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Abstract

The location of primary public schools in urban areas of developing countries is the
focus of this study. In such areas, new schools and modification of the current schools
are required, and this process should be developed using rational and broad supporting
tools for decision makers, such as optimization models. We propose a realistic coverage
location model and a framework to analyze the location of schools. Our approach
considers the existing schools and their resizing, the best locations of the new schools
that may have different capacities, population coverage, walking distances and budget
provisions for building and updating schools. As a case study, we assess the current
primary school network in Ciudad Benito Juarez to provide managerial insights.
Through the proposed framework, we analyze the current locations of schools and
decisions to be made by considering future scenarios in different time periods. The
proposed model is quite flexible and easy to adapt to new considerations, allowing it to
be applied to regions in developing countries under similar conditions.

Introduction 1

The impact of the educational system on the growth and development of a country is 2

well known. Access to education, particularly at initial stages of education, leads to 3

added value and employment growth, an increase in the GDP, and reduction of social 4

and economic inequalities [1–4]. Additionally, access to education is one of the United 5

Nations Millennium Development Goals [5]. Thus, the education public services 6

provided by any government are surely one of the most important public services, 7

especially considering the great need for investment and the impacts on society, 8

economic growth, inequality reduction, and development of the country. In the 9

development economics literature, [6] mentions that “Nations cannot be developed 10

without investing in education”. [7] states that “education is a key factor in countries’ 11

development as it is proven to be effective in fighting poverty, creating more 12

opportunities for labour market participation, increasing economic growth rate, 13

allocating resources within the common environmental contests and ultimately, 14

achieving sustainable socio-economic development”. [8] argues that “education in every 15

sense is one of the fundamental factors of development”. 16
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Since the accessibility to schools improves the level of education of a population, it 17

impacts on the development of a region. Understandably, the education system needs 18

physical infrastructure, i.e., schools, to provide the educational services. The location of 19

these schools affects access to education, particularly in developing countries where 20

private and public transportation options are limited or not easily accessible by the 21

whole population [9]. Some studies support the impact of the location of schools on 22

attendance. [10] assesses the relevance of supply and demand side factors in determining 23

rural primary school enrollment in Mozambique. This author finds that school 24

availability significantly impacts enrollment rates. Estimates suggest that reducing the 25

travel time to the nearest school leads to an increase of 17–20% in enrollment rates. 26

Policy simulations show that building more schools or increasing adult literacy will exert 27

a larger impact on enrollment rates than interventions related to raise household income. 28

Later, [11] documents the average travel distance to school for Nigerian students in 29

primary and secondary schools, as well as its impact on attendance. The author gathers 30

data through a questionnaire administered to 166 schools. The study reveals that the 31

majority of the students have to travel between 1 and 5 kilometers to school. Moreover, 32

more than 85% of all schools interviewed reported that the distance traveled to school 33

every day by both primary and secondary school students exerts a substantial adverse 34

effect on their attendance. Academic performance is also susceptible to improvement 35

through the optimized location of schools. [12] evaluate a village-based randomized 36

school program in Afghanistan to identify the effect of placing a school within a village 37

on children’s academic performance. The authors find a positive impact on academic 38

participation and performance among all children, particularly for girls. 39

To plan the location of schools properly, there are several aspects to take into 40

account, for example, population growth and public investment level, or even 41

community-based issues, such as local impact, diverse populations or spatial 42

concerns [13]. Since education is a public service, these decisions should be transparent 43

and rational. In this work, we apply operations research (OR) location models and 44

algorithms to find the best locations of schools, taking into account the spatial 45

distribution of students, the location of existing schools, the maximum walking distance 46

between the students’ neighborhoods and the schools, investment levels, etc. Since the 47

number of possible planning solutions for this location problem is exponential, 48

optimization models are indispensable decision-making tools to enable evidence- and 49

data-based decisions to be made. OR has contributed widely in fields such as developing 50

countries [14] or community-based organizations [13,15]. This discipline gives support 51

to making decisions about education, public safety, human and social services, 52

community and economic development, and environmental preservation. 53

Many optimization models can be applied within public facility planning processes. 54

Certainly, OR location models are one of the most used [16]. The aim of these models is 55

basically to determine the most efficient locations for all kinds of facilities according to 56

some objective or objectives, such as minimizing the cost reduction or maximizing 57

accessibility by the population. 58

The focus of the present work is on the location of public schools in relatively poor 59

areas that are likely to see substantial population increases in coming years. We 60

consider that the public schools are equally attractive and have the same quality, similar 61

teaching, and comparable recreation spaces, tradition, and pupils from the same social 62

stratum, which is the premise of a public education system. In these regions, private 63

schools and private or public transportation are not commonly available for the 64

majority of the population. Thus, the school choice or the quality of public 65

transport [17–19] fall outside the scope of this work. In this reality, walking from home 66

to school is the most common method of transportation and, therefore, the location of 67

the school makes a greater impact on the accessibility by the population than in other 68
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regions with private school choice and other transportation means. 69

An example of this kind of area is Ciudad Benito Juárez, a city located in the 70

eastern part of the Monterrey metropolitan area in the state of Nuevo León, Mexico. 71

This city had a 2010 census population of 150,000 inhabitants and is the seventh largest 72

city in Nuevo León. The census in 2000 reported 13,230 inhabitants, and in 1990, there 73

were 9,151 inhabitants. This means that in ten years (2000-2010), there was a 74

population increase of more than 1000%. Thus, this city has been practically built since 75

2000; i.e., all of the schools and public services have been incorporated from that date 76

onward. Additionally, the population growth forecasts estimate that the population will 77

reach 270,000 inhabitants by 2030 [20]. 78

This work assesses the current primary school network in Ciudad Benito Juarez 79

through a realistic and novel coverage location model and a framework of analysis. In 80

the first step, the current scenario is analyzed to obtain the current coverage values at 81

different walking distances. In the second step, decisions about expanding the current 82

schools to improve the coverage are analyzed while considering different budgets and 83

walking distances. In the third step, the possibility of building new schools is analyzed, 84

in addition to expanding the current schools, while considering different budgets, 85

walking distances and numbers of new schools. The fourth step consists of comparing 86

and analyzing the differences between the current locations of schools and the optimal 87

locations if we start from an empty map and build the same number of schools with the 88

same budget. This step can provide food for thought and valuable insight about how far 89

the current location is from the optimal location, why some bad decisions were made in 90

the past, how it would have been avoided, and the usefulness of our approach for the 91

future. In the fifth step, population projections for the ensuing years are considered to 92

