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Abstract 
 

It has been agreed that over the last 50 years, the awareness of using Operations Research (OR) 

techniques in developing countries -where lack of resources is the norm- has increased and 

became more significant. One sign of this, is the emergence of several initiatives to promote OR in 

such countries. However, despite this rise in awareness, the use of OR is still very low compared to 

the “developed” countries due to the presence of many obstacles such as the lack of OR experts, 

insufficient technological and financial resources, scarcity of accurate data…  

 

The objective of this paper is to first, conduct a literature review on the use of Operations Research 

in developing countries, more specifically in Healthcare industry. The focus is on the models used 

for locating facilities mainly for Public Healthcare Services. In a second step, the goal is to apply an 

OR approach in a chosen developing country namely Tunisia to assess the effectiveness of the 

current locations of Primary Health Care Centers across the country, use a mathematical model to 

find optimal sites for locating such facilities in a specific region and finally generate viable 

alternatives for action that decision makers (as the Tunisian Government) can consider for future 

facilities’ allocations. The objective of the implemented model is to maximize the number of people 

served by the located facilities within a maximal specified coverage distance/time. The results 

confirmed the initial hypothesis of the absence of optimality in the current locations. The model 

helped presenting new optimal location sites depending on the percentage of covered demand, a 

decision that the government needs to take. In fact, deciding the number of facilities to build 

depends not only on the number of people served but also on the budget available and the cost of 

constructing a center. Therefore, the presented results can help the Tunisian Government in taking 

more effective decisions and trading off between satisfying more patients or being cost-effective. 
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1. Introduction 

Operations Research (OR) can be defined in simple words as the science of applying 

advanced analytical techniques such as mathematical modeling and problem structuring 

methods to analyze, solve complex problems and help make effective decisions to build 

more productive systems. This scientific approach was first introduced during the Second 

World War in the Western world with the objective of tackling complex military 

problem. Since the end of this war, OR has been widely used in different areas of the 

developed countries going from commercial to governmental aspects. This common 

usage could be attributed to a growing awareness of the importance of OR in improving 

the efficiency of decision making and problem solving processes especially for such 

countries where lack of resources is the norm (White, Smith, & Currie, 2011).  

This paper conducts in a first place a literature review on the applications of OR in 

developing countries in general and focuses on the Healthcare Industry in particular as it 

represents a major industry. A bad management of the healthcare sector in a country may 

lead to deadly consequences; life of people depends mostly on this industry. Thus, the 

case study conducted in the second part has the objective to study the locations of 

Primary Health Care centers in Tunisia, a chosen African developing country, and apply 

a mathematical model named Maximal Location Covering Problem (MCLP) that locates 

a specified number of facilities (Primary Health Care Centers) to maximize the covered 

demand within a maximal defined measure of service; the distance between the center 

and the people leaving in the neighborhood. This model is applied to show the 

distribution problems of the centers and prove that using an OR approach generates a 

more effective solution that helps optimizing the resources and results in better 

management of the sector. The results can be used by the government and applied to the 

entire country for better future location planning. The paper ends with a Conclusion, 

representing the last chapter in which all analyses are summarized and some thoughts 

about future works and researches are presented.  
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2. Literature Review 

The following Literature Review provides relevant background information to deal with 

this research question: How are developing countries applying OR to solve problems in 

different areas, more particularly, to healthcare industry? 

Therefore, the first part gives a general overview of the different applications of 

Operations Research in various areas across multiple developing countries. The second 

part focuses on the models used in Healthcare industry as it is the industry of the case 

study application. To be more specific, the interest of this paper is in the use of Location-

Allocation models for facility locations. 

2.1. Operations Research in Developing Countries 

 “According to the UN, the developing countries are mainly found in Africa, Asia, Latin 

America and the Caribbean”, (White, Smith, & Currie, 2011). Many research papers have 

been published to enumerate the various possible areas where Operations Research can 

be applied in those countries. The cited paper provides an overall picture of the 

applications of OR in Brazil, Chile, China, Croatia, India, Indonesia, Israel, Jordan, 

Kuwait, Mexico, Poland, South Africa, Tunisia and Turkey. The application areas that 

were mentioned in this paper are Agriculture and Environment, Industrial Management, 

Infrastructure, Governance Employment and Migration, Investment and Finance, and 

finally Education and Healthcare. For such countries where the overall income is medium 

to low, most of the GDP shares and employment derive from agricultural activities, 

(White, Smith, & Currie, 2011). Therefore, agriculture is the predominant area of OR 

applications in most developing countries. Many well-developed models for crop 

development and land-use exist and they represent major priorities. Water is one of the 

most scare resources on earth, and as the optimal use of scarce resources is a perpetual 

concern for developing countries, many water resource management models have been 

established. A paper written by David K. Smith (1987) discussed the Water Resource 

Modelling applications in Jordan as well as Electricity Supply Planning, Transportation 

models and other fields of applications. The challenges such a country can face when 

implementing OR tools were exposed along with the limitations of the methods used due 
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to the lack of qualified OR personnel, insufficient financial and technological resources, 

(Smith, 1987). Despite of these obstacles, during the last three decades, a huge number of 

research papers have been published discussing the use of Operations Research in Arab 

countries from either a conceptual or an empirical perspective. These publications were 

classified into three categories which are survey-type studies, real-world applications and 

conceptual studies. Data on the number of publications per category and per time span 

(1980s, 1990s and 2000s) show an important increase of the papers (from 12 to 69). 

Besides, these data show that conceptual studies have the largest number of publications 

compared to the survey-type and real-world applications, (Darwish, 2010). The 

importance of the use of OR in different industries to improve and optimize the 

decisions-making process is increasing throughout the years for the developing countries. 

The literature review on its applications is very wide and cannot be entirely captured. 

Besides, the major focus of this paper is the applications of OR to Healthcare industry. 

