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Abstract. In this paper, we continue describing the project and the experimentation of
Ricerca Operativa Applicazioni Reali (ROAR; in English, Real Applications of Operations
Research), a three-year project for higher secondary schools, introduced. ROAR is com-
posed of three teaching units, addressed to Grades 10, 11, and 12, respectively, having the
main aim to improve students’ interest, motivation, and skills related to Science, Technol-
ogy, Engineering, and Mathematics disciplines by integrating mathematics and computer
science through operations research. In a previous paper, we reported on the design and
implementation of the first unit, started in Spring 2021 at the scientific high school IIS Anto-
nietti in Iseo (Brescia, Italy), in a Grade-10 class. Here, we focus on the second unit, carried
out in Winter/Spring 2022 with the same students, now in a Grade-11 class. In particular,
we describe objectives, prerequisites, topics and methods, the organization of the lectures,
digital technologies used, and a challenging final project. Moreover, we analyze the feed-
back from students and teachers involved in the experimentation.
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1. Introduction

transversal skills and orientation), an Italian innovative

In spring 2021, we started an experimentation of
the didactic project Ricerca Operativa Applicazioni Reali
(ROAR; in English, Real Applications of Operations
Research) in a high school class at IIS Antonietti in Iseo
(Brescia, Italy). The ongoing project aims to increase
students’ interest and motivation in science, technol-
ogy, engineering, and mathematics disciplines by inte-
grating mathematics and computer science through
operations research (OR). The current implementation
consists of a three-year project work fitting a percorso
per le competenze trasversali e l'orientamento (path for

teaching method that has been introduced in Italian
high-school programs to strengthen students” knowl-
edge through practical experiences (Ministero dell’ls-
truzione, Universita e della Ricerca 2018).

We carried out the first teaching unit of ROAR
(ROAR) in a grade-10 class. Between March and May
2021, we held six lectures. In that unit, we introduced
the concept of optimization problems, and we showed
students how to solve them with the help of purely
mathematical techniques or by exploiting specific soft-
ware, such as GeoGebra (2021) and the add-in Solver
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of Microsoft Excel (Microsoft Corporation 2019). We
described the design, implementation, and main results
of ROAR I'in Colajanni et al. (2023).

We presented the second teaching unit of the project
(ROAR 1I) to the same students, then in grade 11, be-
tween January and April 2022. The main topic of ROAR
I is graph theory. Starting from intuitive notions and
basic definitions, we introduced some classic problems,
such as the shortest path problem and the minimum
spanning tree problem. We presented a few exact algo-
rithms to solve some of these problems, and we also
explained the usefulness of heuristic algorithms to solve
more complex problems, such as the traveling salesman
problem. As a final project, in contrast to ROAR I, each
group had to face a final project, solving the same prob-
lem in a competitive climate: a vehicle routing problem
in the context of home delivery of groceries. Moreover,
in parallel with the ordinary lectures, we presented a
series of seminars given by industry experts to discuss
several OR applications in different fields.

This paper, which focuses on ROAR 1I, is structured
as follows. In Section 2, we present, from a pedagogical
point of view, the teaching methodologies adopted in
ROAR II, such as competitive learning, discovery learn-
ing, and seminar presentations. In Section 3, we illustrate
the unit design by discussing goals, student prerequi-
sites, and instructor roles. In Section 4, we describe the
unit implementation by reporting the positioning of
ROAR II in the mathematics and informatics programs,
the teaching methods and the digital technologies used,
the assessment adopted, and the structure of each lec-
ture as well as the interdisciplinary connections made.
In Section 5, we report on the main results and feedback
from students and teachers involved. In Section 6, we
provide our final thoughts on ROAR II and some gen-
eral considerations on the project. Finally, in Online
Appendix A, we include the problems presented during
ROAR I, and in Online Appendix B, we report the for-
mat of the vehicle routing problem instances given to
the students for the final project.

2. Background

As pointed out in Colajanni et al. (2023), although OR is a
branch of applied mathematics that allows showing
mathematics connections with the real world, it is not
typically included in most upper secondary school curric-
ula (grades 9-12) and mainly presented at the university
level. Lately, some initiatives have been developed to
introduce OR to students before university level (Raffaele
and Gobbi 2021). Riding on this wave, we continued car-
rying on the ROAR project with the experimentation of
ROAR 1II, which is based on new educational theories
and methodologies framing the development of the activ-
ities. This choice of modifying some methodological fra-
meworks concerning ROAR 1 is dictated by the fact that

we believe it is necessary to improve the effectiveness of
learning mathematics to enhance students’ mathematical
thinking ability in agreement with Amirullah (2018).
Because teaching and learning constitute a single process
(Brousseau 1986), the former can be considered successful
if the teacher can innovate the learning process to moti-
vate students to more actively, creatively, and systemati-
cally solve problems (Ginanjar et al. 2019).

As already mentioned, the ROAR project experimen-
tation continues with the same class. Thus, adding new
teaching methodologies designed for students with
whom we have already worked allows these to achieve
a conceptual understanding and to set learning objec-
tives (Amirullah 2018).

In what follows, we describe the theories and teach-
ing methodologies underpinning ROAR IL

2.1. Discovery Learning

Discovery learning is a learning model that makes stu-
dents actively discover mathematical concepts. It is
designed so that students can discover concepts and
principles through their mental processes (Putri et al.
2020). Indeed, this model is conceived for developing
students’ active learning by finding out and investigat-
ing by themselves so that results are long-lasting in
memory and not easily forgotten (Martaida et al. 2017).
The discovery learning model is a series of learning
activities that emphasize students’ critical thinking
process and analysis for them to achieve and find their
answers to the problems asked. The essence of discov-
ery learning is to make students play the role of the dis-
coverer, that is, to put them in situations in which they
should commit to handling a problem and finding a
possible solution. In other words, one could say that it
represents a kind of training for when, once in the real
world, the students, future citizens, face situations on
their own that were not studied at school. According to
Bruner (1997), the benefits of the discovery learning
process are increasing the intellectual potential, shift-
ing values from extrinsic to intrinsic to improve long
memories, and the heuristic learning of the findings.
The main objective in choosing to employ this model
is to maximize students” engagement in teaching and
learning activities and develop their confidence in what
they discover during the learning process (Martaida
et al. 2017). Several studies demonstrate the positive
impact of discovery implementation. For instance, the
results by Abdisa and Getinet (2012) state that discovery
is more effective in improving students’ achievement,
followed by demonstration methods, whereas frontal
teaching is the least effective. According to Gholamian
(2013), discovery learning is an efficient way to rein-
force students’ creative thinking. Because the main
actions of the discovery learning model are exploration,
discovery, testing, conjecturing, and proving (Ferrarello
etal. 2021), in ROARII, we engaged students in tackling



Downloaded from informs.org by [37.32.89.223] on 14 August 2023, at 10:50 . For personal use only, all rights reserved.

Colajanni et al.: An OR-Based Teaching Unit for Grade 11

INFORMS Transactions on Education, Articles in Advance, pp. 1-21, © 2023 The Author(s) 3

problems that require them to have a clear and imagina-
tive ability to think, evaluate proofs, play with logic,
and find alternatives for solutions.

2.2. Competitive vs. Collaborative Learning
Teachers have the option of structuring lectures collab-
oratively, cooperatively, competitively, or individually,
and decisions made by teachers in structuring lectures
can influence students’ interactions with others, knowl-
edge, and attitudes (Carson 1990).