analyze future scenarios. Decisions about the optimal location of new schools and 93

resizing of the current schools to reach a suitable coverage are analyzed for different 94

time periods. This last step allows evaluation of decisions about the future locations of 95

schools. 96

The proposed framework can be applied to any region subject to an intense 97

population growth process with a great need of proactive measures to avoid an 98

unsatisfactory public education system. The mathematical model will provide solutions 99

for the location of new schools, the resizing of the current schools, and the assignment 100

of the neighborhoods to the schools to maximize the accessibility of the student 101

population. This approach is quite flexible and easy to adapt to new considerations, 102

allowing its application to regions in developing countries under similar conditions or to 103

regions after suffering a natural disaster and with the pressing need to rebuild their 104

school systems. The overall methodological approach proposed in this work can become 105

a general decision-making tool for decision makers, usually politicians, to make rational, 106

transparent and fair decisions. In fact, a dialogue between the political establishment 107

and technical evaluations, and even community collaboration and engagement [13] 108

should be considered when making decision that affect the whole society. In this way, 109

politicians, OR specialists and communities may converge to make better decisions that 110

can make a great impact on society. The documentary ‘On the way to school’ [21] 111

illustrates the sorts of problems that this study addresses. 112

Therefore, the main contributions of this research can be summarized as follows. 113

First, we propose an optimization model that includes many important features 114

described in previous works on school location at the same time. We present a general 115

framework that can be used to develop an analysis of the school location in any region 116

under intense population growth. We then present an extensive analysis on Ciudad 117

Benito Juárez to exemplify this methodology. Finally, the proposed methodology can 118

help to improve access to education in developing regions. 119
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Related works 120

In this paper, we focus on the location of public primary schools in relatively poor areas 121

with a sharp population increase tendency (population growth rate higher than 2%). 122

The walking autonomy a young student has in these areas needs to be considered when 123

dealing with this kind of decisions. This is the case of Ciudad Benito Juarez. Therefore, 124

we establish maximum distances and focus on the fact that the number of students 125

under this assumption has to be maximized. Regardless, every student should attend 126

one school, and therefore, the capacity of schools must be sufficient to satisfy the 127

demand. We take into account the existing schools, along with their capacities, since it 128

would be unrealistic to ignore their existence. Nevertheless, we consider the possibility 129

of expanding them and building new schools based on the sharp population increase 130

tendency in these areas. The new schools could have different capacities, which 131

represents an additional decision to make. Finally, the budget involved in these 132

expansions and new construction is quite relevant especially in the context of developing 133

countries, where the budget is low (very restrictive) and small deviations can make a 134

difference for many people. Therefore, it has been considered in our approach. 135

Several reviews covering location problems have been developed in the 136

literature. [22] provides a comprehensive review of models, solutions, and applications 137

related to the coverage problem in facility location after [23]. Later, [24] presents a more 138

recent overview of the maximal covering location problem, emphasizing the application, 139

solution, evolution, and extension of it. It is worth noting that the areas of application 140

of location models are very extensive (telecommunications, healthcare, geographic 141

information systems, rapid transit networks, etc.) and it is out of the scope of this work 142

to analyse them. This is the reason why we focus on school location in the following. 143

Most of the state-of-the-art approaches about school location use maximum covering 144

and the p-median models. Notice that the first approach consists of deciding the 145

number and the locations of the facilities, maximizing the total demand coverage within 146

a maximal service distance or time from a facility, while the p-median problem consists 147

of deciding the locations of p facilities to minimize the weighted average distance (or 148

cost) between demand nodes and the nearest of the selected facilities. As stated in the 149

introduction, one important factor in improving the access education and the enrolment 150

and attendance to school, in particular in developing countries, is distance to school 151

since in many of these countries the students access the school by walking. Therefore, 152

we believe that the maximum covering problem represents in a more adequate way the 153

objective of improving the accessibility to public schools in developing countries, than 154

the weighted average distance alone. 155

One of the earliest works focusing on school location was published by [25]. The 156

authors propose a maximum coverage model to locate a fixed number of schools and 157

maximize the population covered within a maximum travel distance. School capacity is 158

not explicitly considered and only one school size is assumed. In a more general 159

context, [26] deals with the capacitated version of the maximum coverage problem and 160

proposes different models. These models do not consider existing facilities, the 161

possibility of expanding them, different capacities or budgets. 162

Later relevant works in school location tend to use models based on the 163

p-median. [27] applies it to determine the optimal location of schools in two counties of 164

Rio de Janeiro. Again, the authors do not consider the capacity explicitly in the model, 165

which is also performed by [28] in the area of Dakar, Senegal. To address this issue, [29] 166

inserts different capacities and solve the problem for Vitoria, a state capital located in 167

the southeastern region of Brazil. [30] and [31] also consider different school capacities 168

in regions of Portugal and Malaysia, respectively, and extend the model to include 169

different levels of education (primary schools, secondary schools, high schools, etc.), 170

solving the hierarchical p-median problem. None of these works account for the existing 171
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locations of the actual schools, the resizing of the existing schools or the different 172

capacities of schools. They solve the problem by assuming that the area has no schools 173

and then compare the solution with the current scenario to indicate whether some 174

schools need to be closed or opened. 175

In this sense, our work is more realistic since the current schools are taken into 176

account in the model. Thus, it is possible to add new schools and modify the capacity 177

of the existing schools. [32] addresses a similar problem using two different models: the 178

capacitated p-median model and the maximum covering location model. Solutions 179

obtained by the two models for Guaratiba, Rio de Janeiro, need to be compared in 180

order to find a common solution since each model by itself does not consider the whole 181

set of features and constraints of the problem that need to be solved. Additionally, 182

although results show the current schools, the actual schools are not explicitly 183

considered in the models or the solutions obtained. [33] deals with the problem where 184

current schools are taken into account: these schools can be closed or resized, and new 185

schools can be opened. In this regard, this work is closer to our proposal. Nonetheless, 186

the demand is assumed to be concentrated in a given number of ‘centers’, municipalities, 187

towns of a region or neighbourhoods, which corresponds to a high level of aggregation. 188