2.2. Applications of Operations Research to Healthcare Industry 

2.2.1. In European Countries 

In the previous section, many applications’ areas of Operations Research were 

mentioned. The focus of this paper is to have an overview on the methods used in 

healthcare industry. The use of OR in healthcare has developed considerably and 

Healthcare has become a major industry with many people involved either as employees 

from doctors to nurses to any involved individual in healthcare organizations or as 

consumers of healthcare services. Besides, there has been a shift in the healthcare 

services “from optimizing the use of resources to finding a balance between service for 

patients and efficiency for providers”, (Brailsford & Vissers, 2010). These changes have 

impacted the popularity of OR in Healthcare and increased the number of OR 

applications as well as the scope of topics covered. Indeed, Healthcare researches use 

concepts and methodologies that help solving problems related to Healthcare operations 

improvement, prevention, detection and treatment of diseases, Inventory and Supply 

Chain Management, Resource Allocation, Clinical Diagnosis, Treatment Design and 

Facility Location, (Priyan, 2017). 
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2.2.2. In Developing Countries 

This section cites the uses of OR in healthcare sector for developing countries which are 

the main concern of the paper. Applications of OR in healthcare is also increasing 

throughout the years as similarly to the rest of the countries, healthcare is a major 

industry and the consequences of bad management of services may lead to disastrous 

consequences going till death of people. OR literature covers many applications in this 

industry and presents different solutions to solve the problems. As examples, Simulation 

is used to optimize resources in a Kuwaiti emergency department by Ahmed and 

Alkhamis in 2009, and Healthcare waste management systems were optimized by Brent 

et al. in 2007, using an Analytical Hierarchy Process AHP to minimize further infections 

to patients and healthcare workers, (Darwish, 2010). As mentioned in the beginning, the 

final objective of this paper is to apply a location model in a chosen developing country 

to assess the existing locations of the Primary Health Care (PHC) Centers and propose an 

optimal allocation that would improve a specified service criterion. Therefore, the 

following part is concerned with the location allocation models used in developing 

countries. Quantitative location allocation modeling provides a framework that identifies 

service accessibility problems, compares the quality and efficiency of previous locational 

decisions and generates alternatives to improve existing systems or help in future 

decisions. In the context of developing nations, locational decisions are generally taken 

locally by the government officers without taking into consideration any quantitative 

analyses or analytical strategy. As a result, the decisions are often very far from optimal 

and can sometimes be considered as random. Researches have exposed the limitations of 

the implementation of OR tools in developing countries due to mentioned obstacles. 

However, despite their view that the mathematical models of locational analysis can be 

too sophisticated and advanced for use in most of developing countries, (Rahman & 

Smith, 1999), many studies have proven the usefulness of such techniques in the 

locational decision-making process. Three location models have been frequently 

reviewed in the literature review which are p-median problem (Hakimi, 1964),  and two 

covering problems: Location Set Covering Problem (LSCP), (Toregas, Swain, & 

Bergman, 1971), and Maximum Covering Location Problem (MCLP), (Church & 

ReVelle, 1974). 
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P-median problems are probably the most popular models for public facility location 

problems. Location analysis using formulations of this problem seem to be one of the 

most popular approaches to rural health facility location planning in developing 

countries, (Rahman & Smith, 1999). The objective of this model is to locate a specified 

number of facilities so that the total travel distance (or time) between facilities and 

demand nodes is minimized. Although this model is very popular in the field and 

frequently used, it does not take into consideration the “worst case” situations where the 

solutions that minimize the weighted travel distance are not equitable, forcing some 

people to travel far, or even not using any facility. These solutions can sometimes be 

unacceptable from a service point of view. That is why, other models have been 

developed that consider a maximum distance or time constraints, which are, location set 

problems. The first model is the Location Set Covering Problem (LSCP). It has an 

objective of locating the minimum number of facilities such that each and every demand 

node is served by at least one facility within a given maximal service distance (or time). 

The limitations of applying this model in developing countries -in particular- is the lack 

of resources (mostly financial) to provide the suggested optimal number of facilities that 

covers all the demand. Thus, most of the times, the decision maker chooses to abandon 

the goal of total coverage and tries to locate facilities in a way that leaves only a small 

number of people outside the defined service distance. This problem is referred to as the 

Maximal Covering Location Problem (MCLP). The objective is to locate a specified p 

number of facilities such that to maximize the demand coverage within a maximum 

desired service distance (or time). The mathematical formulations of these basic problems 

are well documented in the literature. Different constraints can be added to meet the 

specifications of the real-world restrictions depending on the situations. The basic 

formulations of the p median and LSCP are provided in Appendix 1: Formulation of p 

median and LSCP models. The MCLP formulation will be detailed in the methodology 

section as it is the model used in the case study.  
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3. Case Study: Optimization of the Location of Primary Health 

Care Centers in Tunisia 

This chapter represents the concrete application of Operations Research to Healthcare in 

a chosen developing country: Tunisia. The objective of this chapter is to study the 

distribution of Primary Health Care (PHC) Centers across the country, assess the 

optimality of the existing facilities’ locations and show how using an OR approach can 

improve the accessibility to the centers and allocate them optimally while satisfying a set 

of constraints. 

3.1. Introduction: About Tunisia 

Tunisia is a country in the Maghreb Region of North Africa covering 163,610 square 

kilometers. It is bordered by Algeria to the west and southwest, Libya to the southeast, 

and the Mediterranean Sea to the north and east, (see Appendix 2: Geographical location of 

Tunisia in a World Map). The population of this country was estimated to be around 11.435 

million in 2017, (Population, 2017).  

Tunisia is a middle-income country with a Gross Domestic Product (GDP) of 40.26 

billion US dollars in 2017 representing 0.06% of the world economy, (Tunisia GDP, 

2017). Although Tunisia forms part of the list of developing countries, it is considered as 

one of the fastest growing countries in terms of educational systems, technological 

development and research fields. However, the use of Operations Research in Tunisia is 

still very small. The next section conducts a quick overview on the applications of OR in 

Tunisia in different industries, focusing on the healthcare one.   

3.2. Operations Research in Tunisia 

3.2.1. Overview of OR Applications in Different Industries  

OR is not the most popular used technique to plan and take decisions in Tunisia. 

Governments prefer taking local decisions based on basic studies (usually not even 

quantitative), the lack of OR experts and qualified personnel makes the predictions and 

presented strategies very doubtful and most of the times very far from being optimal. 

However, looking into the literature review, many papers can be found related to the 
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possible applications of OR in various industries. In the paper of (Darwish, 2010), few 

Tunisian applications were cited in the Application-type studies as well as Conceptual-

type studies. For Application-type studies, a conceptual framework to optimize 

investments in inter-regional highway networks was proposed by Ben-Ayed et al. (1992). 

The model was applied to the Tunisian network using actual data. In 1994, Siskos et al. 

developed a farm planning model for “AgroCombinat Touila” of a southern Tunisian 

state “Sidi Bouzid”. Continuing with the agricultural sector, a method based on the 

application of a stochastic goal programming approach was developed by Sameh (2001), 

that was applied to a multi-reservoir system in the northern part of Tunisia. Finally, in the 

airline industry, Haouari et al. (2009) presented models and exact solutions approaches 

for an integrated aircraft fleeting and routing problem arising at the Tunisian airline 

company “Tunisair”. The conceptual-type studies contain a big number of research 

papers going from optimizing the Tunisian banking system using Data Envelopment 

Analysis (DEA), Ayari et al. (2006), to crew scheduling for Tunisair using LP technology 

(Zeghal and Minoux ,2006), to analyzing the efficiency of Water Users Associations in 

the Cap Bon region of Tunisia using DEA, (Frija et al. 2008). In the last decade, the 

interest of applying OR tools in Tunisia to improve the efficiency of the decisions has 

increased considerably. In 2014, the Tunisian Operational Research Society (TORS) was 

created and accepted into the International Federation of Operational Research Societies 

(IFORS). This association has been aiming to share, exchange knowledge and promoting 

theoretical developments and applications in the operational research field in Tunisia. 