In ROAR I, group work was always based on collab-
orative learning. In both Colajanni et al. (2023) and
Taranto et al. (2022), we deal extensively with the
aspects of this methodology implemented in ROAR L
Here, we give just the following brief hints. Collabora-
tive learning is a teaching technique in which students
should work together to achieve their goals. Students
can share their strengths, improve their weaker skills,
and develop their interpersonal skills. In ROAR I, this
methodological choice proved effective when applied
to problem-solving activities. In ROAR II, most of the
problem-solving activities again favored collaborative
learning. In the final project ending the unit, we chose
to allow students to continue working in groups, but
we assigned a competition. By definition, competition
results in individuals achieving different outcomes.
When one person accomplishes a goal, others may be
prevented from doing so (Deutsch 1949). Competitive
learning can be interpersonal (between individuals) or
intergroup (between groups) (Johnson et al. 1986). In
ROAR 1II, we chose this second approach. A competition
done in the absence of a normative evaluation system
and not used too frequently fosters cooperation within
the same group (Cohen 1994). Typically adopted in
mathematical competitions, such as the International
Mathematical Olympiad, competitive learning provides
several benefits. Indeed, according to Thrasher (2008),
besides being a challenge for teachers and students, it sti-
mulates students’ curiosity and activity, promotes team-
work and enthusiasm, and provides opportunities to
explore different types of problems not usually encoun-
tered in regular mathematics curricula. We can find the
description of some competitions on OR topics in Raf-
faele and Gobbi (2021). These usually involved classes
belonging to different schools. However, as far as we
know, there are no studies in the literature investigating
the impact of competitive learning in groups of students
within the same classroom engaged in OR activities.
This represents an innovative aspect of ROAR. In this
article, we provide just a few hints and postpone to
future work the investigation of the learning implica-
tions of our choices for the students.

2.3. Seminar Presentations
Knowledge acquisition can be achieved by scaffolding,
that is, the construction of prior knowledge (Anghileri

2006). Often the movement is from the known to the
unknown, from the concrete to the abstract. The tea-
cher’s role in this process is to guide and facilitate learn-
ing and not just to impose on students what must
happen (Haberman 1992). The teacher may give up this
role to some experts external to classroom life. This may
occur, for instance, when students are invited to partici-
pate in a seminar. During seminars, some people gather
to discuss and learn specific techniques and topics. Usu-
ally, each presentation features several speakers who are
experts in their fields.

In ROAR II, we organized a series of seminars allow-
ing students to get an idea of some concrete working
opportunities obtainable through the study of OR. On
the one hand, this methodological choice allowed that
the institutional figure of knowledge was not always
and only covered by the class teacher or the experimen-
ters. On the other hand, the confrontation with more
experts, who bring in knowledge from fields related to
OR, broadens the educational offer of the project itself.

3. Design of the Second Teaching Unit
of ROAR

In this section, we describe the main objectives pur-
sued, the prerequisites needed, and the roles to be
played by the instructors in ROARIIL.

3.1. Objectives

The first goal is to introduce graph theory. Once pro-
vided with the mathematical concepts of undirected and
directed graphs, students are shown how they can sche-
matize familiar concepts, such as relationships among
people or road maps, and their usefulness in the disci-
pline of OR. Famous network problems are introduced,
such as the minimum spanning tree, shortest path, rural
postman, and traveling salesman problems. Each prob-
lem is explained through examples close to students’
everyday life or related to industrial reality.

The second goal is to provide the concept of an opti-
mization algorithm. For some of the presented pro-
blems, ad hoc solution algorithms are shown, such as
Kruskal’s and Dijkstra’s algorithms for the minimum
spanning tree and shortest path problems, respectively.

The third goal is to explain the concept of a heuristic
algorithm. Before tackling some problems with us experi-
menters, we ask students to develop some heuristic algo-
rithms and evaluate their efficiency. We also introduce a
few examples of heuristic algorithms for the traveling
salesman problem.

The fourth goal is to reinforce the skills students
acquired during ROAR I, that is, mathematical model-
ing and the use of the Microsoft Excel add-in Solver. For
some network problems, we ask the students first to
build from scratch, without our help, the corresponding
mathematical models and then solve them using Solver.
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The fifth objective is to teach how to choose the appro-
priate methodology to solve a network problem from
among all possible techniques or tools learned in this
unit or during ROAR I. We present some variants of
famous network problems, even of high complexity, to
make students understand when it is preferable to resort
to exact or heuristic algorithms. By doing so, we focus on
the different aims of exact methods and heuristics by
highlighting their strengths and weaknesses to compare
the mathematical modeling and algorithmic approaches.

Similarly to ROAR I, we continue the strengthening of
some soft skills. Teamwork and problem-solving skills
are enhanced through group work during the lectures
and the assigned homework (sixth objective). Public
speaking skills are reinforced by interacting with the tea-
chers at the end of each group work and, mostly, by car-
rying out the final project, for which each group of
students has to present the results of the work done to
tackle a challenging problem (seventh objective).

Finally, the eighth objective is to increase awareness
and knowledge of OR applications in reality. By doing
this, we also aim to have an impact in respect to stu-
dents’ orientation and civic education.

3.2. Students’ Prerequisites

Students do not have to possess any particular prerequi-
sites to be introduced to graph theory, the central topic
of this second unit. Some of the objectives described in
the previous section (i.e., the fourth and part of the fifth)
require them to have already carried out ROAR I. None-
theless, if one would like to only experiment with this
second unit, it is possible to ignore them by just focusing
on graph theory and the algorithmic approach.

3.3. Instructors’ Roles

As in ROAR I, we can distinguish two roles. An experi-
menter is the one who introduces new topics and
guides students in various activities. To implement the
unit, there must be at least one experimenter, who is
preferably an expert in graph theory and OR. On the
contrary, an observer has the main task of taking notes
on the progress of the lectures as well as students’ reac-
tions and comments, especially during group work, for
research purposes. Though observers are not required
to be experts on the topics of the unit, they need to be
familiar with its design to offer valid support for the
students and the experimenters. The presence of an
observer is not strictly necessary.

4. Implementation of the Second
Teaching Unit of ROAR

Composed of seven lectures, ROAR II was implemen-

ted from January to April 2022. Because of the COVID-

19 pandemic, we had to hold some lectures in a mixed

mode, that is, the experimenters, teachers, and most of

the students were in the classroom, whereas some-
times, when forced by quarantine rules, a few students
were connected remotely using the Microsoft Teams
platform.

4.1. The Grade-11 Class

The grade-11 class involved in the second year of ROAR
was composed of 13 males and 9 females. All of them
had participated in the experimentation of ROAR L. As
described in Colajanni et al. (2023), before attending the
activities of ROAR, students had already participated in
problem-solving activities. For instance, during ordi-
nary lectures in previous years, they had solved pro-
blems related to real-life situations, and some of them
had participated in mathematical competitions, such as
the Mathematical Olympiad. Regarding digital technol-
ogies, students were already familiar with Mentimeter
(2021) and Microsoft Excel, especially after ROAR 1.
Also, they already knew Kahoot! (2022) from other
activities in previous years. According to their mathe-
matics teacher, M. Picchi, their mathematical skills were
just above the average level both in comparison with
other grade-11 classes in the same school and at the
national level. In general, students” interest in mathe-
matics and their engagement were higher than the pre-
vious year during ROAR I, whose lectures were held
almost totally in the distance-learning mode imposed
after the COVID-19 spread. This year, students collabo-
rated with peers mostly in the classroom. Also, when
required because of COVID-19 quarantine rules, they
interacted with the students remotely connected using
Microsoft Teams.

4.2. The Instructors

The instructors were the same as in ROAR I. There were
two experimenters (A. Gobbi and A. Raffaele, both
researchers in OR) and two observers (G. Colajanni and
E. Taranto, researchers in OR and mathematics educa-
tion, respectively, connected remotely for a geographical
reason). Also, for one lecture only (see Section 4.8.5 for
the details), a student who had just obtained a bachelor’s
degree in computer engineering covered the role of the
experimenter. The class had never met him before. The
mathematics and physics teacher of the grade-11 class
(M. Picchi) did not cover the experimenter role.

During group work activities, the main experimenters
and the mathematics teacher assumed the role of obser-
vers. Thus, the total number of observers was five, as
many as the number of groups the students were divided
into (see Section 4.4).

4.3. Positioning in the Mathematics and
Informatics Programs

ROAR 1I lectures were inserted during the regular

school schedule of the grade-11 class.
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At the beginning of the experimentation, all students
had already acquired basic algebraic skills in solving
different types of equations and inequalities. In particu-
lar, they were able to work with linear, quadratic, expo-
nential, and logarithmic functions. As for previous
informatics knowledge and skills, they had experience
with graph theory and some basic network applica-
tions. Also, they were familiar with the concept of algo-
rithms because they had used it to code in C++.

