metric [35].

2= [ip(i _yi‘Zj (3.1)

Weiszfeld's algorithm locates the new facility among the existing facility locations
considering the distance to be Euclidean. This iterative scheme is accepted as a powerful
method in practice to identify the optimal location of Weber problem [29]. It solves iteratively
the Weber problem based on its objective function as

min f(x, y):ZWi\/(X_ai)2+(y_bi)2 (3.2)

where
W, =weights associated with the existing locations,

X = x-coordinates of starting point for the iterative algorithm;
y = y-coordinates of starting point for the iterative algorithm;

a; = x-coordinates of existing locations and
b, = y-coordinates of existing locations.

The steps followed in Weiszfeld’s algorithm for the solution of planar Euclidean location
problem are as listed [31].
Step 1: Input the initial coordinates (X,y)

Wi
Step 2: Evaluate every B = \/(x—a.)z +(y—h)? (3.3)
Step 3: Sum for every B, for Dix.y)
D(x,y) = Zﬂi (x,y) (3.4)
B
Step 4: Determine all ™"~ p(x, y) (3.5)

Step 5: Evaluate W, = Zaiai ,WFV - zaib‘ (3.6)

Step 6: Determine the objective function value f,"by summing the individual objective
function values for all i using the equation

"= \/(\NFX —ail)2 +(WFy—ai2)2
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where WF(x, %) =3 4 (., Yal.a’). Repeat until stopping conditions are met (i.e. when

the difference between the ratio of the coordinates of new point and the randomly selected
initial point is less than or equal to zero). By iterating the Weiszfeld’s values for X, y; we can
find the Euclidean close to or equal to the optimal solution (X, y).

4 Numerical implementation and results
4.1 Problem and data analyses

The study area is ljebu-North local government area, Ogun State, Nigeria, as shown in Fig. 1.
The study region is a non-convex polygon with holes and an irregular boundary. The
digitization of the area map was carried out on Pentium IV 3.2 GHz personal computer
running Windows 7 with 2GB RAM. The Network Analyst in ArcGIS version 10 was utilized
to manage and manipulate data layers of demand points, facility locations and links.

It was found out that there are only ten health facilities (Fig. 2) in the local government
area expected to service sixty five settlements. The current population of 225,984 has been
projected from the 1991 population census (National Population Commission, 1991). Each
demand has to travel an average distance of 0.54 km to get to the nearest health facility
location as against the 0.5 km stated in the State health policy. In the event of emergency, it is
out of the realm of possibility reaching patients by health care provider and vice versa. This is
as a result of the care provider serving other patients or having to cover a long distance to
reach the patient or vice versa. Hence, the necessity to locate more facilities for enhancing the
decision making process cannot be over-emphasized.
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Fig. 1 Map of Ijebu-North local government area, Ogun State, Nigeria.
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Tablel Existing health facilities locations

Object Name of location xandy Demand Demand Total Total

ID coordinates count weight distance weight
Ago-lwoye

1 Aparaki 3.851, 6.912 11 58945 89.69 28016.80

2 Apoje Labour 3.936, 6.888 1 443 0.00 0.00
3 Camp 4.06, 6.956 3 2597 8.54 2243.71
4 Asigidi 3.974, 6.918 4 4716 12.58 8873.36

5 Falafonmu 3.924, 6.904 1 382 0.00 0.00
6 ljebu-Igbo 3.953, 6.942 5 123545 33.18 10001.55

7 Imope 3.929, 6.879 1 1191 0.00 0.00
8 Mamu 3.869, 7.054 15 5385 247.01 84911.60
9 Oru 3.902, 6.927 4 21681 6.72 13738.91
10 Osun Bodepo 4.019, 7.018 20 7099 183.59 67417.43

5
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Fig. 2 Location map of existing health facilities and links.

4.2 Numerical experiments and discussions

In this section, we apply the integrated methodology to show its efficiency in the location of
additional facilities in healthcare systems. The Weber problem adapted is a weighted planar
problem with coordinates listed in Table 1.

(Xn, Yn) gives the initial point with which the algorithm is to start it's iterations. It could be
a default value of (0, 0). In this study, the initial point is chosen to be (4, 7). This is an
assumed location for which the new facility could be located.
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Table 2 Results of example problem for various & values

a —Vvalues
0.1322
0.0013
0.0136
0.0213
0.0012
0.6400
0.0033
0.0148
0.0689
0.1034

= Z
WX NOUAMWNRS

With the above details, weighted function for x and y coordinates are calculated using the
equation 3.6 and presented below (Table 3):

Table 3 The location of the new health care facility

WF (Xn+1) WF(yn+1)
3.9433 6.9594

The above procedure was repeated until the following condition

Xn+1 _ Xn <ge
yn+1 yn
is satisfied.

The Weiszfeld's algorithm was used to strategically locate optimally an additional health
care facility. 10 coordinates were generated for 65 settlements in the example problem
considered as the input to the algorithm. The optimal results obtained (Table 3) after first
iteration based on the termination condition stated above. The algorithm gave one optimal
location, i.e. (3.9433, 6.9594). The scatter plot (Fig. 3) indicated the octagonal point as the
optimal point. The diamond points are the 10 existing health facilities in the ljebu North local
government, which was used for the work. Note that the optimal point arrived at is a local
minimum point. However, the local minimum is the global minimum because the objective
function in Weber problem is a convex function. Based on these results, the next section
presents conclusions and future work related to the research.
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Fig. 3 Graph showing the new facility location with respect to the existing facility locations.

5 Conclusion and future work

The paper presented an experiment based on a real case, in the field of healthcare location,
which minimizes the demand weighted average Euclidean distance between existing facilities
and new facility. Location of new facilities, in one way will reduce the transportation costs of
patients to health care facilities which would maximize the population level increase in
accessibility.

Better physical accessibility to care is likely to promote increased utilization of these
services. Such increased use may improve the care commonly associated with primary or
preventive health care facilities, such as antenatal care and childhood immunization, but may
also improve compliance with deadly and chronic diseases, including HIVV/AIDS, Ebola virus
disease (EVD), etc.

Our contribution includes adapting Weber models to the specific needs of healthcare
facility problem in the local government area considered as well as integrating public data
sources (captured with the aid of GIS) with Weiszfeld’s algorithm to optimally locate new
facilities. The study can contribute beyond regional planning to national planning, which is
crucial to economic development of a country.

An interesting topic for future research may be to consider other instances of the problem.
The Weiszfeld’s algorithm is connected with Euclidean distances. Expanding the research a
little more, it could be interesting to explore the model to additionally analyze the problem
with other performance metrics such as rectangular, lift, etc., in urban region.
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