In this regard, we consider census blocks, i.e., the minimum level of aggregation that 189

data allows, which usually results in better estimations. Additionally, in that work 190

distances are not considered since the objective is to minimize the cost. Therefore, this 191

is not a coverage problem like the one that we address, where the distance plays an 192

important role. The work focuses on general countries and does not take into account 193

the characteristics of developing nations. 194

Similarly, [34] considers the current schools and the possibility of opening, closing, or 195

resizing them. The focus is on a rural case that includes the peculiarity of scarce 196

demand in some places, multigrade schools, and schools with only some grades. The 197

authors reduce the potential locations to a set of candidates, and it is possible to exceed 198

the capacity of schools. Although this model includes many of the attributes that we 199

consider in our problem, it presents some limitations for our application. We consider 200

walking distances and the substantial adverse effect of large distances [32,35] on 201

enrollment, attendance and academic performance in the context of developing 202

countries [10–12]. Therefore, maximizing the coverage at a maximum distance is the 203

focus of our proposal. However, this model focuses on minimizing costs, and coverage is 204

not relevant. The purpose is different due to the scope of application. 205

There are some other relevant proposals in the literature about school location, 206

although the purposes and assumptions are different from our proposal. Just to mention 207

some of these approaches, [36] and [37] focus on the metropolitan environment and take 208

into account bus transportation, socioeconomic status, and surplus real property 209

management; in this regard, [38] proposes an approach that deals with the school 210

location problem as well as the school bus routing and shift programming 211

problem. [39–43] address location problems while considering that students can choose 212

the school that they wish to attend. This is common when private schools are available 213

and is not typical in developing countries, where the allocation of students to schools is 214

mandatory and usually only to the closest school. [9] addresses the use of public 215

transportation and assess the school location impact on the educational inequalities. 216

Additionally, [44] and [45] consider the appropriate racial balance levels at each school. 217

Particularly with regard to the differences between rural and urban location of 218

schools, several studies indicate that there exist differences related to school 219

infrastructure, geographic distance, type of population, teacher quality, learning 220

outcomes and education expectation, access/transportation to school and 221

socio-economic factors [46–49]. The proposed model and framework can be applied in 222

both cases, with an adjustment of the parameters or data of the model depending on 223
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the type of area to be planned. Whenever the decision maker uses the framework 224

proposed to locate schools, the following parameters can be different depending on 225

whether the planned area is rural or urban: the total budget available, the geographical 226

distance that impacts the maximum walking distance, number of new schools to be 227

opened, and the different capacities. For example, the maximum walking distance and 228

the capacities in rural areas can be different from the urban areas. Therefore, it is 229

relevant that the decision maker has a good knowledge of the planning area before 230

applying the framework. However, a strong aspect of the proposal in this work is that 231

the model and framework can be applied to different areas and scenarios. 232

Table 1 allows to conclude this review with a useful overview of the differences 233

between our proposal and the state-of-the-art approaches closest to it. The first three 234

columns contain the reference to the particular work, the name of the location problem 235

addressed and the objective function considered. The next columns indicate whether or 236

not the mathematical model in the proposal considers the following features: capacity of 237

schools, current existing schools, resizing of schools, schools with different capacities, 238

population coverage, distances between students and schools, and budget to build/resize. 239

Table 1. Comparison of approaches

Paper Location Problem Objective f1 f2 f3 f4 f5 f6 f7
[25] Maximal coverage Coverage maximization ✗ ✗ ✗ ✗ ✓ ✓ ✗

[26] Capacitated maximal
coverage

QoS maximization ✓ ✗ ✗ ✗ ✓ ✓ ✗

[27] P-median Distance minimization ✗ ✗ ✗ ✗ ✗ ✓ ✗

[33] Dynamic Modular Ca-
pacitated Facility Loca-
tion

Total discounted (so-
cioeconomic) cost mini-
mization

✓ ✓ ✓ ✓ ✗ ✗ ✓

[29] P-median Distance minimization ✓ ✗ ✗ ✗ ✗ ✗ ✗

[30] Hierarchical p-median Travel cost minimiza-
tion

✓ ✗ ✗ ✓ ✗ ✓ ✗

[28] P-median Distance minimization ✗ ✗ ✗ ✗ ✗ ✓ ✗

[34] Capacitated Facility
Location

Total annual cost mini-
mization

✓ ✓ ✓ ✓ ✗ ✓ ✓

[31] Hierarchical p-median Distance minimization ✓ ✗ ✗ ✗ ✗ ✓ ✗

[32] Capacitated p-median
and maximal coverage

Distance minimiza-
tion/Coverage maxi-
mization

✓ ✗ ✗ ✗ ✓ ✓ ✗

This approach Capacitated maximal
coverage

Coverage maximization ✓ ✓ ✓ ✓ ✓ ✓ ✓

f1: capacity of schools, f2: current existing schools, f3: resizing of schools, f4: schools with different capacities, f5: population
coverage, f6: distances between students and schools, f7: budget to build/resize

Therefore, this work contributes to the school location modeling in developing 240

countries as follows: First, a school location model close to reality is proposed while 241

considering the existing schools and their resizing, the best locations of the new schools, 242

which may have different capacities or population coverage, relevant walking distances 243

in developing countries, and budget provisions for building and updating schools. These 244

assumptions have not been simultaneously considered in any previous school location 245

model, to the best of our knowledge. We have not even found a location model in other 246

field of application (using the compilation of works included in the surveys [22–24,50], 247

and relevant works not included in these sources) that takes these characteristics into 248

account. Second, we demonstrate the application to a real case study with real data. 249

This approach can be extended to other similar areas in the world. Third, an analytical 250
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framework to study the locations of schools in developing areas is presented to help 251

politicians or public service managers to make data-based decisions that are more 252

transparent and efficient, and consequently to positively impact society. Finally, the 253

ease and flexibility of the model permit it to be adapted to solve different scenarios and 254

to derive managerial insights in different situations, such as with respect to growing 255

population, or even in the case of a natural disaster situation after which a completely 256

new set of schools must be opened. Eventually, the model can be adapted to other 257

public services such as healthcare, day care centers, or nursery schools, for example. 258

Problem Description, Mathematical Model and 259

Analytical Framework 260

In this section, we describe the problem of locating public schools in a region facing 261

significant population growth, which poses a serious challenge to providing education in 262

proper conditions. As mentioned, the problem is motivated by a real case in Ciudad 263

Benito Juárez. Since the population has grown by 1000% in this city between 2000 and 264

2010, and is expected to keep growing, it is very important to properly determine the 265

locations of future public primary schools to be able to provide effective education 266

services. One relevant aspect in order to determine their locations is the distance from 267

the students’ homes to their school, since long distances are not desirable. Obviously, 268

the current primary school locations need to be considered since they are built and 269

operational, although we consider the possibility of resizing them. 270

Thus, the idea behind our proposal is obtaining the locations of new schools, their 271

capacities, and the resizing of the current schools (if needed) so that the number of 272

students who attend a school within a maximum walking distance is maximized. If this 273

number is depicted as a percentage with respect to the total number of students, then 274

this is known as the coverage of the plan of school locations. This coverage depends on 275

the given distance, the budget available to build new schools and expand the current 276

schools, and the number of new schools considered. 277

We propose an integer linear programming (ILP) model for the public school 278

location problem. We use the following notation for the sets, parameters, and variables: 279