4.4. Teaching Methods

Regarding the main teaching methods adopted during
ROAR 1II, most of them were the same as in ROAR 1.
Thus, we refer the reader to Colajanni et al. (2022, section
3.4) for more details about frontal lectures, collaborative
learning, homework assignment, and authentic pro-
blems. Hereafter, we provide the details about how we

implemented other teaching methods, new concerning
ROARL

4.4.1. Competitive Learning. As a final project, we as-
signed a challenge to the groups by applying competitive
learning to increase students” motivation and engage-
ment. The context of the project was the same as the
authentic problems assigned as a final project during
ROAR I (see Colajanni et al. 2022, section 4.4.4). We pre-
sented the final project during lecture 6 (see Section 4.8.6)
as follows.

The supermarket chain SuperAmazingMarket has decided
to offer a home grocery delivery service. Each customer is
located in the province of Brescia and requests a certain num-
ber of shopping bags containing some goods. Each supermar-
ket providing the service, located in the same area, can rely
on small-, medium-, and large-capacity vehicles for the deliv-
ery: the small-capacity vehicle can carry at most 30 shopping
bags and the medium one at most 50, whereas the large one at
most 70. Each day, each truck in each supermarket loads the
shopping bags to be delivered and sets off to make the deliver-
ies. Each vehicle can stay on the road for a maximum of three
hours from the departure until the return to the same super-
market where it started. During the journey, each vehicle can
pass, even more than once, next to customers (without neces-
sarily serving them) and supermarkets (including its own
but without stocking up on other bags). Once back at its
supermarket, the vehicle can no longer leave. Each courier
who drives a truck and delivers the shopping bags costs the
company €50 per day. Also, it takes about one minute to
bring a pair of bags from the vehicle to the customer’s home.
During the actual delivery phase, the truck is shut down.
Finally, it is estimated that the fuel for the vehicles costs
€0.07 per minute.

The company SuperAmazingMarket asks for your help in
trying to spend as little as possible by establishing

o What vehicles from each supermarket will make the
deliveries.

o What path each of these vehicles must follow.

o What customers each of these vehicles should serve.

In particular, the company is interested in solving the
problem on three hypothetical scenarios, characterized by

o A different number of customers to serve.

o A different number of supermarkets.

o A different number of vehicles available and their allo-
cation to the various supermarkets.

Also, each scenario includes the number of shopping
bags ordered by each customer and what roads can be
traveled.

The instructions given to the students were the
following.

You are five experienced operations research teams look-
ing for job opportunities. You have read the problem of the
company SuperAmazingMarket. You know that only the
group that presents the best solutions will be hired. To
solve the problem, you are free to use any digital technolo-
gies and to make the most of all the operations research
knowledge you have acquired during these years (e.g.,
mathematical modeling, developing ad hoc algorithms, or
variants of those you know). Results will be exposed to the
company executive directors in about a month. Each team
will have 20 minutes for the presentation, in which the
methodology developed will have to be described in detail
as well as how it was applied to solve the hypothetical sce-
narios provided by the company. However, to be sure that
you are working in the meantime, the company:

o Would like to have, within the first two weeks,

- At least one feasible solution of two instances (i.e., for
each instance, the value of the objective function and the vehi-
cle routes and, for each customer, which vehicle serves it).

- The explanation, in general terms, of the methodology,
provisionally adopted, which is potentially applicable also to
other instances not available to you.

o Keeps up to date a shared sheet in which each team can
see who has obtained the best solutions for each of the three
instances.

To update the solutions, each team must contact the com-
pany, sending the new solutions found together with the expla-
nation or pseudocode of the method used (or the improvements
introduced by the last update).

We offered the following warnings:

o Receiving only the new solutions without an explana-
tion attached will not be enough to update the shared sheet.

o Each team will have access to the shared sheet only after
the first solution is submitted.

For the first two weeks, the company also keeps a contact
center active to request information and clarifications regard-
ing the problem, its characteristics, or the project objectives.
The response is guaranteed within 48 hours of the request.

The three hypothetical different scenarios given to
the students were three instances of increasing diffi-
culty in terms of the number of customers to serve: 10
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Table 1. Details of the ROAR in Action! Seminars

Date Speaker Title Topics Reference
Feb. 01, 2022 Marco Gussago (Libraries Office, The interlibrary loan service Routing Raffaele (2022a)
Province of Brescia) from a mathematical point of
Fabio Bazzoli (Sistema view
Bibliotecario Sudovest
Bresciano)

Feb. 14, 2022 Leonardo Drahorad (Amazon)

Amazon Logistics: geospatial

Facility location Raffaele (2022b)

optimization of deliveries

Mar. 02, 2022 Veronica Dal Sasso (Optrail s.r.L.) How maths helps make trains Railway transportation Raffaele (2022c)
work better
Mar. 10, 2022 Martina Fischetti (European Mathematics for a more Sustainability Raffaele (2022d)
Commission, Joint Research sustainable future between Public transportation
Centre) renewable energy and
transport
Mar. 18, 2022 Veronica Asta (OPTIMeasy Srls) Optimization of railway Freight transportation Raffaele (2022e)
shunting Scheduling
operations in the port area
Apr. 08, 2022 Anna Melchiori (World Food Optimus: fighting world Diet Raffaele (2022f)

Programme)

hunger with optimization

Maximum flow

in the so-called demo instance, 15 in instance 1, and 20
in instance 2. To help groups develop and evaluate
their solving methods, we provided them with the
value of the optimal solution of the demo instance.
Online Appendix B illustrates the format used to des-
cribe the instances.

By “contact center,” we meant that students could
write to the two experimenters and one observer.

We point out that competition among groups was
encouraged in two different ways. First, the shared sheet,
constantly updated, was an incentive to encourage the
groups to get better solutions. Second, we promised to
give away a small surprise prize (consisting of a wooden
puzzle game) to the best group in terms of results, qual-
ity, and presentation of the developed approach. How-
ever, we underline that the instructions did not explicitly
state that groups could not collaborate.

Results and feedback received about the final project
are analyzed in Section 5.

7

4.4.2. Discovery Learning. In the second part of lecture 4
(see Section 4.8.4), we assigned to the students a group
work related to the two theorems by Euler about Euler-
ian paths and cycles. In particular, we did not introduce
the students in advance to the needed properties of
Eulerian graphs. On the contrary, we let them tackle a
series of small exercises to discover, formulate, prove
their theorems, and finally solve the well-known prob-
lem of the seven bridges in Konigsberg (see seven brid-
ges in Online Appendix A).

4.4.3. Seminar Presentations. In parallel with the lec-
tures, we conceived and presented ROAR in Action!—
a series of seminars open to all grade 11 and 12 classes

of IIS Antonietti as well as external students from other
institutes or interested people. The main purpose of
ROAR in Action! was to discuss OR and mathematics
applications in several fields. Each seminar was given
by different experts. There were young researchers, a
start-upper, engineers, a computer scientist and philos-
opher, and a graduate in history. All seminars were
held on the Zoom platform with the speakers, our
team, and the classes connected remotely. In particular,
classes exploited laptops and the interactive board in
their classrooms to interact by activating the micro-
phone or writing questions in the Zoom chat. The pur-
poses of ROAR in Action! were many. First was to
disseminate and communicate how OR and mathemat-
ics can be used to address and solve optimization pro-
blems of different natures. Then, there was an aspect
related to student orientation. Indeed, all speakers ded-
icated part of their presentation to illustrating their
background and career path, showing students various
possibilities of what could await them after school or
university. Finally, some topics also covered civic edu-
cation issues.

For each seminar, Table 1 reports the date, the speak-
er’s name, the title and main topics of the presentation,
and a reference to an article on the seminar, published
on MaddMaths!'

4.5. Digital Technologies

As main digital technologies, we adopted Solver (Micro-
soft Corporation 2019), Mentimeter (2021), and Kahoot!
(2022). Solver is an add-in program of Microsoft Excel
used to solve mathematical optimization models, whereas
Mentimeter allows the development of interactive live
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polls to actively involve the students in the activities.
Because we had already used these two technologies
during ROAR I, we again refer the reader to Colajanni
et al. (2023, section 3.5) for more details. Hereafter, we
just focus on the last technology mentioned, which was
not exploited in ROAR I.