Since then, many other research papers have been written by Tunisian researchers in 

other fields. The most recent one was developed by Elleuch, in 2018, who presented a 

hybrid approach for the allocation and evaluation of potential water resources 

management for Sfax, a major city in Tunisia based on sensitivity analysis. This hybrid 

approach was a combination of the reciprocal weights method (RR) based on the results 

of the Delphi method, the analytic hierarchical process (AHP) and the Hurwicz criterion 

method (HCM).  
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3.2.2. OR in Healthcare 

Healthcare in Tunisia is a service that still needs to grow further and become more 

developed. There are too few hospitals and clinics making it difficult for people living far 

to reach them, or there is a very poor service within the centers. Less “popular” regions 

(example in the south or rural cities) have many problems concerning the allocation of 

public health centers especially with the lack of transport and the very bad conditions of 

the roads leading to such services. Few papers were published by Tunisian researchers in 

the field of healthcare who tried to implement some OR approaches to solve different 

kinds of problems related to health services. (Kammoun , Loukil, & Hachicha, 2014) 

presented a reference paper that proposed a new conceptual classification scheme to 

classify current developments of the use of the Discrete Event Simulation (DES) in 

Healthcare Management research based on the healthcare facilities application, the type 

of decision making (strategic, tactical and operational), and the application category. 

Capacitated Vehicle Routing Problem (CVRP) was used to design the routing system for 

Infectious Healthcare-Waste (IHW) transportation in Sfax Governorate (Hachicha, 

Mellouli, Khemakhem, & Chabchoub, 2014). In addition to this transportation model, the 

paper used AHP method to choose the best waste treatment and disposal scenario. 

Despite the existence of some OR applications in healthcare, there is still an opportunity 

to apply OR in the area of facility location (hospitals, primary healthcare centers, private 

clinics…). This paper proposes a methodology based on OR models to help the Tunisian 

Government assess the current locations of PHC centers in the country and can be used 

for future planning by optimizing the location of new facilities. 

3.3. Presentation of the Healthcare System in Tunisia  

Compared to the rest of the Maghreb countries, the Tunisian health sector is performing 

quite well in many ways. However, this sector is still significantly challenged by many 

factors such as the change of the demographic characteristics of the population resulting 

in a more aging population, therefore a growing prevalence of chronic diseases and 

accidents which represent growing challenges to deal with. Furthermore, sophisticated 

medical technologies are centralized in the big cities, leaving the other states with 

insufficient resources and a poor service. Besides, even for the regions that benefit from 

these advanced technologies, the expenses are very high and not everyone can afford 
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paying for the services. The Tunisian Healthcare sector is divided into Public and Private 

Sectors. The private sector has been growing since 1990, owning the majority of the 

high-tech equipment. Most of the financings are coming from households and this sector 

generates about half of the total health expenditures, (El-Saharty, 2004). However, the 

Public Sector is more important in the context of this paper. The Public healthcare system 

in Tunisia can be classified into three levels of care: Primary Health Care, Secondary 

Health Care and Tertiary Health Care (El-Saharty, 2004). Primary Health Care accounts 

for the several PHC centers nationally distributed. These centers are the concern of this 

paper. Further information and statistics are provided in the next sections. In addition to 

the PHC centers, the first level also includes 118 local hospitals and maternity centers 

providing various services, (El-Saharty, 2004). However, because of the poor technical 

support that limits diagnostic and therapeutic services, the potential of such local 

hospitals is not efficiently utilized. In fact, the primary health care system is financed 

based on generated revenues-accounting approximately 30% of the operating budget, 

excluding salaries- and the government budget, (El-Saharty, 2004). Nonetheless, this 

sector accounts for 27% of health care expenditures and represents a very important part 

of health care system as it is the major responsible for the significant improvement of 

health indicators over the last few years, in particular, for maternal and childhood health 

and infectious disease, (El-Saharty, 2004). Secondary Health Care includes regional 

hospitals which are generally located in the capital cities of the governorates. Besides, 

cities that have a university hospital do not have regional hospitals. Although this 

secondary level satisfies overall technical support systems, it is marked by a considerable 

lack of specialists who are generally “more attracted by academic careers in University 

hospitals or by private practice in the region of Tunis or the Central East”, (El-Saharty, 

2004). Therefore, this level is not as effective as the primary health care one. However, it 

accounts for 25% of public health expenditures and almost all its findings are generated 

from its revenues and social security payments. Tertiary Health Care services are 

provided by 22 University Hospitals. Almost 70% pf the public health sector’s specialists 

work in tertiary care and the technical capacity level is high. In fact, this level trains the 

medial and paramedical personnel and has a high level of competence. However, the 

tertiary care system has been suffering from overcrowding due to the weakness of 
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secondary level care from this increasing trend of skilled personnel leaving for private 

sector where revenues are much higher. The hospitals benefit from a good concentration 

of heavy equipment, but they are still as not well supplied as the private sector. This level 

is financed by self-generated revenues, payments from health insurance and by the 

government which pays for staff salaries.  

3.4. Overview of Primary Health Care (PHC) Centers in Tunisia 

3.4.1. Data Collection 

The data needed for this study concern mostly the actual locations of all PHC centers 

across Tunisia. Fortunately, a Tunisian NGO named “Mourakiboun”, which previously 

did a study on the conditions and the quality of the service of the PHC centers in the 

entire country, agreed to share a map (see Appendix 3: Map of PHC centers’ locations in 

Tunisia) they created that contains all the centers’ locations (across the 24 Tunisian 

states), along with a report containing some useful general statistics. In addition to this 

map, the number of PHC centers by state, which was helpful to generate some general 

statistics and evaluate the distribution of the centers across the country, was found on the 

official webpage of the Tunisian Ministry of Public Health. Finally, the population per 

state and per region was collected from the Tunisian National Institute of Statistics (NIS). 

3.4.2. Hypotheses  

In general, for developing countries, decisions are often taken locally by the government 

without a scientific mathematical approach or even an analytical established strategy. In 

Tunisia, the lack of OR experts and qualified personnel who can plan an entire strategy 

for the country is considerable, which affects the quality and the effectiveness of the 

decisions taken by the ministries. Most of the decisions end up being far from optimal 

and the entire system needs a review, whether it is the educational, financial and 

investment, or the healthcare one which is the focus of this paper.  

Therefore, the main hypothesis for this case study are:  

- Lack of effectiveness in the existent locations of the centers whether in terms of 

distribution across regions (density problems), the proximity and accessibility 

(distance to travel) or even the number of facilities built.  
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- Better, more effective and optimal allocations can be reached using a mathematical 

model which is Maximal Covering Location Problem (MCLP). 