Sets: 280

• N = {1, . . . , N}: Set of blocks 281

• L = {1, . . . , L}: Set of blocks without schools where schools can be built 282

• M = {1, . . . ,M}: Set of blocks with schools (where schools can be resized) 283

• T = L ∪M: Set of blocks where schools can be located 284

• K = {1, . . . ,K}: Set of indexes of school capacities, which are sorted in an 285

increasing manner 286

Parameters: 287

• B: Total budget 288

• Dmax: Maximum walking distance 289

• P : Number of new schools to be opened 290

• aj : Index of the current capacity of a school in block j ∈ M 291

• ck: Capacity k ∈ K 292
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• dij : Distance between the centroid in block i ∈ N and centroid in block j ∈ T 293

• ejk: Expenses of building a school in block j ∈ L with capacity ck 294

• ujk: Expenses of updating a school in block j ∈ M to capacity ck 295

• rij : 1 if dij ≤ Dmax; 0 otherwise 296

• wi: Weight at block i ∈ N (population) 297

Variables: 298

• xij = 1 if block i ∈ N is assigned to a school in block j ∈ T ; 0 otherwise 299

• yjk = 1 if a school in block j ∈ T has capacity ck; 0 otherwise 300

The main objective of the model is to maximize the number of students who are 301

assigned to a school that is within the maximum desired distance subject to the 302

following criteria: i) students assigned to schools do not cause the capacity to be 303

exceeded, ii) the budget constraint is verified, and iii) current schools are already built, 304

so we only considered that their capacity can be maintained or increased. Notice that it 305

is assumed that only one school can exist per block. Thus, the following ILP model 306

formulates the public school location problem: 307

Maximize
∑
i∈N

∑
j∈T

rijwixij (1)

subject to∑
j∈T

xij = 1 ∀i ∈ N (2)

∑
i∈N

rijwixij ≤
∑
k∈K

ckyjk ∀j ∈ T (3)∑
j∈L

∑
k∈K

yjk = P (4)

∑
k∈K

yjk ≤ 1 ∀j ∈ L (5)

aj−1∑
k=1

yjk = 0 ∀j ∈ M (6)

K∑
k=aj

yjk = 1 ∀j ∈ M (7)

∑
j∈L

∑
k∈K

ejkyjk +
∑
j∈M

∑
k∈K

ujkyjk ≤ B (8)

xij , yjk = {0, 1} ∀i ∈ N , j ∈ T , k ∈ K (9)

The objective function (1) consists of maximizing the total student population 308

covered by Dmax distance, using P new schools and the current schools. Constraint (2) 309

ensures that every block is assigned to a block with a school. Constraint (3) indicates 310

that if a school is located in block j, the student population assigned to this block must 311

be less than or equal to its capacity. Constraint (4) limits the number of new schools 312

over all school blocks and capacities to P . Constraint (5) limits to one the number of 313

new schools per block. Constraints (6)-(7) ensure that the current schools are 314

December 30, 2021 8/22



considered with their actual capacities or higher capacities. Constraint (8) takes into 315

account that the total expenses needed to build the new P schools and update the 316

current schools cannot be higher than the available budget. Finally, constraint (9) 317

indicates that decision variables are binary. 318

Notice that if the expansion of current schools is not considered, constraint (7) is 319

replaced by the following: 320

yjaj
= 1 ∀j ∈ M (10)

K∑
k=aj+1

yjk = 0 ∀j ∈ M (11)

It is worth mentioning that to the best of our knowledge, this is a new formulation 321

of a coverage location problem that includes many real details and constraints that were 322

not previously simultaneously addressed in the related literature. As previously shown 323

in Table 1, there is not previous work in the literature that simultaneously considers the 324

capacity of schools, the current existing schools, the possibility of resizing them, 325

different school capacities, population coverage, distances between students and schools, 326

and budget provisions to build/resize. 327

Once the problem has been mathematically modeled, we propose a framework to 328

develop the analysis of the location of schools in any region in the context of an intense 329

population growth process and with a great need for proactive measures to avoid the 330

predicted collapse of the public education system. This framework is composed of the 331

next steps: 332

1. Analysis of the current state of school locations. 333

• Goal: Analyze the current scenario to obtain the current coverage at 334

different walking distances. 335

• Insight: This allows determination of the initial state and possible needs to 336

improve. Although it may seem trivial, the current scenario greatly 337

influences the following steps. 338

• Procedure: The ILP model is run with P = 0, B = 0 and different maximum 339

distances Dmax to obtain the current coverage. 340

2. Analysis of the expansions of current schools. 341

• Goal: Analyze the possibilities that the current school expansion may offer. 342

• Insight: This allows for analysis of decisions about expanding the current 343

schools to improve the coverage. This is a conservative option and has 344

limitations. Nevertheless, it is important to understand the opportunities 345

that the current locations of schools may offer. 346

• Procedure: The ILP model is run with P = 0, different budgets B and 347

maximum distances Dmax. 348

3. Analysis of the locations of new schools. 349

• Goal: Analyze the possibility of building new schools in addition to 350

expanding the current schools. Different budgets, walking distances and 351

numbers of new schools are considered. 352

• Insight: This allows decision makers to choose the option that best fits the 353

needs and resources. 354
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• Procedure: The ILP model is run with different numbers of new schools P , 355

budgets B and maximum distances Dmax. 356

4. Comparative ab initio analysis of the scenarios. 357

• Goal: Analyze the differences between the current locations of schools and 358

the optimal locations if we start from an empty map. 359

• Insight: This step is key to understanding what would have been the best 360

locations for the current schools and therefore, in the best of cases, what 361

coverage would have been available. 362

• Procedure: The ILP model is run with the same number of schools in the 363

current scenario and the same budget invested in order to conduct a fair 364

comparison. The input data must indicate that there are no initial schools 365

located. 366

5. Projections and location analysis for the future. 367

• Goal: Analyze future scenarios considering population projections during the 368

ensuing years. Decisions about the optimal locations of new schools and 369

resizing of the current schools to reach a suitable coverage are analyzed for 370

different time periods. 371

• Insight: This step allows evaluation of decisions about the locations of 372

schools in the future. 373

• Procedure: The ILP model is run with the initial scenario, different numbers 374

of new schools P , different budgets B and the population projections for the 375

next period. Definition of the target coverage at a maximum walking distance 376

is important in order to make comparisons at this level. The output obtained 377

is used as input for the next period with the next population projection. 378

Data and Modeling Assumptions 379

As stated before, the aim of this work is to assess and improve the location of public 380

primary schools in urban areas of developing countries through the use of the proposed 381

