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Abstract. This work presents a study on a University Admission Exam
Location problem that solves a real case scenario from the admission
exam of a university in Brazil. The objective is to assign candidates to
exam locations happening the same day and time. Since the candidates
must take the exam every year during secondary school, different types
of exams must be offered. Each location can only offer one type of exam
to reduce the complexity of the logistics. The objective is to decide which
locations to open and the candidates’ allocation to locations, minimiz-
ing the overall distance and opening costs. We propose a methodology
that uses a binary programming formulation based on the Single Source
Capacitated Facility Location Problem to solve the real case. Computa-
tional experiments using real information obtained solutions that reduce
the travel distances in about 10%, for cases with more than 3,000 can-
didates and seven exam locations. For candidates who live close to the
exam locations, this reduction can reach up to 24%.

Keywords: exam location, binary programming, facility location, ap-
plication

1 Introduction

University access is scarce in many countries. Upon finishing secondary school,
students compete for the few spots available for the different available courses.
In Brazil, many kinds of selection processes can be found, but regardless of the
institution funding (private or public) and equity actions, most of them still rely
on written exams to fully or partially select the students among a large number
of candidates.

When a university is responsible for organizing its selection process, many
complex tasks are needed to be performed. The candidates have to be registered
in a specific system, several different written exams have to be elaborated and
graded, external locations must be found to apply the exams if the number of
candidates exceeds the university’s capacity, among others.
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We are interested in the problem which arises in the case where the university
is unable to apply the exam only in its campus, requiring the selection of external
locations to host most of the candidates. This limitation is a common issue not
only for the university selection process but for any other selection process with
a large number of candidates, such as for the selection of public jobs.

The problem is then defined as the selection of exam locations from a set of
available locations, each one with a given capacity and incurring in a different
cost. This selection is influenced by the candidates who are not supposed to
travel long distances to take their exams. Moreover, different candidates may take
different tests due to field-specific requirements or different levels of knowledge.
The objective is then to minimize a balance between the total location opening
costs and the total travel distance of all candidates. We call this problem the
University Admission Exam Location Problem (UAELP).

The improvement in the UAELP planning may result in several significant
impacts. On the social side, the reduction in candidates’ average journey size,
also reducing public traffic before and after the exam. On the economic side, for
the university, by optimally choosing the exam locations, and for the students,
again by reducing their journeys, thus reducing the expenses with fuel, taxis,
apps rides. Finally, we can also mention the environmental impact, like any op-
timization involving transportation, which indirectly reduces fuel consumption.

We present a methodology to solve the UAELP. It uses an integer program-
ming formulation that extends a facility location formulation [18], by considering
different types of exams and imposing a given location to host only one type of
exam. This formulation is then used to solve a real-case arising from a Brazil-
ian university. The results are compared against the real planning created and
executed by the university at the time.

In the next section, we present a brief literature review. In Section 3, we
present the methodology for solving the problem. Section 4 explains the real-life
application, shows the computational experiments, and analyze the results with
real planning. Finally, Section 5 concludes the work and points to the avenues
of future research.

2 Literature Review

Across the literature, it is possible to find works related to the planning of exam
times, such as the University Exam Timetabling Problem [21], which, besides
the exam times, also schedules rooms, people to watch the tests, among others.
Another type of university-related topic is the College Admission Problem [7],
which asks a matching between schools and candidates, based on their prefer-
ences, part of what is commonly called the College-Choice Process [5]. Some
works apply facility location models in the subject of Education [2, 3], but with
different objectives from the one discussed in this paper.

To the best of our knowledge, no work deals directly with the UAELP. Some
studies with similar content can be found, such as [1], which conducted research
that addresses our study’s subject, but with some limitations. Although it has the
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same objective — to reduce the displacement of the candidates — the approach
is significantly different. To achieve the objective, they propose choosing the
cities with a higher concentration of candidates in the vicinity, not involving
the distances performed within those cities. Still, their approach does not assign
the candidates to a location or city and, most importantly, it does not use the
current exam data, but uses the data from the last selection process to plan the
next one. This decision can present a significant limitation to the model, since
there could be notable changes from one exam to another, mainly in the number
of candidates, making the optimization ineffective. This difference can be seen
in the article itself, in which only one in five simulations has shown significant
improvement; in two of these simulations, there were even negative results or no
gains.