3.4.3. General Statistics  

Primary Health Care (PHC) Centers in Tunisia are part of the Primary Healthcare Level 

(previously introduced). These centers are nationally distributed across the 24 Tunisian 

states. In 2015, the total number of PHC centers was 2123, (Klouz & Brayek, 2015), 

located in 255 regions (each state is divided into small regions). PHC centers provide 

basic healthcare services which may differ from a center to another (some have 

specializations that others do not). The major differences between Hospitals and the 

centers would be the number of available facilities. In fact, hospitals are built in the big 

regions of most populated cities, therefore, some small neighborhoods have difficulties 

accessing to them. On the other hand, PHC centers are frequently encountered and more 

people can benefit from these services. Besides, PHC centers do not charge a lot of 

money to the patients, which increases the demand as Tunisia is a country where both, 

very rich and very poor people live. For the wealthier people, the private sector is more 

used, however for the rest of the population, either hospitals or PHC centers are 

affordable. But as just mentioned, PHC centers are more accessible due to their 

distribution within neighborhoods (and not regionally like hospitals). There has been a 

total increase of 23% in the number of located facilities from 1730 in 1994 to 2123 in 

2015. (See Appendix 4: Evolution of the number of PHC centers from 1994 to 2015). 

However, it is important to note that having a big number of facilities distributed across 

various neighborhoods in the country does not necessarily mean that these allocations are 

optimal. From the provided data, some distribution problems were found compared to the 

density of the population as well as the distance separating the centers to the people 

living around. This will be discussed in the following sections. Appendix 5: Number of 

individuals per PHC center across Tunisia, shows the distribution of the centers in terms of 

number of individuals per center.  These statistics can be useful to have a general idea 

about the locations of the centers. Two major factors can affect the accessibility to these 

centers which are the distance to travel and the road infrastructure (public transport 

services can also affect). The study done by the Tunisia NGO “Mourakiboun” in 2017 
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showed that 64% of the centers are in rural areas while the remaining 36% were in urban 

ones. Furthermore, 52% of these facilities can be reached through public rural transport, 

22% can be reached by bus and 26% with no public transport services that allow people 

to go there. This is mostly found either in the Mountains part of the country or the 

Southern regions (Desert). Therefore, people living there have to walk.  

3.4.4. Distribution Issues: Preliminary Observations 

The problem this paper is trying to expose is the lack of optimality in the existent 

allocation of the PHC centers. Some regions are highly uncovered (too few facilities) and 

others are highly covered. Even for those which are highly covered, there is a density 

problem: some neighborhoods are left without any facilities while others have more than 

needed. This creates a waste of money and resources. Therefore, there is an inequality in 

distribution problem, and the objective is to strengthen the accessibility to those facilities 

by locating an optimal number of facilities that will maximize the total coverage within a 

specified maximal coverage distance (or time). The accessibility is affected by two major 

factors which are the walking distance and the road infrastructure.  

The figure below shows and example of an over-covered region. 

 

 

 

 

 

 

                                                                                            

Figure 1: Example of an over-covered region 

There are four PHC centers distributed in this region. The people who live in the northern 

part need to travel 2km or more to encounter the first facility (25 to 30min walking).  The 

distances between the centers are very small (less than 500m). The largest one is between 

the two extreme centers which is 1km (15min walking). It is also important to note that 

the population of this region accounts for 43,499 which is quite a big number to cover. 
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The other extreme case is having under-covered regions with too few facilities. The 

figure below shows an example of such issue. 

 

Figure 2: Example of under-covered region 

The population of this region is quite high (34,673) compared to the number of facilities. 

Only 1 center is available, and its location is very poor as it is built just next to the unique 

hospital of the region. It is useful to add that the road infrastructure of this region is very 

bad and there is a serious lack of public transport services.                         

3.5. Methodology 

In this study, an Operations Research approach is used to expose the non-optimality of 

the current PHC centers’ locations and prove the existence of a more robust and rational 

solution that should have been implemented in the first place. This solution could be 

proposed to the Tunisian Government (mainly the Ministry of Public Health) for future 

facilities’ locations. “OR is the scientific method, which is applied to complex tasks to 

assess the overall impact of different policy options to consider actions, providing a better 

basis for making business decisions”, (Priyan, 2017). Any OR approach goes through 

some sequential steps starting from describing the problem, to constructing the 

mathematical model until deriving and analyzing the obtained solution and implementing 

it after a test phase.  

3.5.1. Location Allocation Models 

The second step of the OR approach is to construct a mathematical model. As seen in the 

Literature Review chapter, many location models have been (and can be) used in 

developing countries to allocate health care facilities (hospitals, clinics, centers…) with 
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the objective of improving the accessibility to the services and reach as much individuals 

as possible. Location- allocation models are mathematical methods used to find optimal 

sites for facility locations. These models select a set of potential locations for facilities 

and assign to them spatially distributed sets of demands with the goal of optimizing some 

specified measurable criterion. Usually this criterion is the distance (or time) between the 

demand and facility nodes. The closer the facilities to the users, the better the service 

provided. Three classic facility location models were discussed in the Literature Review 

chapter such that the p-median model, the Location Set Covering Problem (LSCP) and 

the Maximal Covering Location Problem (MCLP).  

For this case study, the MCLP was chosen as the mathematical model to be applied to 

solve this problem due to its compatibility with the established objectives. In fact, the 

goal is to maximize the covered demand within a desired service distance (or time) by 

locating p number of facilities, meaning, leaving as few individuals as possible outside of 

this desired service distance (or time). Using a Location Set Covering Problem would not 

be suitable to the desired conclusions this paper wants to reach as the objective of a LSCP 

is finding the minimum number of facilities and their locations while covering all the 

demand nodes by at least one facility within the specified maximal service distance (or 

time). This objective can be reached even by using the MCLP if the number of facilities p 

is considered as a variable. Doing so allows having information on how the demand 

coverage varies when the number of facilities increases (or decreases) and identifying the 

minimum number of facilities that would make the coverage reach 100%.  

3.5.2. Mathematical Formulation of the MCLP 

The Maximal Covering Location Problem locates p facilities to maximize the number of 

covered demands within a specified maximal distance (or time). This model allows some 

demand nodes to be uncovered if the number of sites needed to cover all demand exceeds 

the inputted variable p. Below is the mathematical formulation of the MCLP, (Church & 

ReVelle, 1974): 

Let I be a set of demand nodes and J be a set of candidate locations.  

ai represents the demand of node i. 
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The distance between demand node i ∈ I and candidate site j ∈ J is dij. 