ILP model. Ciudad Benito Juárez is used as a case study to demonstrate its usefulness 382

as a decision-making tool. Fig 1 shows an overview of the city, indicating the locations 383

of the 34 primary schools and the population density in 2010. In this city, there are 384

2041 census blocks. It is worth mentioning that we are assuming that a school can be 385

built in any of the 2041 blocks. A detailed analysis of the area at a geographical, social 386

and cultural levels would be needed, which is outside the scope of this work. However, if 387

this is not possible in some blocks or it is not appropriate due to, for example, 388

community restrictions [13], then it is acceptable to specify it in the input data since 389

the model is quite flexible in addressing these issues. Here, the idea is to propose and 390

evaluate a decision-making tool that can be applied in developing countries and to 391

derive managerial insights in different situations. 392

Fig 1. Population density and location of the 34 primary schools in Ciudad Benito
Juárez in 2010

Population data at block level have been obtained from the National Institute of 393

Statistics and Geography in Mexico, INEGI. The latest available data are from 2010, 394

which is the reason why we focus our study and the projections based on it on this year. 395

Notice that we only consider primary-school-aged population to develop our study. 396

Moreover, the number and capacities of schools in 2010 have been obtained. The regular 397
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capacities in Ciudad Benito Juarez are 400, 600, 800, and 1200 students. For 11 of the 398

34 schools, data about the capacity are not available, so the average capacity of the 399

remaining schools has been calculated and fixed. This average is 750, but this is not a 400

regular capacity in this area. As the regular capacities close to this value are 600 and 401

800, we set the capacity of half of these schools to 600 and the rest to 800. 402

It is worth-noting that depending on the country, or even the area, there are some 403

education rules and regulations that determine the maximum capacity of a classroom in 404

primary school (in number of students), and also some rules about the dimension (in 405

number of classrooms) when an architectural plan for schools is considered. Therefore, 406

school capacities in most of the regions cannot take any value, but a few discrete values. 407

For example, [33] address a school location problem in Portugal where capacity modules 408

of 150 students (25 students per classroom) are used, and therefore school capacities 409

must be multiple of 150, moving from 450 to 1200. [42] deal with a case study in 410

Germany and use low capacity levels, from 3 to 5, with 25 students per classroom. [29] 411

solve the problem in Brazil and mention that the standard capacity of schools to be 412

adopted there is 700 students. Thus, the possible school capacities depend on the 413

particular place, but usually correspond to a discrete set of values. 414

Another important data consideration that is necessary to analyze the location of 415

schools is the distance that each individual student must traverse from home to school 416

and vice versa. However, this requires his/her precise residential address, and this 417

information is not available due to safeguarding privacy. To overcome this impossibility, 418

distances from each block centroid to its closest school block centroid have been 419

determined. These distances along the road network have been calculated through the 420

QGIS tool. Every student residing in a particular census block is supposed to live 421

precisely on its centroid. This is a usual and reasonable approximation in urban studies. 422

Furthermore, with the aim of applying the proposed approach in this analysis, some 423

budgets for building and expanding schools need to be fixed. On the one hand, no 424

evidence has been found about different prices depending on the block inside the city. 425

On the other hand, new construction and expansions do differ, with expansions being 426

less expensive. Currently, three schools are being expanded, from 600 to 900 and 1200 427

students, and with budgets from 1,000,000 to 1,700,000 MXN$ (approximately 428

40,000-70,000e) [51], while new construction could double these figures. 429

Once all of this information about 2010 has been gathered, a study of the locations 430

of public primary schools, their coverage values at different distances, their capacities, 431

and the construction of new schools to improve the picture can be developed using the 432

proposed approach. Additionally, based on these figures from 2010, projections of 433

population growth have been calculated in order to assess the scenario in future 434

five-year periods. According to projections [20], the expected growth from 2010 to 2030 435

is 80%, and we have deemed it homogeneous in terms of age in the absence of more 436

relevant data. We divide this percentage homogeneously during the time horizon, so we 437

consider 20% growth for each period of five years. Then, a comparative study has been 438

carried out for 2015, 2020, 2025 and 2030 using these data. 439

Notice that in very recent updated data about population in 2020 [52], these 80% 440

have been exceeded. This further strengthens the needs of the optimization framework 441

that we propose in this kind of areas. 442

Results and Discussion 443

In this section, a set of experiments is presented with the aim of analyzing the location 444

of public primary schools in Ciudad Benito Juarez in 2010 and future periods. The 445

main objective of these experiments is to exemplify the application of the proposed 446

framework to help decision makers to locate public schools in the best possible way in 447
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intensively growing population areas. We use the last available data (from 2010) and 448

projections for each five-year period until 2030 to develop the following experiments 449

according to each step in the proposed framework. 450

These experiments were possible owing to the implementation of the ILP model 451

using Java SE 8 and the CPLEX optimizer 12.6.3 over the Netbeans IDE. The model 452

was run in a cluster with CentOS 7.x x86 64, 27 computing nodes, 720 cores, and 7.4 453

TB of RAM. Despite the substantial capacity of this cluster, just one node with 128 GB 454

of RAM was available for use. Maps have been generated using QGIS 2.18.14. For the 455

initial experiments, the computing time was fixed as one hour, and results were 456

obtained with a relative gap (i.e., the difference between the upper bound and the best 457

solution obtained divided by the best solution obtained) below 1%. It is worth noting 458

that this is a strategic problem, and therefore, it is not necessary to solve it in seconds 459

or minutes. Additionally, we solve the problem for a city. If a larger area needs to be 460

planned (e.g. a country), the most common way to deal with it is dividing it in smaller 461

geographic areas [34]. 462

Analysis of the primary school locations in 2010 463

As stated before, 34 primary schools were available in 2010 in Ciudad Benito Juarez. 464

Using the proposed ILP model with P = 0, and avoiding resizing the current schools, it 465

is possible to calculate the coverage provided by these schools depending on the total 466

distance allowed for travel from students’ homes to their assigned school. It is worth 467

noting that the real coverage could be worse than the value obtained, since the model 468

makes the optimal assignments student- school and it could happen that bad decisions 469

in the past have led to worse assignments in the reality. Nevertheless, the aim of this 470

first step is just to understand the potential of the initial scenario, without including 471

more resources. Thus, Fig 2 depicts the coverage calculated for each maximum distance 472

