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Abstract: This study aims to describe the design and development of a STEM problem-solving
activity involving mathematics and physics content. It is an activity whose starting point is a question
based on a real problem: to identify the areas of the classroom where the intensity of sound is higher.
In this way, the problem involves the physics of sound. However, in addition, by trying to give an
answer to the initial question, students have the opportunity to develop progressively more complex
mathematical models from already known mathematical concepts and procedures. The analysis of
the results of the implementation based on the identification of the learning opportunities and the
catalyst elements that generate them, allows us to state that the activity encourages students to enrich
their mathematical models by incorporating new mathematical concepts such as the function of two
variables. We conclude that the design of the activity and the choice of data acquisition technology
are key, but also the interaction between the students and the teacher.
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1. Introduction

The development of science, technology, engineering, and mathematics (STEM) skills
is crucial in an era of rapid technological innovation and global challenges. They are a
necessary foundation for responsible citizenship and for international economic competi-
tiveness. However, even in economically developed countries such as Europe, the United
States and Australia, around 20% of students are not proficient in mathematics or science,
according to the latest results of the Programme for International Student Assessment [1].
This trend highlights the urgent need for research to identify the elements for effective
classroom implementation of STEM learning.

A key aspect to consider when addressing this issue is the design of the activities
proposed to students. A good way to approach the introduction of STEM activities is
through problem solving based on a real situation close to the students’ reality [2]. However,
in order to guarantee the success of the activity, it is necessary that its design starts from
a problem based on a real situation of interest to the students, whose solution involves
concepts from the scientific-technological field supported by mathematical procedures.

Physical phenomena provide a rich context for study, linking the real world with an
abstract representation of it. In such an experimental scientific activity, it is possible to focus
on the understanding of the phenomenon under investigation, but also on the mathematical
concepts and procedures needed to describe it. It is not possible to guarantee that students
will develop their STEM skills when investigating a complex situation, but the choices
students make during the solving process to explain the phenomenon can be transformed
into mathematical learning opportunities (Cai et al. [3], Albarrracin and Gorgori6 [4]). In
this didactic design, it is important to consider not only how to use the available technology
to study physical phenomena, but also the teacher’s knowledge of it and the teacher’s role
in carrying out the activity.
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These types of activities allow students to develop STEM skills. However, when imple-
menting these activities in the classroom, the teacher needs to be able to successfully take
advantage of students’ learning opportunities during the development of the activity [5].
To date, relatively little research has focused on the teacher’s role in this process. Doerr
and Arlebéck [6] provide evidence of teaching practices that foster students’ independence
and autonomy as learners and problem solvers in real contexts. In the same vein, Stender
and Kaiser [7] explore what types of scaffolding and intervention activities are appropriate
to support students” autonomous work when working on modelling activities in groups.
Challenges for both students and teachers arise from working with open-ended problem:s,
making and validating assumptions and interpreting mathematical results in the context of
the given situation [8].

This article presents an exploratory study in which we analyse the design and imple-
mentation of a STEM problem-solving project whose objective is for students to work with
functions of two real variables based on the study of a physical phenomenon. From the
point of view of the didactic proposal, the activity combines specific learning about the
physical phenomenon studied, the possibilities of using different technological tools to
obtain data and the representation of the phenomenon by means of a representation that
involves the concept of function of two variables. In this rich context, it would be possible
to carry out various studies, but the focus of our work is the generation of mathematical
learning opportunities about the functions of two variables.

In this case, the phenomenon studied is sound intensity, but it is feasible to reformulate
this project considering other phenomena such as WiFi coverage. The project challenges sec-
ondary school students to describe mathematically the way in which the sound propagates
in the classroom. The activity leads the students to make some decisions, first about the
process of data collection, then about data representation and, finally about data analysis.
The students” work in the classroom is complex, as they have to deal with the physical
characteristics of the physical phenomenon, the mathematical knowledge that allows them
to describe it formally, and the use of the technological tools to collect and analyse real
data. Throughout the whole process, the teacher acts as a facilitator and intervenes in the
learning process.

In order to explore how to promote advanced mathematical learning through the study
of physical phenomena, in this study we are interested in identifying the mathematical
learning promoted by the activity (which we will call “learning opportunities”) and the
factors that promote this learning (which will be the “catalyst elements”).