The study developed by [11] shows strong similarities with this paper, even
presenting a resembling mathematical model. However, both works have entirely
different purposes, with their approach aimed at reducing the displacement per-
formed by students within the area of a university and also not assigning indi-
viduals to a location, assigning subjects to classrooms instead.

Despite the lack of direct correlation, as the UAELP is an extension of the
Single Source Capacitated Facility Location Problem [18], a vast literature can
be found for its base problem. There is a large production of works related to
the facility location subject with different approaches, presenting a wide range of
mathematical models, heuristic algorithms, and theoretical analyses [10, 16]. It
is a very relevant topic when it comes to supply chain management, as shown by
the in-depth analysis of [14], but also especially in areas such as health care [4, 8,
20] and humanitarian logistics [6, 12, 15]. Moreover, like the approach presented
in this work, it is widespread in facility location problems, the use of geographic
information systems (GIS), as in [13,17]. Finally, the reader is referred to [19]
for a survey of discrete facility location problems.

3 Methodology

We propose a methodology to allocate candidates to the exam locations. We
divided the task into four consecutive stages, as shown in Figure 1, the first
one being the data collection, followed by the acquisition of distances, a pre-
processing stage, the mathematical model application, and finally the solution
analyses and implementation.

Data Distances - .- Analyses and
[Pre—processmg —>{ Optimization implementation

Fig. 1. Stages of the Proposed Methodology
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3.1 Data Collection and Distance Acquisition

The input data needed are the addresses of the candidates and the addresses of
the exam locations. For the cases on which there is more than one type of exam
— tests with different contents to specific candidates, the information on which
kind of exam each candidate has to take is also required. The addresses collection
must be done with the collaboration of the institution that owns the exam, and
consequently, its database. Thus, the university must provide the candidates’
addresses, as well as the exam type that each candidate has registered in case of
different contents. The same goes for acquiring the addresses of the test sites.

One of the main steps of the proposed method, and possibly the most difficult,
as it requires careful treatment and analysis of the data, is the phase of obtaining
the distances between candidates and examination sites. For this, it is necessary
to use a tool that provides these distances. Currently, many tools can perform
this task, most of which charge for their use (commonly, they do not charge
a limited amount of data at the beginning of the use). Among them, we can
highlight Google Maps?® and Bing Maps?. There are also free platforms, with
Open Street Maps® and QGIS® being the most notorious. As a large amount of
distance queries is expected, there is the need to develop an automated script
for the task of querying these distances on the chosen platform, which usually
offers an API (application programming interface).

3.2 Pre-processing

After the acquisition of the distances, a pre-processing stage must be performed
before using the mathematical formulation to obtain a solution. This stage is
essential to identify data inconsistencies and to define which information will be
passed for the formulation. A paramount concern is how to deal with candidates
for whom the map tool was unable to locate using the given address or to obtain
the distance to at least one exam location. In such a situation, we decided to
disregard any distance from the candidate to exam locations, but still considering
his allocation, as he is going to take the exam anyway. If the percentage of
candidates with this inconsistency is high, the whole result may be compromised.

Another concern is about the candidates living far from all exam locations.
Those candidates will not leave their homes on the exam day. Usually, they
travel beforehand to a place closer to the exam location and travel from there
on the day. Since it is not possible to know the exact travel origin for them, a
distance cutoff must be considered. Candidates exceeding this cutoff will have
the same treatment as the ones with data inconsistency. All distances between
their addresses and exam locations will be set to zero, but they will be allocated
to an exam location anyway.