Dmax, i.e., 1000, 1500, 2000, 2500, 3000, and 3500 meters. These values have been 473

selected because they represent a rank order of relatively affordable distances to be 474

covered on foot by primary school 475

students.https://www.overleaf.com/project/613f3352e66ba5c694f60bec According 476

to [32] and [35], a distance of 500 meters between home and school can be considered as 477

excellent accessibility, between 500 and 1000 meters as good accessibility, between 1000 478

and 1500 meters as regular accessibility, between 1500 and 2000 meters as low 479

accessibility, and distances above 2000 meters as poor accessibility. As can be verified, 480

full coverage, i.e., 100%, is only obtained for 3500 meters, which is a very long walking 481

distance (poor accessibility). On the opposite side, the shortest distance tested, i.e., 482

1000 meters, involves a coverage value of 66%, which means that 34% of the students in 483

public primary schools have to walk more than one kilometer to arrive at their assigned 484

school with available capacity. 485

Fig 2. Coverages for the different distances of the 2010 actual schools scenario

Since this is not the most appropriate scenario, some policies are necessary to 486

improve the coverage for short distances. 487

Analysis of primary school expansions in 2010 488

One option to improve the coverage could be resizing the current schools in order to 489

include more students within such short distances. Therefore, some tests have been 490

performed to obtain coverages when P = 0 and resizing is allowed. We have considered 491

different budgets B ranging from 35,000 to 200,000e. These values have been fixed 492

according to the minimum budget for making an expansion and the maximum budget 493
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for building a new school or making two of the most expensive expansions. This allows 494

many different combinations of school resizing while keeping the number of changes 495

under a reasonable value. 496

Fig 3 provides an overview of the coverages obtained. For 1000 meters, the coverage 497

changed from 66% when resizing was not considered (in previous tests) to the range of 498

66-71% depending on the investment. For 1500 meters, the previous coverage value 499

obtained without considering resizing was 88%, and with resizing, it ranged from 88 to 500

91% depending on the investment. For 2000 meters, the previous coverage was 94%, 501

and it changed to 95-98% depending on the investment. For 2500 meters, the previous 502

coverage obtained was 96%, and with resizing, it ranged from 97% to 100%. Finally, for 503

3000 and 3500 meters, the previous results without resizing were highly satisfactory, and 504

they were always 100% with resizing. 505

Fig 3. Coverages for the different distances and budgets upon resizing the primary
schools in 2010

Accordingly, coverages obtained for 1000 and 1500 meters (good and regular 506

accessibility, respectively) do not reach sufficient values when considering resizing and 507

the maximum budget fixed. Nevertheless, larger budgets can be considered, such as the 508

total amount required to expand all schools to the maximum size (about 2,000,000e). 509

This budget is about half the budget invested in building all the schools available in 510

2010, which is very high. In this case, our experiments indicate that coverages improve, 511

without reaching the 95%. Therefore, new primary schools should be built if coverage of 512

over 95% is desired in terms of these distances. 513

Analysis of the location of new schools 514

Following the conclusions of the previous step, the ILP model has been run using 515

different values of new schools P , budgets B, and distances Dmax. The possibility of 516

resizing the current 34 schools is also considered. 517

Figs 4 to 7 show the the coverage (%) in terms of the budget B (e) and the number 518

of new schools to locate P . Each of them corresponds to the experiments with Dmax 519

1000, 1500, 2000 and 2500 meters, separately. The remaining distances are not 520

considered in this experiment since, even without allowing the resizing of the schools, 521

the coverages obtained are very close or equal to 100%. Notice that some points do not 522

exist since the associated budget is not enough to build the corresponding P schools. 523

Another effect that can be observed is that sometimes building more schools involves 524

worse coverage than building less schools and spending more budget in expansions. 525

Fig 4. Coverages for 1000 meters Fig 5. Coverages for 1500 meters

Fig 6. Coverages for 2000 meters Fig 7. Coverages for 2500 meters

As can be verified, when 1000 meters is considered as the maximum distance, the 526

coverage reaches a maximum value of about 93% when using the highest budget, five 527

new schools, and three expansions. This means that between 14 and 20% (depending on 528

the budget invested) is gained compared to the the previous experiment where only 529

resizing was considered, while new schools were not allowed. However, it is not possible 530

to reach 100% with the attempted number of new schools and budget. Later 531

experiments have elucidated that at least 10 new schools, more than 10 school 532

expansions and a budget of more than 2,000,0000e are needed to achieve full coverage 533

with Dmax 1000 meters. Considering 1500, 2000 and 2500 meters, the maximum 534

coverage values reach 96% (gaining 5%), 99% (gaining 1%) and 100% (gaining 0%), 535
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respectively. These last values are high enough to be appropriate, although the 536

distances for students to travel are quite long. 537

It seems quite clear that the most challenging maximum distance is 1000 meters, 538

although it is also one of the most appropriate. It is worth mentioning that, in some 539

cases, a slight coverage decrease is noticeable when four or five new schools are 540

considered; this is because the budget invested is the same, yet more schools have to be 541

built, so they are smaller and the coverage is affected. 542

These kinds of graphics could help a decision maker to choose the number of new 543

schools to build according to the budget she/he is willing to invest and the coverage 544

that she/he is required to obtain. Notice that the ILP model also indicates the locations 545

where the new schools must be built, their sizes, and the expansions needed. 546

Analysis of optimal primary school locations in 2010 without 547

existing schools 548

After the previous analysis, some questions arise regarding the locations of the original 549

34 primary schools. Why are they in those locations? How have responsible staff 550

decided their locations? How does this original distribution affect the coverages? To 551

assess the quality of the distribution of schools in 2010, we can compare it with the 552

optimal solution obtained using the ILP model when an empty scenario is considered. 553

Accordingly, the ILP model has been used while taking into account that the city has 554

no schools, 34 schools need to be located, i.e., P = 34, the maximum distance to travel 555

by students should be 1000 meters, i.e., Dmax = 1000, and the budget available B is the 556

same quantity invested in the original 34 schools (3,640,000e). 557

When these conditions are applied, the relative gap reported by CPLEX in one hour 558

is slightly high (6%), which means that the model requires more time to obtain the 559

optimal solution. After one day of execution, the optimal solution has been found. The 560

coverage obtained is 99% (almost full coverage), which is well above the original 561

coverage (66%) for this maximum distance Dmax = 1000 and higher than the coverages 562

obtained after resizing the current some schools (maximum 71%) and adding new 563

schools with an additional budget (maximum 93%). Consequently, the benefits of using 564

this model are clear. We can conclude that this tool is useful for making decisions not 565

only in given scenarios that contain facilities but also in empty scenarios such as those 566

found when natural disasters occur and it is necessary to develop schools all over again. 567