Demand node i is covered by candidate site j if dij ≤ Dc where Dc is the coverage 

distance. Define Ni = {j ∈ J: dij ≤ Dc}. In other words, Ni is the set of all candidate sites 

which can cover demand node i.  Finally, define a binary decision variable: 

Xj:    1 if a facility is located at candidate site j  

         0 Otherwise 

Yi:    1 if demand node i is covered   

         0 Otherwise 

With these parameters, the maximal covering model can be formulated as follows: 

𝑀𝑎𝑥 ∑ 𝑎𝑖𝑌𝑖

𝑖∈𝐼

  

Subject to:    

∑ 𝑋𝑗 = 𝑝  

𝑗∈𝐽

 

𝑌𝑖 −  ∑  𝑋𝑗 ≤ 0   ∀𝑖 ∈ 𝐼 

𝑗∈𝑁𝑖

 

𝑋𝑗  ∈ {0,1}   ∀𝑗 ∈ 𝐽  

𝑌𝑖  ∈ {0,1}   ∀𝑖 ∈ 𝐼   

The objective function (1) maximizes the number of covered demands. Constraint (2) 

states that p facilities are to be located. Constraint (3) links the location and coverage 

variables, while constraints (4) and (5) are integrality constraints. 

(1) 

(2) 

(3) 

(4) 

(5) 
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3.6. Application of OR Approach to the Region of “Soliman”, Tunisia 

3.6.1. Problem Description 

This section describes an application on the region of “Soliman” considering the 

healthcare requirements and the specific characteristics of the people living there. This 

region is characterized by poor public transport services and does not form part of the big 

cities in the country. The population of each small district represents the demand of the 

center, meaning that each individual living in the neighborhood is a potential patient. The 

objective is to build facilities that will be located within a specified travel distance/ time 

from the concerned patients. The two measures (distance and time) were used in this 

paper to compare the results and have a complete analysis on the differences of 

accessibilities. Indeed, the first model used the walking time (in minutes) separating a 

demand node from the center as the maximal criterion to satisfy. Then, a second model 

using distance (in Kilometers) was also implemented to catch the differences between 

taking the car (or taxi) and walking towards the center. This section defines in detail all 

the steps to prepare the data and make it ready to be inputted into the MCLP model. The 

model was solved using EXCEL SOLVER.  

Region of interest: Soliman, Nabeul 

 

Figure 3: Location of the current centers in Soliman 

Soliman is a town in the North-Eastern governorate of Nabeul. Its population is estimated 

to be of 53,491 persons, (Population, 2017). There are 3 PHC Centers in this town 

located as showed in Figure 3 (with the green indicator). These 53,491 individuals are 
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spread around 5 major neighborhoods. The population of each district is known and 

shown in the table below.  

Town: Soliman 

Neighborhood Population 

1 3,532 

2 7,608 

3 4,602 

4 14,743 

5 23,006 

Total 53,491 

Table 1: Population by neighborhood 

 

Figure 4: Division of the region into neighborhoods 

Each of these neighborhoods can be a potential location for a PHC center. However, 

when implementing the model, a matrix of 5x5 is small and may not give accurate 

results. That is why, each neighborhood was divided into 2 regions to have a 10x10 

matrix. Therefore now, there are 10 demand regions, each can be a potential site for 

locating a PHC center. The next step is to calculate the centroid of each region. This 

would be the point of reference representing the potential location of the center. That is, 

if the model says that a center should be located in region 3 for example, its location 

would be the centroid’s coordinates of that region. Thus, the distance between each of the 

regions is the distance between their respective centroids.  

Using Google Maps, the following map was created representing the 10 centroids of each 

region (red indicator) along with the existing 3 PHC centers (green indicator).  
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Figure 5: Map of the potential and existent facilities’ locations 

The existing PHC centers are located in Region 8, Region 3 and Region 6. Running the 

model will tell if these locations are optimal. If not, the results will also show in which 

regions the facilities should be located so that the total walking time/distance does not 

exceed the specified threshold. The number of centers (p) was inputted as a variable for 

some sensitivity analysis; this helps visualizing the effect of an additional facility on the 

demand covered and gives the number of centers needed to cover all the demand.  

After finding the centroids, the next step is to create the distance matrix. It was 

mentioned previously that the distance between each region is the distance between each 

centroid. Google Maps, gives the distance (in km) between each of the 10 regions as well 

as the approximative corresponding walking time (in min). A time matrix was also used 

because the distance may differ depending on the means of transport (car, bus, metro, or 

walking). As the chosen town does not afford good public transport services (metros and 

buses have very poor services), a first model was run using the walking time in minutes, 

then, a second one used the distance in kilometers (distance by Car/Taxi).  

✓ Generating the First Matrix (Time in minutes) 
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Figure 6: Time Matrix (in minutes) 

✓ Generating the Second Matrix (Distance in km) 

 

Figure 7: Distance Matrix (in Kilometers) 

✓ Generating Demand Matrix 

The demand of each region will be equivalent to the number of people living there. This 

supposes that each individual living in the region is a potential patient of the center. The 

provided data represents the population of each of the 5 neighborhoods. For simplicity, 

and most importantly because of the lack of data about the number of people living in 

those specific areas (after splitting into 2), the population of each neighborhood was also 

divided by 2. (See Appendix 6: Population (Demand) of each neighborhood) 

3.6.2. First Model: Finding the optimal locations and number of PHC centers 

within a maximal walking time 

Parameters:  

I: Set of demand nodes (10 regions)  

i= 1,2…10 

J: Set of candidate sites (10 regions)  
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j= 1,2…10 

ai: demand of node i  

tij = walking time (in minutes) from demand node i ϵ I to candidate facility j ϵ J. 

Demand node i is covered by candidate site j if tij ≤ 30 minutes of walking.  Therefore, let 

Ni = {j ∈ J: tij ≤ 30}. In other words, Ni represents the set of all candidate sites which can 

cover demand node i.  

p: number of PHC centers to build 

Decision Variables: 

Finally, we define the binary decision variables 

𝑋𝑗:    1 if we locate a PHC center at candidate site j  

         0 Otherwise 

𝑌𝑖:    1 if demand node i is covered   

         0 Otherwise 

Formulation of the Problem: 

𝑀𝑎𝑥 ∑ 𝑎𝑖 𝑌𝑖

𝑖∈𝐼

                          (1) 

Subject to:     

∑ 𝑋𝑗 = 𝑝                                  (2)

𝑗∈𝐽

 

 𝑌𝑖 −  ∑ 𝑋𝑗  ≤ 0    ∀𝑖 ∈ 𝐼    (3)

𝑗∈𝑁𝑖

 

𝑋𝑗  ∈ {0,1}   ∀𝑗 ∈ 𝐽                 (4) 

 𝑌𝑖  ∈ {0,1}   ∀𝑖 ∈ 𝐼                 (5) 
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The objective function (1) maximizes the number of covered demands. Constraint (2) 

states that p facilities are to be located. Constraint (3) links the location and coverage 

variables, while constraints (4) and (5) are integrality constraints. 