3 https://www.google.com/maps
4 https://www.bing.com/maps

5 https://www.openstreetmap.org
5 https://www.qgis.org
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3.3 Mathematical Formulation

As mentioned previously, the proposed mathematical formulation is an extension
of the original formulation of the Single Source Capacitated Facility Location
Problem [18]. Let C, L, and T be the set of candidates, locations, and exams
types, respectively, obtained in the previous stages. The set of candidates eligible
to take the exam of a given type is defined as C;. The distance between the
candidates and the locations is given by d;;, where 7 € C' and j € L. The cost of
using a location to offer any exam is c;, and, if it is opened, it provides a capacity
of @; candidates. We introduce two binary variables, x;; and yﬁ», representing
whether candidate ¢ € C is assigned to location j € L, and whether location
j € L offers the exam of type t € T, respectively. Note that variables yj are also
responsible for controlling whether a location j € L is opened at all. The integer
programming formulation is presented as follows.

minZZdij‘ZEij +ZZij;» (1)

i€C jeL JELtET

subject to

jEL
d oyt <t VjeL (3)

teT
Z zij < Qjyf VjeLteT (4)

i€Cy
x5 € {0,1} VieC,jeP (5)

yi € {0,1} VjePteT (6)

The objective function (1) minimizes the total distance between the candi-
dates and their chosen exam locations. Constraints (2) force all candidates to be
associated with exactly one location. Constraints (3) imposes a given place to
offer only one type of exam. Constraints (4) bind both variables and also limits
the number of candidates in a given place. Variables domains are given by (5)

and (6).

4 Application

4.1 The Real Problem

In Brazil, most of the top-ranked universities are publicly funded. In the past,
and for many years, these universities were responsible for organizing their selec-
tion processes, called vestibular in Portuguese. Nowadays, there are still many
universities that continue to use the vestibular to evaluate the students inter-
ested in entering its ranks, despite the Brazilian government’s efforts to offer a
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nationwide test. One of the institutions that have its selection process is the Fed-
eral University of Juiz de Fora (UFJF), one of the thirty largest federal colleges
in the country in the number of students [9], having offered, for admission in the
year 2020, a total of 4,592 positions in its undergraduate courses distributed in
two campi, with about 50%, therefore 2,303 vacancies, for its selection process,
called Mixed Selective Admission Program (in Portuguese, Programa de Ingresso
Seletivo Misto — PISM).

This exam is divided into three stages — one for each of the years of high
school in Brazil —, each stage having a different exam with the content of the
specific series in which the candidate is. Thus, this exam is only for students
attending regular secondary schools, and it has the goal of integration between
higher education and secondary school since it assesses the student’s knowledge
year by year. At the end of the last stage — which occurs when the candidate
completes the last year of secondary school — the grades of the candidate in each
of the previous stages are summed so that students can be classified according
to the intended course.

In its last edition, there were exams applied in five cities in two states, with
thousands of candidates distributed in 78 test locations, requiring the participa-
tion of more than 4,500 people directly involved in the application of the exams,
with still hundreds of people working with planning, logistics and subsequent cor-
rection and processing of the results. Due to its large scale, the process officially
begins in July with the publication of the public call. The exams are applied
on the first weekend of December (in two days), with the grading being started
already in the week following the exam. The results are published starting in
January, for candidates who finished secondary school and, therefore, compet-
ing for the available positions. Until March, all grades are published, including
candidates from the first stages exams who still do not compete for positions.

In recent years, the PISM has seen a substantial increase in the number
of candidates and, consequently, the logistic challenges into providing a safe,
affordable, and efficient exam. For the 2018’s admission, for instance, the number
of candidates did not reach 30,000, with this amount increasing to 34,000 in 2019,
and to more than 40,000 in 2020, with a total increase of 78% from 2015 to the
current exam. Such growth has caused considerable impacts in the cities where
the exam is applied. Traffic jams and other difficulties caused not only by a large
number of people in transit in the exam days but also by the fact that many
of these people have to move to exam locations far away of their residences —
since their addresses are not taken into account for the allocation of candidates.
Those are significant concerns of the university in its effort to provide a calm
environment for the candidates.