Fig 8 shows the original locations of the 34 primary schools and the optimal 568

locations of these 34 schools through the model with Dmax = 1000. Some visual 569

differences are apparent. The original schools are more concentrated in the central-east 570

part of the city, while the locations obtained using the ILP model are more scattered 571

throughout the territory. Fig 9 shows the allocation of blocks to schools. Blocks that 572

are not allocated do not have students or are not covered. 573

Fig 8. Comparison of original locations of schools and optimal locations of schools

Fig 9. Block-school allocation

An index of ‘optimality’ can be established by comparing the current coverage of 574

schools in an area (current coverage) and the coverage obtained with our model 575

(optimal coverage), for example, by using current coverage/optimal coverage. The 576

values of this index vary from 0 to 1, so the closer to 0 the value is, the worse the 577

current scenario is. Thus, we can obtain a measure of how close a certain scenario is to 578

the best scenario. In this case, the index is 66/99 = 0.66. 579

December 30, 2021 14/22



As explained before, the proposed methodology will help politicians and public 580

service managers to make better decisions based on data evidence as well as make the 581

decision process more transparent and efficient. Additionally, some knowledge can be 582

extracted by comparing the current locations with the proposed locations. If this 583

information is complemented with historical and political data, an analysis of the 584

reasons that led to the current scenario can be derived. However, such analysis is 585

outside of the scope of this work. 586

Projections and primary school location analysis for the future 587

According to the official projections [20], a sharp population increase (80%) is expected 588

from 2010 to 2030. Notice that once the projection of new students has been calculated 589

(as explained in previous section), it is obvious that the schools in 2010 are not sufficient 590

to accommodate the increasing number of students. Even if the expansion of every 591

current school in 2010 is allowed, the resulting total capacity is lower than that needed 592

in 2030. Nevertheless, as previously tested for 2010, the coverages have been calculated 593

when considering the 34 original schools and no resizing allowed. Thus, Fig 10 shows 594

the coverages calculated for each maximum distance Dmax, i.e., 1000, 1500, 2000, 2500, 595

3000, and 3500 meters. In this case, the maximum coverage obtained is 57% for 3500 596

meters, which is quite low, as expected. Next, if resizing is allowed and we consider that 597

every school can be resized (which is unrealistic), then we can calculate the coverages, 598

also with the knowledge that the capacity is inadequate. In this case, the budgets taken 599

into account are higher than those used in the 2010 experiments due to the possibility of 600

resizing every school. Fig 11 depicts the coverages obtained. As can be observed, even 601

with the largest budgets invested, the coverage cannot reach the values of 65% for 602

Dmax = 1000 and 85% for Dmax = 1500. For the remaining distances, the value of 95% 603

is not reached. Consequently, the need for building new schools is quite clear, especially 604

with the knowledge that allowing the resizing of every school is unrealistic. 605

Fig 10. Coverages for the different distances in 2030 considering primary schools in
2010

Fig 11. Coverages for the different distances and budgets in 2030 while expanding the
primary schools in 2010

To analyze the decisions that should be made in this time period, we have divided it 606

into four periods of five years each (2010-2015, 2015-2020, 2020-2025 and 2025-2030). 607

Thus, we assess the continuous changes required in the primary school system under the 608

assumptions explained in previous section. Notice that in previous analysis with the 609

original data from 2010 (Fig 2), we have obtained a very low coverage (67%) when the 610

maximum walking distance is 1000 meters. As mentioned before, this walking distance 611

is the most appropriate value. Therefore, our aim during each time period is to improve 612

the coverage at this distance. We can set 90% as the desired value, which is an 613

ambitious goal. It is worth mentioning that the decision maker can set this goal to any 614

other value according to expectations. 615

Hence, it is clear that during the first period of 2010-2015, the investment and effort 616

should be high in order to reach this coverage value when starting from 67%. We have 617

tested different budgets and numbers of schools to achieve the goal. Fig 12 shows the 618

results obtained. The lowest budget that allows the target coverage to be achieved is 619

1,440,000e, with seven new schools. Table 2 shows a summary of the changes needed in 620

this period. The first two rows show the number of schools to be built or expanded and 621

the budget required. The last two rows indicate the distribution of these schools 622
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according to size or resizing. As can be verified, the number of schools to build and 623

resize is high, as expected due to the initial scenario. 624

However, if these indications are followed, then the next periods are expected to be 625

less demanding, since the initial scenarios will have better coverage than 2010. Thus, we 626

have developed the same tests for the next period, 2015-2020, and Fig 13 shows the 627

results obtained. In this period, it is possible to achieve the target coverage by building 628

two new schools and investing 375,000e. Table 3 shows a summary of the changes 629

needed in this period. Fig 14 shows the results obtained for the later period of 630

2020-2025. In this case, the target coverage is reached with one new school, and again, 631

the investment required is 375,000e, although the distribution of this budget is 632

completely different since more expansions are required. Table 4 shows the summary. 633

Finally, Fig 15 shows the results obtained for the last period, 2025-2030. The lowest 634

budget that allows the target coverage to be achieved is 585,000e, with four new schools. 635

Table 5 shows the summary. As can be determined, there is no pattern regarding the 636

changes required throughout time periods. The only common point is that schools of the 637

smallest size are never built, and resizing to the maximum capacity is more common. 638

Fig 12. Coverage in 2010-2015 with new
schools

Fig 13. Coverage in 2015-2020 with new
schools

Fig 14. Coverage in 2020-2025 with new
schools

Fig 15. Coverage in 2025-2030 with new
schools

Table 2. Updates in the 2010-2015 period

Build Resize
Number of schools 7 9
Budget 930000 510000
School size 400 600 800 1200 600 → 800 600 → 1200 800 → 1200
Number of schools 0 1 3 3 3 4 2

Table 3. Updates in the 2015-2020 period

Build Resize
Number of schools 2 3
Budget 210000 165000
School size 400 600 800 1200 800 → 1200
Number of schools 0 1 1 0 3

Table 4. Updates in the 2020-2025 period

Build Resize
Number of schools 1 5
Budget 120000 255000
School size 400 600 800 1200 400 → 600 600 → 800 600 → 1200 800 → 1200
Number of schools 0 0 1 0 1 1 1 2