4.5.1. Kahoot! According to Wang (2015, p. 218), Kahoot!
is a “game-based student response system where the class-
room is temporarily transformed into a game show,” that
is, it is a learning platform that can be used to review stu-
dents’ knowledge funnily and engagingly. A Kahoot! quiz
is composed of a series of questions and possible answers
designed by the teacher, or in our case, by the experimen-
ters. When a quiz is started, students need to answer as
quickly and correctly as possible by using their devices
to get as many points as possible. A distribution chart and
a scoreboard after each question enhance competition
among students. Also, the presence of colorful graphics
and entertaining music fosters students’ engagement.
Wang and Tahir (2020) performed a literature review on
93 studies about the effects of using Kahoot!, stating that it
can have a positive effect on learning and classroom
dynamics; decreasing students’ anxiety; and increasing
motivation, concentration, and perceived learning.

In ROAR 1II, we developed three Kahoot! quizzes,
composed of 19, 21, and 46 questions, respectively. We
performed the first two during lecture 4 (see Section
4.8.4), whereas the last one was done during lecture 5
(see Section 4.8.5). The main goal was to strengthen stu-
dents” knowledge and understanding of basic notions
of graphs and the main steps of Kruskal’s and Dijkstra’s
algorithms. Figure 1 illustrates a few examples of the
questions presented.

4.6. Questionnaires

Similarly to what we did at the beginning of ROAR I
(see Colajanni et al. 2022, section 3.6), one week before
meeting the grade-11 class in January 2022, we asked
the students to fill in an anonymous questionnaire
about their feelings toward mathematics and their
expectations on ROAR II. Moreover, we requested the
students to use the same nicknames they had adopted
in the analogous questionnaires of ROAR 1. This was
done because we are going to perform a longitudinal
study at the end of the three-year experimentation of
ROAR. Another similar questionnaire was given at
the end of the lectures to receive some feedback on the
whole unit, the final project (see Section 4.4.1), the
workshop at the University of Brescia (see Section
4.8.4), and the series of seminars called ROAR in
Action! (see Section 4.4.3). We developed both ques-
tionnaires with Google Forms, and we shared the
related links with the students. In Section 5.2, we show
the main results.

4.7. Assessment

At the end of the teaching unit, we did not perform a
summative individual assessment. Indeed, as in ROAR
I (see Colajanni et al. 2022, section 3.7), we preferred to
focus on collaborative learning and the development of
soft skills, such as teamwork. We assessed the students’
acquisition of competencies by a final presentation on
the challenge assigned to the five groups (see Section
44.1). This resulted in a formative and summative
assessment. We considered the following four criteria:
work group (in terms of collaboration and harmony),
analysis and deepening of the contents (observation and
reasoning), exposition (clarity, completeness, and lexi-
con), and knowledge and understanding (abstraction
and generalization). For each aspect, each experimenter
and the classroom teacher assigned to each student a
score from 1 (i.e., very poor) to 10 (i.e., excellent). By
computing the average, we obtained the final scores
reported in Section 5.1. We point out that we did not
include, as an individual aspect, the ranking of the stu-
dents” groups obtained by considering the best results
on the three scenarios of the challenge. We took the
ranking of the groups into account along with each
group’s average total score to decide to which group to
award the competition prize.

4.8. Organization of the Lectures

Hereafter follow the details of the seven lectures held in
the grade-11 class at IIS Antonietti from January 17 to
April 23, 2022. For each lecture, we indicate the date,
an overall indicative duration, the structure (i.e., all the
activities performed), the homework assigned, the teach-
ing methods adopted, and the digital technologies used.
Also, we report on the modality of each lecture, how
many students were in the classroom, and how many
were connected remotely (because of COVID-19 quaran-
tine rules).

Typically, we alternated between frontal lectures and
group work activities. In what follows, we use this
typewriter font to write the title of a problem presented
as an example or assigned as an exercise. The texts of all
problems are reported in Online Appendix A. Some-
times, differently from ROAR I, we let students explore
problems by themselves without explaining in advance
the techniques they had to use. This fostered their crea-
tivity and problem-solving skills. In particular, we
adopted this method in lecture 4, when we assigned the
Grafopoli problem and the series of tasks in the Seven
bridges problem, and in lecture 6, for the A trip to
Milan and the Traveling Salesman problems.

4.8.1. Lecture 1. We started this first lecture by making
the students answer a Mentimeter live interactive poll
to recap the main topics and features of ROAR I. Then,
we introduced the basic notions of graph theory by
exploiting an application close to the students’ reality,
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Figure 1. Examples of Questions Composing the Kahoot! Quizzes

@)

In an undirected graph, the undirected path between two vertices is.

A the sequence of arcs connecting the two vertices # the sequence of edges connecting the two vertices
® the arc connecting the two vertices: W the degree of separation of the two vertices

(b)

In graph theory, a tree is...

A an undirected, cyclic, and connected graph 4 an undirected, cyclic, and disconnected graph
@ 'an undirected, acyclic, and connected graph W a directed, cyclic, and connected graph

(©)

Kruskal’s algorithm is used to...

4 determine the spanning tree with minimum cost # determine the spanning tree with maximum cost
L] i _the _shorlesl painilionasourcainodeiioa m none of the previous answers is correct
destination node

(d)

The first step of Dijkstra’s algorithm is...

A updating the costs and the predecessor nodes # identifying the current node
initializing the distances between the source and A :
r L] e re E S is corre
® the remaining nodes none of the previous answers is correct

Notes. (a) On the definition of an undirected path. (b) On the definition of a tree. (c) On Kruskal’s algorithm. (d) On Dijkstra’s algorithm.

that is, social networks. In particular, Facebook and
Instagram were used to discuss the concepts of undi-
rected and directed graphs, respectively. Successively,
we provided the formal definition of some basic notions
of graph theory as indicated in Table 2. After a second
interactive poll, we ended the lecture by assigning some
homework for lecture 2.

4.8.2. Lecture 2. As described in Table 3, to recap the
main definitions introduced during lecture 1, we engaged

students in an interactive live poll asking the following
questions: What concept indicates the number of edges
incident at a vertex? In an undirected graph, how do
you say two edges that have a vertex in common?
What do you call a sequence of edges (or arcs) linking
two vertices? What type of graph has each vertex con-
nected to all the others? In the first part of the lecture,
we corrected the assigned homework, and we retrieved
the text of Mineral water, a transportation problem of
ROARI (see Colajanni et al. 2022, appendix A), to show
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Table 2. Details of Lecture 1

Lecture 1 January 17, 2022

Duration Three hours

Structure 1. Presentation of ROAR IL
2. Live poll to recap what was done during ROAR 1.
3. Introduction to graph theory using social networks:
Facebook friendships and Instagram followers and following.
4. Basic notions of graph theory: definition of vertex/node, edge/arc,
undirected /directed graphs, adjacent vertices or edges, consecutive arcs,
degree of a vertex/node, weight of an edge/arc, isolated vertices/nodes,
subgraphs, complete graphs, undirected/directed paths, degree of separation of
two vertices, connected graphs.
5. Live poll on basic notions of graph theory.

Homework A series of exercises to enforce the graph-theory notions learned:

Graphs, graphs, and more graphs.

Teaching methods Frontal teaching
Interactive polls
Homework assignment
Digital technologies Mentimeter

Modality

14 students, the teacher, and the experimenters were in the classroom.

8 students and the observers were connected remotely.

how that problem could be represented through a bipar-
tite graph. Then, we introduced the minimum spanning
tree problem on undirected graphs (see, e.g., Graham
and Hell 1985) using the Optical fiber problem, a real-
istic situation set in Iseo, the town of students’ school.
We involved students in an active discussion, asking
them how they would have tackled the problem. After

Table 3. Details of Lecture 2

that, we taught them the well-known Kruskal’s algo-
rithm to compute a spanning tree with minimum cost.
In the second part of the lecture, we divided students
into five groups: two groups composed of five students
and three groups of four students. We underline that
the composition of the groups remained the same dur-
ing all successive lectures and the final project as well.

Lecture 2

January 29, 2022

Duration Four hours
Structure

2. Homework correction.

1. Live poll to recap the previous lecture.

3. Graph theory and mathematical modeling with the Mineral water
problem (see Colajanni et al. 2022, appendix A):
- mathematical modeling of the problem;

introduction to bipartite graphs.

3. The minimum spanning tree problem:

4. Group work (45 minutes):
application of Kruskal’s algorithm to the SuperMario problem.

problem definition by means of the Optical fiber problem;
explanation and application of Kruskal’s algorithm.