2. Theoretical Framework
2.1. STEM Problem Solving Activities

There is currently no clear consensus on whether STEM education refers to the de-
velopment of knowledge within individual subjects or to an interdisciplinary approach
to teaching. However, most STEM applications in real life and in the world of work are
interdisciplinary in nature. Lawrenz et al. [9], note that this ‘reality” provides a compelling
argument for considering interdisciplinary or integrated approaches to STEM education,
although further research is needed on how to effectively integrate this teaching approach
into practice.

This integration of disciplines, and in particular the promotion of the relationship
between science, technology, and mathematics in education, requires a review of what we
mean by teaching through problem solving. To this end, Li and Schoenfeld [10] suggest
that the first step to this is to delve deeper into the nature of mathematics—indeed, of all
STEM disciplines—as a meaning-making activity.

Often, in secondary education, the inductive part of mathematics is ignored and
the deductive part is presented as a series of rote procedures rather than as a way of
making sense of reasoning. One way to overcome this dichotomy and to promote complete
mathematical reasoning is to provide students with appropriate experiences that allow
them to bring into play the content related to formal mathematics in order to organise and
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systematise these experiences (Li and Schoenfeld [10]). On the other hand, traditionally, in
mathematics (but also in other disciplines in the STEM context), most teaching has focused
on the content and practices of the discipline and on what the teacher has to do to enable
students to access it. Instead, it is important that the focus is on the learner’s experience of
the discipline, i.e., on the possibilities that the environment offers the learner to make sense
of the discipline.

With this in mind, we consider, in line with Duijzer et al. [11] that the development of
the STEM problem-solving activities requires the following aspects to considered:

1. Itshould promote the improvement of critical thinking and problem solving skills. One
way to achieve this is to provide an activity that starts from a real-world problem and
allows students to integrate mathematical procedures with non-mathematical concepts.

2. Creativity should be encouraged, so it is necessary to design complex STEM problem-
solving activities that challenge students to develop creative solutions.

3.  Teamwork and collaboration should be encouraged. This is a key aspect of teaching
students to learn to work effectively with and through others.

4. The activity should provide learning opportunities, including those as a practical
nature. Indeed, finding applications of academic content to real-world problems can
contribute to increased student motivation and a greater sense of achievement.

Overall, designing STEM problem-solving activities in secondary school should help
students develop the skills and knowledge they need to succeed in the 21st century.

In relation to the design and implementation of STEM problem solving activities, Hall-
strom and Schonborn [12] point to the importance of considering the notions of modelling
and applications. Indeed, these authors state that “the integration of science, technology,
engineering and mathematics could be greatly enhanced by operationalising the influence,
functions and implications of models and modelling” (p. 4). Based on this idea, in this
study we design a task that allows students to build mathematical models based on a
real problem -identifying in which areas of the classroom have higher sound intensity-
which they will progressively enrich by collecting and analysing the data. In this paper, we
draw on Lesh and Harel’s [13] definition of a mathematical model, which they interpret
as an integrated system of concepts and procedures that makes it possible to describe a
phenomenon. Taking into account what Hallstrém and Schénborn [12] point out, during
the process of solving a STEM problem-solving activity, students use models to describe,
explain, construct, modify and predict from a real experience. Thus, we understand mathe-
matical models as a tool generated by solvers to help them organise relevant information,
to generate or (re)interpret hypotheses about a real situation, to explain how information
relates, and to make decisions.

2.2. The Role of Teachers, Students and Technology in STEM Problem-Solving

Although it is becoming increasingly common for educational programs to address
interdisciplinary approaches to teaching STEM disciplines (see, for example, the new
education law enacted in Spain, Ministry of Education, 2022), their implementation in
everyday teaching practice remains difficult. Several factors that explain this difficulty.
First of all, the integration process is challenging in itself, because it is not always easy to
integrate mathematics content in relation to science, especially at the lower levels, when
students” knowledge is more basic [5]. On the other hand, teachers often lack confidence or
discipline-specific knowledge, the so-called 'STEM teaching skills gap” (see [14]). Finally,
secondary school teachers often have only one area of specialisation (in Spain only one,
in other countries, such as Germany, at most two). This degree of specialisation in initial
training means that teachers, although they have in-depth knowledge of their subject area,
often have a rather narrow view of the relationship of their discipline to other disciplines,
or even of the importance of other disciplines [15]. Indeed, as Pang and Good [16] point out,
the success of science and mathematics integration depends to a large extent on teachers’
understanding of the subject. The results of previous research on integrated mathematics
and science education allow us to identify effective practices in the implementation of
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STEM approaches. Zemelman, Daniels and Hyde [17] list ten good practices for teaching
mathematics and science:

use of manipulatives and hands-on learning;
cooperative learning;

discussion and enquiry;

questioning and conjecture;

use of justification of thinking;

writing for reflection and problem solving;
use of a problem-solving approach;
integration of technology;

teacher as facilitator;

use of assessment as part of instruction.
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It is important to consider these aspects not only in the design of the activity itself, but
also in the design of its implementation, particularly with regard to the role of the teacher
(who should act as a facilitator) and the integration of technology.