Solving the Problem using Excel Solver:  

In the parameters’ definition, Ni was defined as {j ∈ J: tij ≤ 30}. Therefore, using Excel 

IF function, the following condition is created on the Time Matrix (Figure 6): if tij ≤ 30, 

then the cell takes the value 1, otherwise it takes the value 0, meaning that the demand 

node cannot be covered by that site.  

The following Matrix is obtained: 

 

Figure 8: Set of potential sites that cover demand node i within 30 minutes 

Below the summary of all the needed inputs to run the model with Excel Solver: 

 

Figure 9: Set of the model inputs 
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- The first table represents ai, the demand of each demand region; i=1,2…10 

 

- The second one is the time matrix discussed above showing the facility sites that are 

less than 30 minutes away from demand nodes. Thus, representing Ni = {j ∈ J: tij ≤ 

30}; the set of all candidate sites which can cover demand node i.  

 

 

- The column 𝑋𝑗 represents the binary decision variable defined in the model above; 

whether to locate a PHC center in location site j.  

 

- The row  𝑌𝑖 represents the second binary decision variable also defined in the model 

above; whether the demand node i is covered.  

 

 

- The row LHS represents the Left-Hand Side of constraint (3) in the model. 

 𝑌𝑖 −  ∑ 𝑋𝑗  ≤ 0 ;  ∀𝑖 ∈ 𝐼    𝑗∈𝑁𝑖
 ↔  𝑌𝑖 ≤  ∑ 𝑋𝑗  ;  ∀𝑖 ∈ 𝐼    𝑗∈𝑁𝑖

 

Therefore, the row LHS represents ∑ 𝑋𝑗 𝑗∈𝑁𝑖
; the sum of the candidate facilities that are 

included in the defined Ni, set of all candidate sites which can cover demand node i.  

- p: represents the number of facilities to build. It is the sum of the column 𝑋𝑗 . 

Different values of p were used to solve the model to capture the effect of opening 

one additional center on the demand covered. Doing so generates the number of 

centers that will cover all the demand.  

 

- The objective function is defined in the green cell that contains a function 

calculating the “SUMPRODUCT” of the  𝑌𝑖  and ai (demand). Note that in the 

problem formulation, the objective function is defined as: 𝑀𝑎𝑥 ∑ 𝑎𝑖 𝑌𝑖𝑖∈𝐼  

The last step is to run the Excel Solver, specifying the cell to maximize and the 

constraints as showed in the model formulation. (See Appendix 7: Excel Solver’s parameters) 

3.6.3. Results and Solution Analysis 

The model used gives the following information:  

- Where to locate the specified number of facilities (p) 

- The total demand covered (population) 

- The Minimum number of centers to cover all demand (when varying p) 

Solving the problem many times by changing the value of the number of centers (p) 

generates the following outputs:  
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p Demand 

0 0 

1 39516 

2 47124 

3 51726 

4 53492 

5 53492 

6 53492 

Table 2: Variation of the total number of covered individuals depending on the number of PHC 

centers 

 

Figure 10: Demand Covered by number of PHC center 

 

Figure 11: Excel Solver’s output for p=4 

The results show that: 

The minimum number of centers to cover all the town’s population is 4. The four PHC 

centers should be located in Region 1, Region 4, Region 5 and Region 9. All demand 

nodes are covered (all Yi = 1). The below graph shows the optimal facilities’ sites (in 
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blue) along with the existing ones (in green). It can be seen that the existent locations are 

different from the model’s output. 

 

Figure 12: Optimal and existing facilities’ locations 

Note that some regions are served by more than 2 centers:  

- Region 1: PHC center located in region 1 and PHC center located in region 9 

- Region 8: PHC center located in region 1 and PHC center located in region 9 

- Region 9: PHC center located in region 1 and PHC center located in region 9 

- Region 10: PHC center located in region 4 and PHC center located in region 9 

A constraint could be added so that each demand node is served by at most one facility. 

This will be discussed in the Discussion and Conclusion section because such decision 

depends on other external factors and data that were not available such as the cost of 

building a facility and the government’s available budget.  

Building 3 facilities using the model:  

The previous table and graph (Table 2 and Figure 10 ) show that locating only 3 centers 

will not cover all demand. Total maximal coverage is of 51,726 representing almost 97% 

of the total demand. Running the model with p=3 gives the following output: 
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Figure 13: Excel Solver’s output for p=3 

Figure 13 shows that the three facilities should be located in Regions 4, 5 and 9. Note 

that node 2 remained uncovered. Its population (1766) represents the 3% missing 

demand. Graphing the existing centers with the optimal ones proposed by the model 

shows again that there is a difference of the location sites. None of the three existing 

facilities are located in the suggested regions from the model.  

 

Figure 14: Optimal and Existing Locations of the 3 centers 

This confirms the initial hypothesis about the lack of optimality especially that the 

distance needed so that 3 facilities would cover all demand can be computed and is equal 

to 35 minutes which can be considered as a long time (most patients are either aged 

people or kids with their parents who cannot walk a lot).  

What if the time is also considered as variable and not fixed from the beginning?  

Indeed, changing the time threshold can be very interesting because it helps doing 

sensitivity analysis on the number of centers needed to cover all demand when varying 

the walking time. A logical hypothesis would be that the smaller the value of tij (meaning 
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the closer the centers are to the patients), the higher the number of facilities needed to 

cover all demand. The following graph is derived from solving the model 5 times, each 

time, with a different value of tij.  

 

Figure 15: Number of PHC centers that covers all demand by travel time 

The graph confirms the suggested hypothesis. Indeed, decreasing the distance between 

the demand and service facility increases the required number of centers to cover the total 

demand. Besides, this graph shows what have been mentioned previously about the 

maximal time needed so that 3 facilities cover everyone (35 minutes). If the walking time 

is reduced to the half (from 30 to 15 minutes), the number of facilities doubles (from 4 to 

8). In addition to analyzing the variation of the number of centers covering the entire 

population, these data can also provide insights about the percentage of covered demand 

when fixing p to 3 facilities (the way it is initially constructed) as a function of tij.  

 

Figure 16: Demand covered by 3 PHC Centers when varying the maximum time 
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The graph shows that 3 facilities cover 100% of the demand if the maximal covering time 

is 35 minutes. The lower the time, the lower the total coverage. If the covering time is 15 

minutes, 3 facilities will only cover 57% of the demand. However, decreasing until 20 

minutes may be feasible because only 10% of the demand will be discarded. This 

decision depends on the government’s objectives: whether they want a total coverage, 

which may seem inaccurate because not every person would go to a PHC center, some 

may go to the hospital or have more money to switch to the private sector. However, this 

is also depending on the region, some regions may require total coverage if there are no 

other alternatives (no hospital, no other centers), which may happen in the small southern 

regions in the desert. In the chosen town “Soliman”, only one hospital exists and the 

financial status of the people living there are not that good as the other “big” cities. 