5. Correction of the SuperMario problem.

6. Homework assignment.
7. Live poll about the lecture.
Representation of an example by means of bipartite graphs

Homework

Finding an application of the minimum spanning tree problem
Application of Kruskal’s algorithm to the Condominium water network problem.

Teaching methods Frontal teaching
Interactive polls
Collaborative learning
Homework assignment
Digital technologies Mentimeter

Modality

21 students, the teacher, and the experimenters were in the classroom.

1 student and the observers were connected remotely.
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Figure 2. Scale Question from the Mentimeter Live Poll at the End of Lectures 2 and 3 to Make Students Evaluate Some Aspects

Related to Kruskal’s and Dijkstra’s Algorithm, Respectively

(@
Simple m
Efficient
Not Very
at all much

Clear @

Applicable to real situations

75

(b)

Simpleﬂ

Efficient

Not Very
at all much

Clear g

Applicable to real situations a5

Notes. The scale used ranges from 1 (i.e., not at all) to 10 (i.e., very much). (a) Students’ evaluation of Kruskal’s algorithm. (b) Students’ evaluation

of Dijkstra’s algorithm.

We assigned to the groups a problem related to the
application of Kruskal’s algorithm, which we corrected
after about 45minutes. Then, we assigned homework
for lecture 3. In the conclusive live poll, we asked stu-
dents to evaluate the following aspects of Kruskal’s algo-
rithm according to their opinion: simplicity, efficiency,”
clarity, and applicability to real situations. Results are
shown in Figure 2(a).

4.8.3. Lecture 3. We started the third lecture using an

interactive live poll to review the notions of tree and
minimum spanning tree as well as the main steps of

Table 4. Details of Lecture 3

Kruskal’s algorithm, and we corrected the homework
assigned. As summarized in Table 4, in the first part of
the lecture, we assigned the groups a problem related
to the shortest path problem (see, e.g., Chen 2003). Dif-
ferently from the previous group works, we did not
explain to the students what algorithm to apply, but we
left them to explore the ideas and approaches that came
into their minds. After 30 minutes, we taught them Dijk-
stra’s algorithm. In the second part of the lecture, we
assigned students another group work, which required
them to both apply Dijkstra’s algorithm and develop
some heuristic algorithms. We gave them 60 minutes,

Lecture 3

February 5, 2022

Duration Four hours

Structure

1. Live poll to recap the previous lecture.
2. Homework correction.

3. The shortest path problem:
- Group work 1 (30 minutes) to solve the Going to University problem;

- problem definition;

- explanation and application of Dijkstra’s algorithm.

4. Group work 2 (60 minutes):

application of Dijkstra’s algorithm and development of heuristic algorithms
to the Grafopoli problem.

5. Correction of the Grafopoli problem.

6. Introduction to writing a pseudocode to describe an algorithm.

7. Homework assignment.

8. Live poll about the lecture.

Homework

Finding an application of the shortest path problem

Application of Dijkstra’s algorithm to the Let’s go to the concert

problem.
Frontal teaching
Interactive polls

Teaching methods

Collaborative learning
Homework assignment

Digital technologies Mentimeter

Modality

21 students, the teacher, and the experimenters were in the classroom.

1 student and the observers were connected remotely.
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after which we reviewed and discussed their ap-
proaches together. Then, we focused on the skill of writ-
ing a pseudocode to describe input, output, and main
steps of an algorithm. We assigned some homework for
the successive lecture, and similarly to what was done
for Kruskal’s algorithm at the end of lecture 2, we asked
students to evaluate Dijkstra’s algorithm as well in
terms of simplicity, efficiency, clarity, and applicability
to real situations. Results are shown in Figure 2(b).

4.8.4. Lecture 4. The fourth lecture, described in Table 5,
was extraordinarily held at the University of IIS Anto-
nietti in the form of a one-day workshop. In the begin-
ning, the grade-11 class was welcomed by Professor
Lucio Zavanella (the director of the mechanical and
industrial engineering department) and by Professor
Renata Mansini (full professor of operations research
in the information engineering department). Professor
Lucio Zavanella and Professor Renata Mansini presented
several engineering courses (in particular, the OR classes)
and answered a few questions from the students. Then,
we started the activities, which were divided into two
parts. In the morning, we first performed a Kahoot! quiz
on the main notions about graphs and Kruskal’s and
Dijkstra’s algorithms. Then, we assigned as a group
work the mathematical modeling of the Grafopoli prob-
lem, which students had already algorithmically solved

Table 5. Details of Lecture 4

during lecture 3. In this lecture, we wanted to model
the problem as the shortest path problem to retrieve
and reinforce students” modeling skills acquired dur-
ing ROAR 1. After 30 minutes, each group discussed
the attempts they made, and we formulated the model
together. Successively, we assigned a second group
work requiring the application of Dijkstra’s algorithm.
Similarly to the first exercise, after 30 minutes, we dis-
cussed the solutions obtained by the groups together.
In the afternoon, after a one-hour lunch break, we
engaged the students in another Kahoot! quiz. Then,
we assigned them a third group work, inspired by
Research in Action (2021), related to the two Euler’s
theorems on Eulerian paths and cycles. After almost
two hours, we discussed the results together. Finally,
we assigned homework for the successive lecture.

4.8.5. Lecture 5. The fifth lecture started with a Kahoot!
quiz and the correction of the homework assigned at the
end of lecture 3. To check these, we designed the follow-
ing peer review activity (Dominick et al. 1997). For both
the Lunch break and the Grafopoli problems, each
group had to design a heuristic algorithm and describe
it using a pseudocode (i.e., by specifying input, output,
and main steps to execute). We provided each group
with the pseudocodes of two other groups (one for
Lunch break and another for Grafopoli). Then, each

Lecture 4

February 11, 2022

Duration
Structure

Six hours (three in the morning + three in the afternoon)
1. Welcome speech by Prof. Lucio Zavanella and Prof. Renata Mansini.

2. Quiz on previous lectures and main notions about graphs.

3. Pseudocode of Kruskal’s and Dijkstra’s algorithms.

4. Group work 1 (30 minutes):

model formulation of the Grafopoli problem.

5. Correction of the model formulation of the Grafopoli problem.
6. Group work 2 (30 minutes):

application of Dijkstra’s algorithm to the Lunch break problem.

7. Correction of the Lunch break problem.

8. Quiz on further notions on graphs.

9. Group work 3 (100 minutes):

series of tasks in the Seven bridges problem.

10. Correction of the seven bridges problem and explanation of Euler’s theorems
on the existence of Eulerian paths and cycles.

11. Homework assignment.
Development of a heuristic algorithm to solve Task 3 and application

Homework

of Solver to solve Task 4 of the Grafopoli problem.
Development of a heuristic algorithm to solve Task 4 of the Lunch break problem.

Teaching methods Quizzes

Collaborative learning
Discovery learning
Homework assignment
Kahoot!

Solver

Digital technologies

Modality

All the students, the teacher, and the experimenters were in the classroom

at the University of Brescia. The observers were connected remotely.
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Table 6. Details of Lecture 5

Lecture 5

March 12, 2022

Duration Four hours

Structure

1. Recap and quiz on previous lectures.
2. Homework correction.
3. Group work (45 minutes):

peer review activity on the pseudocodes designed for the
Grafopoli and Lunch break problems.
4. Seminar held by a university student on the rural postman problem.

5. Homework assignment.
Finding an application of the rural postman problem.

Homework

Teaching methods Frontal teaching

Quizzes and interactive polls

Collaborative learning
Homework assignment
Digital technologies ~ Kahoot!
Mentimeter
Modality

All the students, the teacher, and the experimenters were in the classroom.

The observers were connected remotely.

group had to execute (i.e., perform the operations de-
scribed) and evaluate the algorithms developed by the
two other groups. In particular, for each pseudocode,
each group had to grade the following aspects using a
scale from 1 to 10: clarity of the steps, rapidity, correct-
ness, and efficacy. After 45 minutes, we discussed the
results together and whether they had encountered any
difficulties or issues in understanding or executing the
other groups’ algorithms. In the second part of the lec-
ture, a university student, who had just graduated with

Table 7. Details of Lecture 6

a master’s degree in computer engineering at the Uni-
versity of Brescia, talked about the rural postman prob-
lem (see, e.g., Eiselt et al. 1995). After his seminar,
students had the chance to ask questions to him and the
experimenters to understand the problem better. These
activities are summarized in Table 6.