Burkhardt [18] describes the change in the role of the teacher from imitative teaching
to problem-solving based teaching. According to this author, the demands are different and,
consequently, the intervention models need to be different. Thus, during the development
of a problem-solving activity, the teacher moves from the role of a transmitter of knowledge
to that of a counsellor who allows students to work with a certain degree of autonomy
by making their own decisions. As Blomhoj and Jensen [19] point out, this change of
roles in relation to more directed teaching can lead to the dilemma of teaching directed
autonomy. To overcome this dilemma (helping and intervening, but without excessively
directing the students” work), Blomhoj and Kjeldsen [20] propose two forms of didactic
intervention. On the one hand, it is necessary for the teacher to prepare a proposal that
promotes student progress, presenting the conditions, objectives, expectations, and material
information that students must provide during the solving process (i.e., the STEM problem-
solving activity proposal must be designed in such a way that fosters the autonomous
work of the solver). On the other hand, through monitoring and, in particular, through
dialogue, the teacher should support learners in overcoming blockages and difficulties
(Blomhoj and Kjeldsen) [20]. Another possible approach is to organise students” work in a
way that promotes their learning. It is common in STEM projects for students to work in
heterogeneous teams, usually organised by teachers (Torras et al. [21]). Cooperative work
is not only a practical matter of serving students, but is also a strategy for harnessing the
dynamics of social interdependence (DeRuntz et al. [22]). Working in a team promotes
positive interdependence, but it is necessary for students to get to know one another and
group interactions must be fostered (Torras et al. [21]).

Doerr [23] develops a theoretical framework for an approach to a problem-solving
that involves the use of technological tools. In this approach we identify important aspects
that have been considered in our work: the starting point is a physical phenomenon that is
identified through a simulation to be analysed using technological tools. Technology plays
a crucial role in STEM problem solving in secondary school. There are some ways in which
technology can be important:

1.  Enhancing the learning experience: Technology can make STEM subjects more engag-
ing and interactive for students. It can provide visual aids, simulations, and interactive
tools that allow students to experiment and test their hypotheses. This helps to bring
abstract concepts to life and makes learning more enjoyable and memorable.

2. Developing problem-solving skills: Technology can help students develop problem-
solving skills by providing them with opportunities to work on real-world problems
using technology-based tools. This allows students to apply their knowledge and
skills to solve problems and challenges they may face in the future.

3. Fostering collaboration: Technology can facilitate collaboration among students, teach-
ers, and experts from various fields. Students can work together on projects, share ideas
and resources, and collaborate with experts to find solutions to complex problems.
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These aspects are essential to the design of our STEM problem solving approach. As
Geiger [24] states, the use of technological tools enriches the solution process. Indeed, the
use of technology in the development of mathematical routines and processes engages
students in collaborative problem solving. The literature describes different roles that tech-
nological tools can play in such activities. The use of technological tools, the possibilities
to visualise information (Brown [25]) or to recreate a context in a simulated environment
(Frejd and Arlebéck [26]) are increased. Technological tools can also be useful for reorganis-
ing information during the solution process, in the sense of determining the way data is
collected or organised, thus facilitating discussions about the nature of the phenomenon
under study (Perrenet and Adan [27]).

2.3. Mathematics Learning Opportunities

In a teaching/learning activity the ultimate goal is for learners to develop new learning
whether in terms of content, processes or attitudes. However, the actual conditions in which
classroom activities take place do not always allow for the corroboration of effective learn-
ing, which is difficult to measure. Therefore, from the perspective of educational research,
there is an interest in identifying those actions that promote learning opportunities for
students. The interest is in learning as a product, as a result of certain conditions including
learning opportunities. It is important to note that in this interpretation, opportunity is
not seen as necessarily implying learning. Indeed, Térnroos [28] pointed out that having
the opportunity to learn is a prerequisite for learning, but a learning opportunity does not
guarantee that students will actually learn.