Therefore, going to private centers or taking a car or taxi to go to a neighbor region may 

be unlikely. For that, the government needs to take into consideration all these factors 

before deciding on future facility locations.  

3.6.4. Discussion and Conclusion  

The results show that the locations of the existing PHC centers is not optimal taking into 

considerations the inputs provided to the model. The decision of locating 1,2,3 or 4 

facilities depends on many other factors. In fact, covering all the population may not be 

the objective of the government (more precisely the Ministry of Public Health) as not 

everyone is expected to go to a PHC center. Some people might go to the hospital, others 

may have cars and go further in private clinics… The choice of this region was not by 

chance. The financial resources of the population of this town is way below other big 

cities in the country, besides, not many people own cars or can afford taking Taxis. In 

addition to this, this town has one Hospital and people may afford to go there instead of 

PHC centers. That is why, the decision on how much demand to sacrifice should depend 

on these conditions. Furthermore, another crucial factor is the budget of the government 

and the cost of building a facility. As a matter of fact, building a center is not cheap and 

requires financial resources. Due to the impossibility of getting the data or an estimate 

about how much on average building a PHC center may require, this constraint has been 

relaxed in the model. However, surely a budget constraint can be added to limit the 

number of constructed facilities and may result in different allocations. A budget 
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constraint is not the only option to account for the cost of building a facility, adding a 

fixed cost of opening a facility in the objective function achieves the same goals. As 

mentioned in the result analysis part, when conducting the MCLP model, the solution 

allowed split flows (one patient can be served by one or more facilities). This decision 

also depends on the cost and budget information. If it is very costly for the government to 

add one more facility, and if the budget does not allow it, limiting the service to only one 

demand node can be chosen.  

3.6.5. Second Model: Finding the optimal locations and number of PHC centers 

within a maximal travel distance 

We know that:  

𝑆𝑝𝑒𝑒𝑑 =  
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑇𝑖𝑚𝑒
 ↔ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆𝑝𝑒𝑒𝑑 × 𝑇𝑖𝑚𝑒 

Suppose that the average speed of a car in this town is 30km/h (taking into consideration 

the road infrastructure and traffic), and the time for a person to get to the center by car 

(taxi) is of 10 minutes, the maximal distance would be 5km. Now the same steps as in the 

previous application are done again with the distance matrix (km). The first step is to 

create Ni= {j ∈ J: dij ≤ 5}. Therefore, using Excel IF function, the following condition is 

applied to the distance Matrix (Figure 7); if dij ≤ 5, then the cell takes the value 1, 

otherwise it takes the value 0, meaning that the demand node cannot be covered by that 

site. The following Matrix is obtained: 

 

Figure 17: Set of potential sites that cover demand node i within 5 km 
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3.6.6. Results and Solution Analysis 

The model gives the following information:  

- Where to locate the specified number of facilities (p) 

- The total demand covered (population) 

- Minimum number of centers to cover all demand (when varying p) 

The following results were obtained after solving the problem many times by changing 

the value of the number of centers (p):  

p demand Percentage 

Coverage 

0 0 0% 

1 51191 96% 

2 53492 100% 

3 53492 100% 

4 53492 100% 

5 53492 100% 

6 53492 100% 

Table 3: Variation of the total number of covered individuals depending on the number of PHC 

centers 

 

Figure 18: Demand Covered by number of PHC centers 

Using 5km as the distance with an arrival time of 10 minutes on average, the results show 

that two facilities are enough to cover all demand. This solution is quite different 

compared to when using the walking time matrix. In fact, the first model showed that to 

need 3 facilities to cover all demand, the maximal walking time should be 35 minutes 

which is considered a lot. Therefore, so that 2 would be enough, the walking time should 
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exceed the 35 minutes which cannot be approved by customers and which can reduce the 

effectiveness of the service. Suppose that the time to arrive by car is 5 minutes and not 

10, therefore, the resulting distance will be 2.5 km which in the first model was translated 

approximately into a 31 minutes walking time. Running the model again putting 2.5 as 

the maximal distance gives the following output: 

p Demand Percentage of 

demand covered 

0 0 0% 

1 43320 81% 

2 47922 90% 

3 51726 97% 

4 53492 100% 

5 53492 100% 

6 53492 100% 

Table 4: Variation of the total number of covered individuals depending on the number of PHC 

centers 

 

Figure 19: Demand Covered by number of PHC centers 

By decreasing the distance to 2.5km, the required number of facilities increased to 4. This 

is the same minimal number obtained by the first model that covers all the demand. 

Besides the locations suggested by the second model are also Region 1, Region 4, Region 

5 and Region 10.  
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Figure 20: Excel Solver’s output for p=4 

3.7. General Discussion and Conclusion 

Both models led to aligned solutions and conclusions. Whether by car or walking, 4 

facilities are able to cover all demand within an approximated time of 5 and 30 minutes 

respectively. The conclusion of the analysis of the first model mentioned the fact that 

deciding on how much to sacrifice from total coverage to reduce the number of facilities 

or how much further the patients should travel to reach such services depends on other 

external factor that this model did not capture due to lack of data. However, the 

advantage of using such mathematical models is the flexibility to add constraints to 

account for the available resources. The location models usually contain a budget 

constraint that restricts the number of facilities to open depending on their cost of 

construction. Due to lack of data, these constraints were ignored which made the model 

very general and more relaxed. If such data are available, they can be introduced into the 

model to help the government plan the future locations of new centers. Therefore, 

depending on the available budget and the cost of building a facility, decision makers can 

know to which extent they can improve the service quality to the patients, meaning, 

decreasing the distance and making the centers closer to the customers which however 

increases their costs. Furthermore, allowing split flows or not also depends on the 

available resources. If there is enough money, the planning structure can allow one 

patient to be served by one or more centers which is in reality very accurate because 

sometimes one center may be full or has a long waiting queue. Some centers may also 

have a specialization that others may not necessarily have. Therefore, this can be allowed 

as long as the financial resources permit it.  
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This case focused on only one town among the 24 states of Tunisia due to mainly time 

constraints. In fact, the centers are distributed over more than 260 neighborhoods with a 

total exceeding 2123 facilities which cannot be all covered. The model used can be 

applied to every single region for a full study around the country. This paper showed that 

the application of OR and the use of a mathematical model improves the quality of the 

allocations in terms of proximity to the customers and such model can be very helpful to 

start implementing well-studied strategies using analytical rational techniques that result 

in better decisions. This conclusion can be verified across all country and decision 

makers can come up with a new strategy for future allocations that would first allow the 

government save financial resources and second satisfy the customers by providing a 

good and accessible service. 
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4. Conclusion 