4.2 Data Collection and Distance Acquisition

We applied the proposed methodology for the last edition of the exam (PISM
2020). We used real data from candidates in two of the five cities where the tests
were applied, Petrépolis and Volta Redonda, both located in the state of Rio
de Janeiro. For candidates of each city, the following procedure was executed.
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The candidates’ addresses were made available by the university in tables using a
random identification code, containing their postal codes and the exam locations
where the candidates were allocated in the previous edition of the exam. Thus,
there was no access to personal data other than the candidates’ addresses, with
the impossibility to identify the individuals to which the addresses belong. It
is worth highlighting, in this way, the compliance of this work with personal
data protection and the right to information privacy for all candidates. The test
locations were also made available by the institution, and their addresses were
obtained after simple internet searches.

To acquire the distances between each candidate and each exam location,
we developed an algorithm in Python that, using an access key created directly
on the Google Maps platform, allows access to the company’s routing service
through the API Distance Matrix. This service provides distance queries between
two registers, taking into account the actual shortest available path and road
directions. We chose not to use the Euclidean distance between the points — or
any tool that offers this type of distance — due to the obvious problems inherent
in this type of calculation, as it completely disregards existing road sections. We
decided to use the Google Maps platform in detriment of other alternatives, such
as Open Street Maps or Bing Maps, as it is the most widely used geographic
information system today, which offers high reliability of the available data.

For the city of Petrépolis, 25,767 distance queries were performed to the
Google Distance Matrix API, corresponding to 3,681 candidates who took the
tests in the city multiplied by seven possible exam locations. The query of all
requests took an hour and three minutes to run. From the queries results, only
770 (3.0%), returned empty values. The distance queries between the candidates
from Volta Redonda and the exam locations took 44 minutes and generated
a table of 18,249 entries, considering the total of 2,607 candidates and seven
locations. Three hundred fifty queries did not return values, which represent
1.9% of the total.

4.3 Pre-processing

From the possession of the distance matrices, we then started processing the
data for later use in the mathematical formulation. First, as explained in the
methodology, we chose not to discard the candidates with empty distances be-
cause even if we do not have their distances to the exam locations, they will be
allocated. Thus, these candidates remain in the matrix, but their distances are
considered as zero.

We noted vast distances between exam locations and many candidates, such
as some who live more than 3,000 kilometers away from the city of exams, which
is equivalent to almost two days of uninterrupted driving. Therefore, as also ex-
plained in the methodology section, these candidates have their distances set to
zero, so they could be allocated, but the formulation would be indifferent about
distance costs. The challenge here is to define what distance would be consid-
ered as the cutoff parameter. Considering that the average distance between the
exam locations in each city does not exceed five kilometers, we decided to set to



XXVI@@
JCIEOM

International Joint Conference on Industrial Engineering and Operations Management
ABEPRO-ADINGOR-IISE-AIM-ASEM (IJCIEOM 2020)

zero all distances for candidates that are ten times farther than this value, i.e.,
candidates who live more than 50 kilometers from the exam locations. Most of
these candidates will reach the city of the exam previously, not being possible
to check their real origin addresses.

Thus, after applying the proposed treatment, 1,634 entries of the distance
matrix for Petrépolis were not set to zero, i.e., 44% of the candidates who take the
test in this city have addresses that are less than 50km from all exam locations
and, therefore, they will be considered in order to minimize their displacement.
Applying the same procedure for data referring to the city of Volta Redonda,
it was found that about 41% of the candidates attended the established cutoff
parameter, which is equivalent to 1,071 candidates.

4.4 Results

From the distance matrices generated and treated previously, we solve the math-
ematical formulation proposed in Section 3.3 in an Intel Core i5 6400 2.7GHz
with 16GB of RAM using the AIMMS software in its academic version. Besides
the distance matrices, we also input the parameters of the exam site capacity,
the parameter that identifies which candidate takes which type of test, and the
parameter of logistical cost to open an exam site. It is defined as a large value
that impacts the calculation of the objective function.