The concept of learning opportunity itself covers a wide range of situations. On the one
hand, we have large-scale studies that measure learning acquisition. At the other extreme
are micro-studies that address the achievement of specific learning objectives, usually in
classroom activities. In general, studies related to learning opportunities try to explain the
lack of learning as being caused by a lack of opportunities. However, Floden [29] pointed
out that there are other factors that influence learning outcomes, such as the quality of
teaching and the skills of learners.

When the term mathematical learning opportunity is used, it is initially linked to
the analysis of classroom interactions (between students or with the teacher) in which
mathematical knowledge is constructed. Cobb and Whitenack [30] argue that learning
mathematics is a personal process of conceptual self-organisation and enculturation. From
this perspective, a mathematical learning opportunity is a situation in which students have
the opportunity to reorganise their conceptual structures and approaches when confronted
with a new mathematical activity, facing a STEM problem-solving activity. In this way,
learning opportunities are directly related to the specific content to be learned, the learning
process and the characteristics of the learning activity.

Cai et al. [3] consider that any definition of mathematical learning opportunity in
the classroom must necessarily consider the interactions between the following three
elements: the mathematical tasks, the teacher, and the students. The interactions between
the three elements create complexities that are likely to be understood only through multiple
iterations of studies based on successive evidence. To move forward, they suggest that
multiple studies, often on a small scale, should be conducted in order to gradually move
towards more complete and accurate answers.

Wijaya, van den Heuvel-Panhuizen and Doorman [31] have studied the potential of
different types of mathematical tasks to promote learning opportunities. In their work
they concluded that the lack of real-world contextualised tasks in textbooks limits students’
learning opportunities. If the procedure to be used is not made explicit or easily recognis-
able, students cannot determine what might be the appropriate mathematical procedures
to solve the task, which means that they will not develop their ability to identify concepts
or procedures appropriate to a particular task.

On this basis, Wijaya, van den Heuvel-Panhuizen and Doorman [31] recommend
including more tasks based on real-life contexts in classroom practice and provide some
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guidelines on how to implement them. They point out that contextualised tasks should
not only appear immediately after explanations of concepts or procedures, as then the
strategies to follow seem clear. The quality of the tasks is also important: they should be
presented in essential, relevant contexts that can provide opportunities to mathematise or
organise situations mathematically. In addition, consideration should be given to including
superfluous information or requiring a search for new information, so that students have
the opportunity to select relevant information. Finally, they suggest that tasks should
be cognitively demanding so that students can develop complex reasoning that requires
reflection in relation to real-life contexts and the mathematical concepts that explain them.
There are other good practices suggested by other authors, such as the use of digital or
manipulative tools and the involvement of students in research that can improve the
development of mathematical learning opportunities (Vermont report [32]). In addition,
collaborative work enhances learning opportunities.

In this study we seek to identify the learning opportunities that arise during the
development of a STEM problem solving activity involving real data collection and analysis
using different technological tools. This activity is complex in the sense that it requires the
coordination of several elements in order to articulate it in such a way that the learning
opportunities arise. Furthermore, we are interested in finding out what are the elements in
design, technology, teacher intervention or student behaviour that promote the emergence
of such learning opportunities. Thus we will look at what we call catalyst elements, those
factors that create learning opportunities. These elements, as we will explain later, can
be related to the design of the activity (especially the nature or mathematical model of
the physical phenomenon involved in the task), the actions of the teacher, the interactions
between students or the use of particular tools.

3. Goals of the Study

In this study, we explore the potential of a STEM problem-solving activity to promote
mathematical knowledge through the mathematisation of a physical phenomenon. We aim
to identify the key factors for this learning in terms of mathematical learning opportunities.
Our focus is on finding the catalysts that promote the creation of these learning opportuni-
ties. In this way, by identifying these catalysts, we aim to open a way to improve the design
of STEM problem-solving activities in which students generate mathematical knowledge
about abstract concepts from the study of complex real-world phenomena, supported by
the use of data collection technologies.

Therefore, the following research questions were posed in this study:

*  What learning opportunities are provided by the development of a STEM problem-
solving activity based on sound intensity and involving the mathematical concept of a
two-variable function?

*  What is the catalyst for each of these learning opportunities?