The use of scientific analytical techniques helps decision-makers improve the efficiency 

of their decisions and provide rational alternatives as it can be proved by the many 

successful applications all over the world. Operations Research is one of these 

approaches that help optimizing the objectives set and leads to rational alternatives. The 

advantage of OR is that it can be used in any industry due to its large applications that 

accept changes to account for the various scenarios, contexts, resources, problems… The 

Literature chapter showed that the awareness of the usefulness and importance of OR has 

increased significantly during these two decades and many conceptual models have been 

developed using such techniques. Most of the countries have experienced an increase in 

the number of research papers treating this topic, however, applications to real-world 

problems are still not enough present. Tunisia is one of those countries. Many researches 

have been published in different industries, but there is a clear lack of using OR in the 

strategical planning. The Healthcare industry was the focus of this paper, such a choice 

was based on the observations within the country. Healthcare is a major industry that 

suffers from a lack of good management which can have disastrous consequences on 

lives of people. That is why, it is very important to optimize the healthcare services 

within any country in general. The case study results showed that the locations of the 

current Primary Healthcare Centers in the country have some distribution problems, 

either over-covering or under-covering some areas. The implementation of a 

mathematical model, namely the MCLP, proposes a set of solutions that are very useful 

to decision-makers as they give them quantitative analysis on the number of facilities to 

locate, where to locate them and how much demand is covered depending on the built 

facilities. The objective is to locate optimally a specified number of facilities such that as 

much demand nodes are covered as possible within a maximal distance criterion. 

Moreover, sensitivity analysis on the maximal distance to put gives insights on the trade-

off between making facilities closer to customers and investing more money on building 

them. The final conclusion would be that the model used can be applied to all the other 

regions across the country and many constraints such as the capacity of the facility, the 

cost of building, available governmental budget… can be introduced to adapt to the 
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current problem requirements. This would help decision-makers plan for future facilities 

locations. Note that the location models can also be applied in other industries such as 

education for example (locating schools, universities…) which can also be taken into 

consideration for future researches and strategical planning.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 

 

References 

Brailsford, S., & Vissers, J. (2010). OR in Healthcare: A European Perspective. European Journal of 

Operational Research. 

Church, R., & ReVelle, C. (1974). The maximal covering location problem papers. Regional Science 

Association 32, 101-108. 

Darwish, A. (2010). Operations Research/Management Science in the Arab World: Historical 

Development.  

El-Saharty, S. (2004). Tunisia Health Sector Study.  

Hachicha, W., Mellouli, M., Khemakhem, M., & Chabchoub, H. (2014). Routing System for Infectious 

Healthcare-Waste Transportation in Tunisia.  

Hakimi, S. (1964). Optimum locations of switching centers and the absolute centers and medians of a 

graph. In Oper Res 12 (pp. 450–459). 

Kammoun , A., Loukil, T., & Hachicha, W. (2014). The Use of Discrete Event Simulation in Hospital 

Supply Chain Management.  

Klouz, A., & Brayek, A. (2015). Primary Healthcare Level .  

Population. (2017). Retrieved from Institut National de Statistiques: 

http://www.ins.tn/en/themes/population#975 

Priyan, S. (2017). Operations Research in Healthcare: A Review. Juniper Online Journal of Public Health. 

Rahman, S.-u., & Smith, D. (1999). Use of location-allocation models in health service development. 

European Journal of Operational Research. 

ReVelle, C., & Swain, R. (1970). Central facilities location. In Geographical Analysis 2 (pp. 30-42). 

Smith, D. (1987). Operational Research in a Developing Country: The Example of Jordan.  

Toregas, C., Swain, C., & Bergman, L. (1971). The location of emergency service facilities. In Operations 

Research 19 (pp. 1363-1373). 

Tunisia GDP. (2017). Retrieved from Trading Economics: https://tradingeconomics.com/tunisia/gdp 

White, L., Smith, H., & Currie, C. (2011). OR in Developing Countries: a Review.  

 



36 

 

Appendices 

Appendix 1: Formulation of p median and LSCP models 

1. The p median problem (Hakimi, 1964) 

𝑀𝑖𝑛 ∑ ∑ ℎ𝑖  𝑑𝑖𝑗𝑌𝑖𝑗

𝑗∈𝐽𝑖∈𝐼

 

Subject to:  

∑ 𝑌𝑖𝑗 = 1         ∀𝑖 ∈ 𝐼

𝑗∈𝐽

 

𝑌𝑖𝑗 − 𝑋𝑗  ≤ 0     ∀𝑖 ∈ 𝐼; ∀𝑗 ∈ 𝐽  

∑ 𝑋𝑗 = 𝑝 

𝑗∈𝐽

 

𝑋𝑗  ∈ {0,1}         ∀𝑗 ∈ 𝐽   

𝑌𝑖𝑗  ∈ {0,1}        ∀𝑖 ∈ 𝐼;  ∀𝑗 ∈ 𝐽 

Where: I is the set of demand nodes and J the set of candidate locations. hi represents the 

demand of node i. The distance between demand node i ∈ I and candidate site j ∈ J is dij. 

Xj equals 1 if a facility is located at candidate site j and 0 otherwise. Yij equals 1 if 

demand node i is assigned to a facility at candidate site j and 0 otherwise.  

2. Location Set Covering Problem (Toregas, Swain, & Bergman, 1971) 

𝑀𝑖𝑛 ∑ 𝑋𝑗

𝑗∈𝐽

 

Subject to  

∑ 𝑋𝑗  ≥ 1    ∀𝑖 ∈ 𝐼

𝑗∈𝑁𝑖

 

𝑋𝑗 ∈ {0,1}      ∀𝑗 ∈ 𝐽 

The same parameters from p median problem are used. Demand node i is covered by 

candidate site j if dij ≤ Dc where Dc is the coverage distance. Ni = {j ∈ J: dij ≤ Dc}. In 

other words, Ni is the set of all candidate sites which can cover demand node i.  
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Appendix 2: Geographical location of Tunisia in a World Map 

 

Appendix 3: Map of PHC centers’ locations in Tunisia 

 

(Source: “Mourakiboun”) 
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Appendix 4: Evolution of the number of PHC centers from 1994 to 2015 

 

Source: (Klouz & Brayek, 2015) 

 

Appendix 5: Number of individuals per PHC center across Tunisia 

 

Source: (Klouz & Brayek, 2015) 
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Appendix 6: Population (Demand) of each neighborhood 

Neighborhood Regions Population 

(1) 
1 1766 

2 1766 

Total Neighborhood 3532 

(2) 
3 3804 

4 3804 

Total Neighborhood 7608 

(3) 
5 2301 

6 2301 

Total Neighborhood 4602 

(4) 
7 7372 

8 7372 

Total Neighborhood 14744 

(5) 
9 11503 

10 11503 

Total Neighborhood 23006 

Total Town 53492 

 

Appendix 7: Excel Solver’s parameters 

 

 

 

 