Fig 16 shows the locations of the initial schools and the locations of the new schools 639

required to fulfill the target coverage. During the first period, the new schools are 640

scattered, reinforcing the initial network that presented bad coverage at the distance 641

desired. In the next two periods, the focus is on the western part of the city. Finally, 642

the peripheral areas of the rest of the city are reinforced with new schools. 643
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Table 5. Updates in the 2025-2030 period

Build Resize
Number of schools 4 3
Budget 420000 165000
School size 400 600 800 1200 800 → 1200
Number of schools 0 2 2 0 3

Fig 16. Location of the new schools throughout time periods

This could be an initial plan for the whole period that provides knowledge of the 644

future investments required, the future location of new primary schools and expansions 645

of the current schools. 646

Notice that a source of uncertainty in general location models is the demand. 647

However, it is not common to address this point in the literature about location of 648

schools. In this regard, we have developed a sensitivity analysis to find out how the 649

solutions obtained are adapted to different scenarios. 650

For each solution obtained corresponding to each time period, we have checked how 651

the coverage is affected if the demand (i.e., number of students) in each census block 652

changes. We have assumed that the deterministic values that we used in previous 653

experiments are the average of a normal distribution. Then, different variances have 654

been considered: low (0.2), medium (0.5) and high (1). Note that we use this 655

probability distribution because it is one of the most common and usually functions well. 656

When enough details about the evolution of the population in each block were available, 657

we were able to obtain the probability distribution that best fit with these data. 658

Thus, we have generated one scenario for each variance and each time period. Table 659

6 shows the results of this analysis. The first column corresponds to the coverage 660

obtained without uncertain demand, i.e., previous results. The next three columns 661

shows the coverage obtained under low, medium and high variances. As can be verified, 662

the coverage is practically not affected by these changes in the demand. Although more 663

scenarios for each variance should be tested to conclude that the deterministic results 664

are robust with respect to demand uncertainty, this initial study seems to indicate that 665

they are. Another option is to consider the uncertainty in the solution approach, with 666

the aim of obtaining the most robust solutions. In this regard, we propose to integrate 667

simulation with a metaheuristic (i.e., simheuristics [53]) as further work. 668

Table 6. Coverage under different scenarios of demand

Deterministic Low variance Medium variance High variance
2010-2015 90.56 90.39 90.40 90.30
2015-2020 90.63 90.48 90.47 90.48
2020-2025 90.63 90.59 90.58 90.61
2025-2030 92.30 92.20 92.24 92.13

Conclusions 669

Education is fundamental in development and growth. One relevant issue with respect 670

to access to education is the availability of schools within a reasonable distance. This 671

research contributes to improving the accessibility to schools by presenting an ILP 672

mathematical model and a framework of analysis that can be used to help decision 673

makers in these endeavors. The model determines the location and size of new schools, 674

as well as the resizing of current schools, so that the coverage at a certain established 675
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home-school distance is optimized under budget constraints. The framework provides a 676

set of steps to develop the analysis of the location of schools. We focus on relatively 677

poor areas with a sharp population increase tendency and where public schools are 678

equally attractive: with the same quality, similar teaching, recreation spaces, tradition, 679

and pupils from the same social stratum. In such areas, walking is the most common 680

means of traveling from home to school, and therefore, the objective is equity oriented 681

in terms of accessibility. Thus, the modeling employed assumes that students walk to 682

school and therefore tend to prefer the school closest to home. 683

The model and the framework are applied to the location of public primary schools 684

in Ciudad Benito Juarez as a case study, although similar challenges are faced by most 685

developing countries. In general, the methodology is highly flexible, making it possible 686

to use it to analyze different scenarios, according to the policies to be implemented. 687

According to the framework, we have first checked the coverage of schools in 2010, 688

and we have verified poor accessibility: 33% of the students must walk more than 1000 689

meters from home to their assigned school with enough capacity, and 12% must walk 690

more than 1500 meters. In the second step, when new schools are not considered, but 691

expansions are one possible option, it has been verified that the coverage obtained with 692

schools in 2010 can be improved, although it is still below the desired values. In the 693

third step, when new schools and resizing are considered, the coverage can reach quality 694

values for almost every tested distance. However, at least 10 new schools are required to 695

obtain good coverage for the 1000 meters, which is considered to be good accessibility. 696

This result leads to the conclusion that the original distribution of schools over the area 697

is not appropriate and has not considered the right parameters. To prove this 698

conclusion, we have continued to the fourth step. We have used the same budget and 699

number of schools present in 2010 and have run the model while taking into account 700

that the area does not contain any school. The results have demonstrated that a 701

considerably better school network can be developed when our proposed model is 702

employed, moving from a coverage value of 67% to 93% for the distance of 1000 meters. 703

Following the last step of the framework, we have analyzed scenarios in the future 704

using some projections. We have considered four periods of five years each from 2010 to 705

2030. A target coverage must be set for each period, and in this case study, we fix it as 706

90% for a Dmax of 1000 meters. We have determined that the first period is the most 707

difficult since the initial locations of schools provide only low coverage for this walking 708

distance. These circumstances and the projected increase in population involve the 709

requirement for seven new schools scattered over the city, resizing of nine schools and a 710

large budget. In later periods, the budget and number of schools to add and resize are 711

lower. In this case, the location of new schools basically reinforces some parts of Ciudad 712

Benito Juárez, such as the west and peripheral areas. Finally, we have checked the 713

robustness of the solutions for each time period when demand uncertainty is considered. 714

We have created different scenarios with different levels of demand variation, and we 715

have determined that the coverage remain almost unchanged. 716

We can conclude that the proposed model and framework can help politicians and 717

public service decision makers to evaluate different scenarios in relatively poor areas 718

with sharp population increase tendencies in a transparent and efficient way. 719

Consequently, the work will positively impact society. Different specializations and even 720

the community should participate in the development of the input data to avoid illogical 721

results, for example, proposing to build a school in a protected area or very close to 722

inappropriate places such as a prison or sex offenders. However, the flexibility offered by 723

our approach makes it possible to change input data and some constraints to easily 724

consider different scenarios. 725

As future research, it is expected that the proposed model and framework will be 726

expanded to consider the singularities of different levels of schools (primary, high 727
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school), school buses or other means of transportation, security and safety issues, 728

environmental issues, etc. Additionally, it would be relevant to develop an approach 729

that intrinsically considers the uncertainty. In this regard, we will design and implement 730

a simheuristic approach combining simulation and a heuristic or metaheuristic. This 731

solution approach can be included in a decision-making tool to help the decision maker 732

to evaluate different scenarios. 733
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