4.8.6. Lecture 6. In this lecture, detailed in Table 7, we
presented the traveling salesman problem (see, e.g., Dant-
zig et al. 1954). In the beginning, we assigned a first group

Lecture 6

March 21, 2022

Duration Four hours

Structure

1. Recap and homework correction.

2. Group work 1 (30 minutes):
resolution of the A trip to Milan problem by the development of an

heuristic algorithm.

3. The traveling salesman problem : history, applications, and

some heuristic algorithms (nearest/farthest/random neighbor insertion).

4. Correction of the A trip to Milan problem.

5. Group work 2 (45 minutes):

- application of the heuristic algorithms to the Traveling Salesman problem;
- formulation of the Traveling Salesman problem by applying integer

linear programming; implementation and resolution with Solver.

6. Correction of the traveling salesman problem.

7. Summary about all graph problems tackled during the teaching unit.

8. Presentation of the final project of the teaching unit: the VRP challenge.

Homework None.

Teaching methods Frontal teaching
Interactive polls
Collaborative learning
Project-based learning
Competitive learning
Mentimeter

Solver

Digital technologies

Modality

All the students, the teacher, and the experimenters were in the classroom.

The observers were connected remotely.
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Table 8. Details of Lecture 7

Lecture 7 April 23, 2022
Duration Four hours
Structure 1. Final presentation of the groups about the VRP challenge.

2. Questions and answers.
3. Final questionnaire.
4. Conclusion of the teaching unit.
Homework None
Teaching methods Project-based learning
Collaborative learning
Competitive learning

Questionnaire
Digital technologies Google Form

Modality

21 students, the teacher, and the experimenters were in the classroom.

1 student and the observers were connected remotely.

work inspired by a school trip the class would have done
a few weeks later to Milan, Italy. The assignment asked
students to compute how to visit all given points of
attraction in Milan by walking as little as possible. After
30 minutes, first, we formally introduced the problem by
talking about its relevance in OR, and we defined a few
heuristic algorithms. Then, we discussed the ideas devel-
oped by the groups together. A second group work
focused more on modeling aspects of the problem. We
asked students to formulate an integer linear program-
ming model of a given instance. They also had to imple-
ment it and solve it using Solver. We point out that most
groups correctly formulated all the constraints except for
subtour elimination constraints as we expected. Anyway,
one group surprised us. Indeed, by looking at the values
returned by Solver, some students could understand the
issue. Thus, they iteratively added new constraints to
avoid some solutions until they obtained a Hamiltonian
cycle. In other words, they applied a branch-and-cut algo-
rithm without knowing it. In the last part of the lecture,
we presented the final project (see Online Appendix B).

4.8.7. Lecture 7. In the last lecture of the unit, summa-
rized in Table 8, each group had 20 minutes to report
on the solution approaches developed for the final pro-
ject. Also, they had the chance to comment on the main
difficulties and issues faced. Then, to conclude, every
student filled in a final questionnaire about the whole
teaching unit, the challenging final project, the work-
shop at the University of Brescia, and the seminars
described in Section 4.4.3.

4.9. Linking Implementation to Objectives

In Table 9, we summarize how the objectives of the
teaching unit listed in Section 3.1 were achieved and in
which lectures.

4.10. Interdisciplinary Connections
The ROAR in Action! seminars, presented in Section
4.4.3, offered the opportunity to explore transversal

civic education issues, such as a fair distribution of
resources and sustainable mobility. In addition, ROAR
was proposed as a path for transversal skills and orien-
tation (see Section 1). Thus, it contributed to developing
some soft skills, such as the ability to effectively man-
age one’s own commitments by respecting schedules
and deadlines, the ability to plan one’s activities with
motivation and awareness, the ability to act autono-
mously accepting responsibility, and the ability to learn
and work collaboratively with others by interacting in
groups.

5. Results and Feedback

In this section, first, we report on the assessment of the
group work on the final project. Then, we analyze the
results and feedback from the two questionnaires stu-

dents filled in. Finally, we provide some qualitative
feedback on ROAR II received from other class teachers.

5.1. Results of the Group Work

At the end of the groups’ presentation on the final pro-
ject, we evaluated the students” acquisition of compe-
tencies according to the criteria described in Section 4.7.
From Figure 3, which illustrates a box plot diagram for
each assessed aspect, we can see how the students, on
average, achieved high levels of competencies.

5.2. Feedback from Students
We administered two questionnaires to students: an
initial questionnaire before the first lecture and a final
one at the end of the unit. The former was filled out by
22 students, whereas the latter by 21 students. As men-
tioned before, we encouraged students to use the same
anonymous nickname for both questionnaires. Thanks
to these nicknames, we could identify the student who
did not fill out the second questionnaire and discharge
those answers so we could consistently compare the
answers to both questionnaires.

Hereafter, first, we analyze the questions in the final
questionnaire related to students’ preferences about
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Table 9. Linking the Objectives of the Teaching Unit to the Implementation Described in Section 4

Objective How achieved Lectures

1. Introducing graph theory Presentation of the notion of graphs, related concepts, and 1-6
some network problems (i.e., the minimum spanning tree
problem, the shortest path problem, the rural postman
problem, and TSP)

2. Introducing optimization algorithms Definition of the concept of algorithm, and explanation of 2-4
Kruskal’s and Dijkstra’s algorithms

3. Introducing heuristic algorithms Development of heuristic algorithms for TSP and variants of 4-6
some network problems, and introduction to writing
pseudocodes

4. Reinforcing skills acquired during ROAR I Assignment of problems to be solved from scratch by first 4-6
formulating a mathematical model and then solving this by
means of Solver

5. Choosing or developing the right Authentic problems and a challenge as final project 3-7

approach to solve a network problem

6. Collaborative skills Work groups during the lectures, authentic problems, and a 2-7
challenge as final project

7. Public-speaking skills Homework correction together and final presentations on the 2-7

8. Increasing awareness of OR applications

challenge
ROAR in Action! seminars

in reality

topics and methodologies, Lecture 4 held at the Uni-
versity of Brescia, the ROAR in Action! seminars, and
the final project. Then, we compare some questions
from the initial and final questionnaires. To conclude
this part, we include some final students’ considera-
tions about the skills acquired through ROARIL

5.2.1. Preferences on Topics and Methodologies. We
asked students to sort the topics presented in ROAR 11
according to their preferences by placing their pre-
ferred topic in the first place (place 1) and their least
liked topic in the last place (place 6). As shown in
Figure 4, Dijkstra’s algorithm (including the mathemat-
ical model formulation of the shortest path problem) is
the topic students liked the most. In particular, 45% of
the students chose Dijkstra’s algorithm as their favorite,
and 70% of them put it in first or second place. On the
contrary, the traveling salesman problem was the topic
students liked the least. Indeed, 30% of them put the
traveling salesman problem in the last position and
55% of them in the last or penultimate position. Calcu-
lating the average of the positions in which these topics
were put by students, we obtain 2.3 for Dijkstra’s algo-
rithm, 2.95 for graph theory notions, 3.4 for Kruskal’s
algorithm, 3.95 for both Eulerian graphs and the rural
postman problem, and 4.45 for the traveling sales-
man problem.

In Figure 5, we also analyzed students’ responses
about their understanding of the covered topics. Accord-
ing to students” opinions, their favorite topic (Dijkstra’s
algorithm) seems to be also the most understood. Never-
theless, we observe that 100% of the students affirmed

they had understood (at all or in part) graph theory
notions (i.e., representation of relationships, indirect and
direct graphs, basic notions). Instead, about 43% of the
students answered that they did not fully understand or
understood little of the rural postman and the traveling
salesman problems.