The running times for both cities were small, 58 seconds for Petrépolis, and
38 seconds for Volta Redonda. After subtracting the logistical cost of opening
the exam locations from the objective function value, we obtained a total travel
distance of 15,078 kilometers for the city of Petrépolis and 15,326 kilometers for
the city of Volta Redonda.

To assess the quality of the solutions, we have calculated the total distance
between the candidate addresses and the exam locations where they were al-
located in the previous selection process. We used the same distance matrices
previously obtained after the pre-processing stage, disregarding candidates with
query issues or with any distance higher than 50 kilometers. Summing all val-
ues, the total displacement performed by the candidates in Petropolis was 17,337
kilometers, and in the case of Volta Redonda, the total value was 17,089 kilo-
meters. These totals mean an average reduction of 13% in the optimal total
displacement for the first city, and a 10% for the second city. In absolute values,
reductions of 1.4 and 1.6 kilometers, on average, were obtained for Petrdépolis
and Volta Redonda, respectively.

Table 1 summarizes the results. For each city, we present the total number
of candidates, the number of candidates with distances different than zero, the
original total distance and average distance, the optimized total distance and
average distance, and the total percentage reduction on the distances.

It is also important to mention the results of the proposed methodology when
analyzing the average displacement separated by distance ranges. We separate
the candidates, based on their average distances to exam locations, in ranges
of 12.5 km and obtain the performed average displacement. Subsequently, fol-
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Petroépolis Volta Redonda

. Total 3,681 2,607
Candidates  \yiiy) gistances 1,634 1,071
Original Total distance 17,337 17,089
Average distance 10.6 16.0

Optimized Total distance 15,078 15,326
Average distance 9.2 14.3

Reduction 13.0% 10.3%

Table 1. Summary results for Petrépolis and Volta Redonda

lowing the defined separation, we measure the original and optimized average
displacement.

We present, the results for different ranges in Table 2. For each range, we
present the average original and optimized distances in meters, and the total
distance reduction, for both cities. From this table, it is possible to notice that
the most substantial reduction appears for candidates who live closer to the exam
locations. As expected, as the distance range increases, the reduction decreases
since the impact for a location change would not be high for a candidate who
lives far from the exam locations.

Petrépolis Volta Redonda
Range Original Optimized Reduction Original Optimized Reduction
[0.0,12.5] 5,461 4,334 20.6% 6,196 1,682 24.4%
[12.5,25.0] 18,209 16,702 8.3% 17,520 15,131 13.6%
[25.0,37.5] 30,466 27,499 9.7% 34,943 33,481 4.2%
[37.5,50.0] 41,491 38,677 6.8% 39,906 38,266 4.1%

Table 2. Results considering different distance ranges

To further illustrate the improvement obtained with the methodology, we
present in Figures 2 and 3 the comparison between the original average distances
and the optimized average distances, for each distance range. We can notice a
definite improvement for all distance ranges.

5 Conclusion

This work proposed a methodology to solve a university admission exam location
problem. We discussed the assumptions made during all stages, covering the data
collection, distance acquisition, pre-processing, and the problem solution using
a mathematical formulation. We further apply our methodology in a real-life
application arising from a Brazilian university, using real data, and performed
extensive experimental analyses.

The results are in line with an old demand from candidates who are, this
way, allocated more efficiently, reducing the need to travel long distances to take
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their exams, especially for those who live in the cities where they occur, thus
reducing some of the stress arising on such an important date, in addition to
relieving traffic in the city, especially on its central roads. Also noteworthy is
the reduction on travel distances and even a possible reduction in the number
of absent candidates (which requires future studies), considering that part of
candidates missed the exam because they were unable to arrive in time to the
locations where they were allocated due to difficulties in transfer caused by the
long distances they had to travel.

It should be noted that the exam locations used in the optimization are the
same as in the previous real process, with no possibility of including another
exam location, maybe closer to the candidates’ addresses. In this way, it is ex-
pected that if this formulation is used with many available exam locations, a
number significantly higher than the current ones, mainly if these locations are
distributed in different regions of the city, the reduction in displacement may be
even more accentuated — making this a possibility for future research.
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