4. Methods
4.1. Participants and Data Collected

The experience was carried out over five 50-minute sessions in a school in Onda
(Spain). A group of 32 Year 9 students (14-15 years old) took part, who in turn were
organised into five groups of six or seven students. The activity was conducted by the
teacher of the group and by one of the researchers (except during the third session, when
two researchers participated). During the experience, each group of students had an iPad
on the table to record their discussions and the teacher also had a sound recorder during the
whole experience. All sessions were also videotaped with two cameras placed in opposite
corners of the classroom. To analyse the teacher’s activity during the development of the
task, we transcribed the discussions between the students working in small groups and
the teacher. Sound and video recordings, in addition to handwritten documents, were
used to analyse the students’” performance. Mathematical concepts related to two-variable
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functions are not included in the curriculum of the corresponding level for these students
(Generalitat Valenciana, 2007).

4.2. The STEM Problem-Solving Activity

Students need to answer a specific research question: How is sound intensity dis-
tributed in our classroom? This main question is accompanied by these other questions:
How is sound distributed in the classroom? Does the perception of sound change much
from one point in the classroom to another, and what variables do our perceptions of
sound in the classroom depend on? The purpose of these questions is for students to
describe the physical phenomenon of sound propagation in space. The learning objective
for the students focuses on giving meaning to functions of two variables by working on a
representation of the phenomenon being studied.

The students use the iPad as their main digital interactive tool for both qualitative
and quantitative analyses of the phenomena. The teaching experience was conducted by
the class teacher. The whole activity was observed by the first author of this article as a
non-participating researcher. The teaching sequence is divided into two different parts,
which are described in the following sections.

4.2.1. The Sound Measure Experiment

The first part consists of the sound measurement experiment using a punctual sound
source. This part is divided into three sessions. Below are details of the purpose of each
session and the activities planned by the teacher to accompany the students” work. In all
sessions, time slots are provided for discussion of the activity in the working groups and in
the whole group, to allow ideas to circulate.

During the first session (S1), the teacher explains concepts related to sound and instru-
mental tools. Immediately after this short explanation, the students use the iPad (https://
www.apple.com/ipad/, accessed on 1 April 2023) as a sound meter in the research process.
The students use the Decibel Ultra Pro® (http:/ /www.dev-apps.de/app-decibelultra.html,
accessed on 1 April 2023) app to measure real data from a sound source. The purpose of
this session is to familiarise the students with the instruments they will use in the project
and to give them a first impression of the values obtained when measuring sound intensity
expressed in decibels.

During the second session (S2), the students discuss the discretisation of the classroom
so0 as to produce a sound map of the room. In groups, the students selected an appropriate
procedure for collecting sound intensity measurements that cover all the classroom space.
The idea is to depict a sound intensity map of the classroom based on the punctual sound
source. The sound is emitted from a computer placed on the teacher’s desk. Figure 1
shows the grid pattern chosen by the class after the group discussion, which consists of
a discretisation of the classroom into cells in which the sound intensity will be measured
during the third session.

The third session (S3) is devoted to gathering data by taking sound intensity mea-
surements for each cell of the selected division of the classroom. This session uses a single
source that emits pink noise with a constant intensity. The sound is emitted from the com-
puter speaker located on the teacher’s desk. Figure 2 shows the classroom being prepared
for these measurements.
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Figure 1. Selected measurement points in the classroom.
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Figure 2. The classroom where the STEM problem-solving activity takes place being prepared for the
sound intensity measurements.

4.2.2. Data Representation

In the fourth session the students worked on developing a three-dimensional repre-
sentation of the sound intensity in the classroom using Multilink cubes. They used a flat
matrix representing the map of the classroom on which they placed a certain number of
Multilink cubes to represent the sound intensity values in each zone. The most effective
strategy, which emerged in one of the groups, was to start from the lowest intensity value
recorded (52.15 dB) and increase the height by giving the cubes values of 0.5 dB. Four of
these representations are shown in the Figure 3.

In the fifth session, the sound intensity data collected in Plotly is entered and the
resulting heat maps and contour maps are generated (Figure 4). From these representations
the students work on generating explanations both for the representation format and to
explain how the sound is distributed in the classroom.
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Figure 4. Heat map (left) and contour map (right) of the collected values computed using the online
collaborative tool Plotly®.

4.3. Data Analysis

To analyse the data collected during the experience, the students’ interactions with
each other recorded on the iPads during all the sessions are reviewed, the interactions
with the teacher are also identified and the materials produced in each of the sessions are
qualitatively analysed.