Then, we analyzed the answers on students’ pre-
ferred teaching methods. As shown in Figure 6, the use
of digital technologies is the most appreciated method.
In particular, Kahoot! obtained the highest level of
absolute preference and an average score of 3.75, and
only one student did not at all like Kahoot! quizzes.
Mentimeter gained the highest mean score of 3.8. More-
over, the group work during lectures and the collective
discussions between experimenters and students were

Figure 3. Results of the Average Scores Obtained by the Stu-
dents in the Formative and Summative Assessment of the
Final Project
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Note. The scale ranges from 1 (i.e., very poor) to 10 (i.e., excellent).
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Figure 4. Students’ Responses About Their Favorite OR
Topics of ROARII
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appreciated by 100% of the students. The least favorite
teaching methods were the homework assignment and
group work in extra school timewith a mean score
of 2.4 and 2.8, respectively. In general, the appreciation
of the teaching methods used also during ROAR I
remained roughly constant (see Colajanni et al. 2022,
section 5.2.1). The methods used for the first time in
ROARII (Kahoot!, lecture by an expert, challenge, sem-
inar presentation) were quite or highly appreciated by
more than 70% of the students.

5.2.2. Lecture 4: a One-Day Workshop at the Univer-
sity of Brescia. About lecture 4 (see Section 4.8.4), we
asked the students the following open question: what
did this university experience leave you with? Their
responses show that this was positive and pleasant, as
“an experience which helped me understand what uni-
versities consist of” or “an opportunity to see what the
university environment is like, where they do the lec-
tures and the laboratories; in some ways, it also helped
me to understand if this could be my path after high
school or not.” One student understood that the engi-
neering university might not be right for the student, but
this is within the scope of awareness and orientation too.

Figure 5. Students’ Responses About Their Understanding
of the OR Topics of ROAR I
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Note. The Likert scale used ranges from 1 (i.e., absolutely no) to 4
(i.e., absolutely yes).

Not only the orientation activity was appreciated by
the students but also the topics covered that day. Fur-
thermore, students were asked whether they would
repeat this experience. They all answered positively by
writing that they learned new facets of mathematics,
got an idea of university, and found this activity con-
structive and engaging.

Figure 7 shows how much students believe that the
day at the University of Brescia served to guide them
toward possible training courses of their interest. Whereas
57% of the students voted 3 (i.e., useful), the others’ votes
were equally divided between 4 (ie., a lot) and 2 (ie., a
few). No one considers this experience completely useless.

5.2.3. The ROAR in Action! Seminars. As for the orien-
tation seminars described in Section 4.4.3, we asked stu-
dents to sort them by placing their most preferred seminar
in the first place (place 1) and their least one in the last
place (place 6). Figure 8 clearly shows that students’ favor-
ite seminar was “Amazon Logistics: geospatial optimiza-
tion of deliveries.” Indeed, 75% of the students ranked it
in the first place, and 20% of them placed it in the second
place. The seminar titled “Mathematics for a more sus-
tainable future between renewable energy and transport”
also obtained great appreciation from students. Indeed,
15% of the students and 50% of them placed it in first and
second places, respectively. The Amazon Logistics semi-
nar obtained an average score of 1.3, whereas the others
got the following scores: sustainable future 2.6, maths
and trains 3.55, world hunger 3.9, interlibrary loan service
4.75, and railway shunting 4.9.

To the open question—having attended the series of
seminars, which opportunities do you think it gave
you?—many students answered that they had the chance
to understand better how much mathematics and OR are
present and useful “in innovative and engaging working
realities.” Students seemed to be amazed to discover
how OR can be applied to “everyday problems” but also
to “more unpredictable areas, such as world hunger.”

To the question, “If you were offered the opportunity
to participate in another series of seminars, do you think
you would accept? Why?” students positively answered
that they found them engaging. In particular, one student
wrote, “I found them interesting, and I am curious in
what other situations OR can be used.” However, not all
of the students believe that these seminars were useful as
orientation on possible training paths of interest to them
(see Figure 9). Even if 38% of the students found the
seminars very useful and 19% of them a lot useful, one
student (5%) believed that these seminars were not use-
ful at all, and 38% of the students found them a little use-
ful. Thus, there is a distinction between the usefulness
of seminars in promoting OR applications (in different
working areas and real contexts) and their utility in
helping students understand the paths they would like
to pursue at the end of high school. Indeed, although
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Figure 6. Student’s Appreciation About the Adopted Teaching Methods
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Note. The Likert scale used ranges from 1 (i.e., absolutely no) to 4 (i.e., absolutely yes).

some students found the seminars interesting, they also
declared they are not going to continue studying applied
mathematics.

5.2.4. Group Work on the Final Project. We asked the
students to express their opinion on the following ques-
tions related to the final project of ROAR II (see Section
44.1): How challenging do you think the final project
was? How much did you contribute to the achievement
of a feasible/optimal solution for the demo instance?
How much did you contribute to the achievement of a
feasible/optimal solution for instance 1? How much did
you contribute to the achievement of a feasible/optimal
solution for instance 2? How useful was the feedback
from the experimenters on the solutions to the instances
you provided to continue with their resolution? How
much checking the shared sheet (with the values of the
objective functions obtained by the other groups on the

Figure 7. A Day at University—How Useful Do You Think
the Day at the University of Brescia Was to Orientate Yourself
on Your Possible Training Paths (e.g., University)?

0%

52%
=1 =2 =3 =4

Note. The Likert scale used ranges from 1 (i.e,, not at all) to 4 (i.e., a lot).

instances) was perceived by your group as a stimulus to
improve your solutions? How much did you perceive
the climate of challenge among your group and other
groups? We illustrate the responses of students in Figure
10, from which we can see that many students (about
71%) think the final group work was a lot challenging,
and nobody (0%) thought it was not or a little challeng-
ing. On their single contribution to the resolution of the
instances, we can see how they evaluated it as decreasing,
whereas the difficulty of the instance increased. Indeed,
for the demo instance (that is, the easiest), all students
affirmed to have contributed to its resolution (about 33%
alotand 67% enough). As for instances 1 and 2, some stu-
dents affirmed to have not contributed at all or very little.
The feedback from the experimenters seemed to be very
useful: about 52% of students affirmed that it was useful
enough, whereas 33% of them found it a lot useful. The
adoption of a shared sheet is very relevant. Indeed,
according to 57% of the students, it represented an incen-
tive to improve their solutions. Finally, the majority of
students (about 67%) perceived the climate of challenge
among groups (14% a lot, 52% enough).

Figure 8. Students’ Responses About Their Favorite
Seminars
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Figure 9. How Much Do Students Believe That Having
Attended the Series of Seminars Has Served to Orientate
Themselves on Possible Training Courses?
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Note. The Likert scale used ranges from 1 (i.e., not at all) to 4 (i.e., a lot).

5.2.5. Comparison Between the Initial and Final Ques-
tionnaires. To evaluate a possible evolution in the impact
of ROAR on students” motivation and interest in mathe-
matics, we asked a few questions in both the first and final
questionnaires. Hereafter, we compare some of these ques-
tions. The Likert scale used in all these ranged from one
(i.e., absolutely disagree) to four (i.e., absolutely agree).
Figure 11(a) shows the comparison of the responses
to the statement “In my life, I will never use most of the
subjects studied in mathematics.” The percentage of
the students who absolutely disagreed with the state-
ment increased from 10% to 19%. On the contrary, the
students who agreed or absolutely agreed (i.e., three
and four on the Likert scale used) decreased from 52%
to 43%. Moreover, we underline that, in the initial ques-
tionnaire, the majority of students (52%) agreed or
absolutely agreed with the statement, whereas in the
final questionnaire, the majority of them (57%) dis-
agreed or absolutely disagreed with the statement.

Figure 10. Students’ Opinion on the Final Project

16
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We also analyzed the students” agreement with the
statement “Math problems are very abstract and far-
fetched” (see Figure 11(b)).

Despite the percentage of students who disagreed
or absolutely disagreed (81%) and the percentage of stu-
dents who agreed or absolutely agreed (19%) remaining
unchanged between the first and second questionnaires,
we note that the percentage of absolutely disagreed
increased from 10% to 29%. In particular, students who
initially absolutely agreed with the statement (5%) chan-
ged their opinion: 0% of students absolutely agreed
with the statement at the end of the second unit. From
this comparison, we can affirm that ROAR II helped stu-
dents understand the importance of the use of mathe-
matics in real situations.

5.2.6. Final Considerations. To conclude this part dedi-
cated to students’ feedback, we report on some final con-
siderations captured by the second questionnaire. We
asked each student to express how much the student
believed to have acquired the following skills: knowing
how to observe, identify, and describe relationships by
using graph-theory notions (vertices, edges/arcs, indi-
rect/direct graphs, connected graphs, subgraphs, paths,
cycles, etc.; knowing how to formulate an integer linear
programming mathematical model by starting from a
textual description of a problem on graphs or from the
graph itself; knowing how to solve some problems on
graphs by using the presented algorithms and methods;
knowing how to formulate a mathematical theorem
through the analysis of a set of examples and counterex-
amples; knowing how to demonstrate a mathematical
theorem through the analysis of a set of examples and
counterexamples; knowing how to use information
technology to write, analyze, and solve optimization
problems on graphs; knowing how to evaluate the reli-
ability and quality of the solutions obtained; knowing
how to collaborate in a group in order to face and solve
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Note. The Likert scale used for each question ranges from 1 (i.e., not at all) to 4 (i.e., a lot).
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Figure 11. Comparison of the Students” Agreement to Two Statements Included in Both Questionnaires
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Notes. The Likert scale used ranges from 1 (i.e., absolutely disagree) to 4 (i.e., absolutely agree). (a) “In my life, I will never use most of the
subjects studied in mathematics.” (b) “Math problems are very abstract and far-fetched.”

a challenging problem; and knowing how to publicly
present the results obtained through a presentation.

From Figure 12, we can see how, for each one of the
skills, students are believed to have acquired a good
level, especially on collaborating in a group, to face and
solve a challenging problem and on the use of graph-
theory notions to observe, identify, and describe rela-
tionships. The skills in which students felt a little more
lacking are formulating and proving mathematical the-
orems and the use of information technology to write,
analyze, and solve optimization problems on graphs.
This may be due to the little time spent on theorems
(only a part of lecture 4) and on the use of information
technology (which is instead the core part of ROAR III,
the last teaching unit of ROAR).

In conclusion, 76% of the students think that what they
learned during ROAR II will be useful to them in the
future (ie., for their future academic course or job; see
Figure 13). On the other hand, one of the students who
answered negatively believes that the student is not going
to use in the future what was learned because the path
the student is going to pursue probably does not take OR

into consideration. Furthermore, about 81% of the stu-
dents believe that ROAR II changed or impacted their
idea of mathematics (see Figure 14) because they have
realized its several applications in real contexts (especially
thanks to the seminars). One of the students wrote, “In
the beginning, I did not think maths was also needed in
real life.” Three of the four students who answered nega-
tively motivated their answers by explaining that they
already had this idea of mathematics. Indeed, they were
already convinced that mathematics could solve many
problems, such as those seen during the lectures.

5.3. Feedback from Teachers

The mathematics teacher confirms her positive opinion
on ROAR declaring that it “strengthened students’
problem-solving skills. Both ROAR I and ROAR II pro-
vided the students the possibility to see mathematics in
a different way.” Other teachers also gave positive feed-
back about the project. In particular, the English teacher
said that “students were interested and involved in the
activities thanks to a collaboration and sharing climate”
and that “the experts had a value-enhancing attitude

Figure 12. Final Students’ Considerations About the Skills Acquired Using ROAR II
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Figure 13. Do You Feel That What You Have Learned Dur-
ing ROAR II Will Be Useful in Your Future?

=Yes = No

towards the work of all the students.” The Italian
teacher appreciated the practice of starting the lectures
with a structured and easy-to-propose test, which
quickly and systematically recalls the notions previ-
ously explained, and the use of teamwork activities.
Finally, the ICT teacher, who accompanied the stu-
dents during the lecture at the University of Brescia,
underlined that “it was quite helpful to the students
not only because they were able to meet a few teachers
of the faculty and visit some laboratories, but for the
activities carried out.” In particular, she found the stu-
dents positively engaged in the discovery activity pre-
sented in lecture 4 (see Section 4.8.4).

6. Conclusion and Further Work

With this paper, we continue the description of ROAR,
a three-year didactic project addressed to higher sec-
ondary school students. The main aim of this project is
to introduce OR, a branch of applied mathematics, to
preuniversity-level students to make students under-
stand the importance and usefulness of mathematics
in real contexts.

Figure 14. Did ROAR II Change or Impact Your Idea of
Mathematics and Its Real-World Applications?
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In particular, we provide details of the second teaching
unit of ROAR, carried out between January and April
2022 in a grade-11 class at IIS Antonietti in Iseo (Brescia,
Italy). The main purpose of ROAR II was to introduce
some graph-theory problems and a few algorithms to
solve them. As in ROAR I, the unit was divided into sev-
eral lectures alternating frontal teaching and group work.
The new topics allowed students to strengthen their
knowledge of modeling techniques, problem-solving
abilities, and the use of digital technologies. ROAR Il also
exploited three new teaching paradigms, such as compet-
itive learning, discovery learning, and seminar presenta-
tions. The first paradigm was applied in the final project,
which asked for the resolution of a vehicle routing prob-
lem. Each group had to work on the same three instances
of the problem, trying to find the best possible solutions
using a heuristic method or another approach they
would have preferred. The group that did a better job (in
terms of the quality of the solutions and the final presen-
tation) was awarded a symbolic prize. The second para-
digm was the main methodology adopted to introduce
the topic of Eulerian graphs, during a one-day workshop
at the University of Brescia. The third paradigm was
implemented in the ROAR in Action! series of seminars
given by seven different experts.

Feedback received from both students and teachers
was decidedly positive. In the self-assessment ques-
tions of the final questionnaire, on average, almost 80%
of the students stated they had understood each pre-
sented topic quite or very well. The teaching methodol-
ogies used were generally appreciated. In particular,
those introduced in ROAR II were quite or highly
appreciated by more than 70% of the students. We also
highlight that the students’ motivation was very strong.
Indeed, during the breaks in the lectures, they often
preferred to continue group work rather than have a
break. During lecture 4 (the day at University of Bre-
scia), after the lunch break, they returned eager to con-
tinue the activities. Finally, by comparing the answers
to the initial and final questionnaires, it emerges how
the covered topics helped students understand that
mathematics is not so abstract and that it can play an
important role in their life after the end of high school.

We are aware that the sample involved in the project
is small, and the data are not statistically significant.
Nevertheless, the ROAR I and ROAR II samples are
composed of the same individuals as will be the sample
for the third didactic unit. This allows us to evaluate
the impact of the entire three-year project on the skills
stimulated and acquired by the students.

As with the ROAR I material, all didactic material
developed for the lectures has been made available in
a public repository,” now also accessible from the offi-
cial ROAR project website (only in Italian).* In this
repository, those who wish to replicate part or all of
the activities can find other ideas and materials to use
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in the classroom. We believe that the implementation
of active learning and competitive learning is a key
feature of ROAR II. Thus, we strongly suggest not
overlooking it. Also, it is important to dedicate an
appropriate amount of time to each activity. Anybody
is free to adjust the duration and topics of each lecture
according to the time available. We think two hours
could be a reasonable duration for a lesson to include
at least the presentation of one topic and one related
group work. Finally, to further give an interdisciplin-
ary character to the project, it would be relevant to
involve other teachers, such as computer science or
physics teachers.

As for future research, we are going to write a paper
on the final project of this unit to evaluate the impact of
competitive learning on the quality of the work done
by the students. In that paper, we will also analyze the
questions in the final questionnaire not discussed in
this manuscript by deepening the feedback received on
this second teaching unit. Moreover, the experimenta-
tion of the third and final unit of the project (i.e., ROAR
III) started in the autumn of 2023 and finished in Janu-
ary 2023. ROAR III aimed to introduce the use of
Python” and of the PuLP library® to solve mathematical
programming problems. Similarly to what was done
for ROAR I and ROAR 1II, we will report all details
about the design, implementation, and results of this
last unit in another paper.
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Endnotes

1 The main Italian website for the dissemination of mathematics is
https://maddmaths.simai.eu.

2 Here, we talk about efficiency according to students’ ideas on the
rapidity of the algorithm, not in the sense of computational com-
plexity, which we did not introduce to them.

3 See https: // github.com/aliceraffaele/ROAR.

4 See https: //sites.google.com /view /progettoroar/ .
% See https: //www.python.org.

8 See hitps: // coin-or.github.io/pulp/index.html.
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