To analyse students” work during the solution process of the STEM problem-solving
activity, we follow Lesh and Harel’s definition [13] of a mathematical model as a conceptual
system that explains a phenomenon in which the concepts are accompanied by the proce-
dures necessary to implement them and which need to be expressed or communicated. In
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previous works, we have used an analysis tool based on the identification of the procedures
used by students, since this is the easiest element to identify and classify, and thus to be
able to identify the concepts that make them necessary in the case that students do not
make them explicit (Gallart et al. [33]).

In this way we can identify the elements that compose the mathematical model that
the students are considering at any given moment, as well as the changes they introduce
to that model they are working with. We will consider that all those situations that
provoke students to consider a change in the model are promoted by mathematical learning
opportunities. This will allow us to identify these learning opportunities, thus responding
to the first objective of the study.

Our second research objective is to identify the catalyst for each mathematical learning
opportunity. To identify the catalyst elements, we analysed the interactions between
students, teacher, and the task they are currently working on. Thus, during the analysis of
the transcripts of the students’ discussions, we first identified the learning opportunities
that appeared as the students progressed through the activity. This identification was done
through a parallel analysis by two of the three authors, followed by a pooling to contrast
and complete the results. Once the learning opportunities have been identified, each of
them is linked to a catalyst. The five categories of catalysts that are defined in the following
lines were established and agreed upon by the three researchers during a joint analysis of
the learning opportunities.

To ensure the reliability of the analysis of the learning opportunities, the three re-
searchers independently analysed the transcripts where learning opportunities were identi-
fied. The aim was to assign at least catalyst elements to each learning opportunity. Since
this is not a univocal categorisation (as a learning opportunity can be generated by sev-
eral catalytic elements) and, moreover, this is an exploratory study, we did not measure
intercoder reliability by means of any test. What we have done is to pool information
between the three researchers. In this pooling to assign categories, we grouped the results
of the three independent analyses. Thus, a catalyst element was assigned to each learning
opportunity whenever there was agreement on the result of the analysis of at least two of
the three researchers.

Catalyst elements can be related to different aspects. Below we describe and illustrate
each catalyst with an example taken from the transcriptions, using T for transcriptions of
teacher interventions, and the letters A, B, C and D followed by a number for the students.

Nature of the phenomenon: Although sound is an everyday physical phenomenon,
students do not have a deep understanding of all its properties and the appropriate way to
interact with it. In the following conversation it can be how students discuss the nature of
sound and some characteristics of sound propagation, based on their previous knowledge.

T: How do you think sound propagates?
A2: There needs to be some always air for sound to propagate

A3: And if there is a wall near the source of the sound, it can bounce, that
produces the echo.

Al: So, there are vibrations in the air!
T: Indeed, the emitting source vibrates and, in doing so, the molecules in the air

receive this vibration and transmit it to neighboring particles. This promotes a
pressure fluctuation, which is called a wave.

Technologies for data acquisition: The different instruments or technological devices
used have a specific way of being used and provide information in their own format. In the
following conversation, students express some beliefs about the expected results of sound
intensity measurements from the instruments used.

[Students try to take measurements with the iPad at their desks. The intensity of the
emitting source is constant, but they observe that the measurement result is variable]

B1: The measurements are not always the same, but no we haven’t moved!
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T: Wow, did you expect the measurements to be always the same?
A2: Of course!

B1: I'm thinking that perhaps the noise is irregular. .. or maybe the iPad’s sensor
is not accurate.

T: How can we get a reliable measurement at a specific point?
B1: We can measure several times and. .. !
B2: Take the average of the values!

B3: I'm thinking that maybe the differences appeared because we changed the
orientation of the iPad. ..see that the microphone is here [points to the exact spot on
the device].

Group work interaction: During the work in small groups, students pool their ideas
and discuss them in order to come up with answers to the problems they encounter. At this
point, the catalytic element is provided by the interactions between students in each group
when the outcomes of individuals are affected by others” actions in the group work.

[Students are discussing how to use the cubes to represent the data)

B1: We must use these little coloured cubes. ..

B2: Yeah, no idea what we can do with this.

B3: This kind of reminds me of the histograms we did in statistics.
B2: Wait...if we look at the data in one row...

B3: We can try to make several columns of cubes, one that represents each of the
measurements in that row!

B1: However are we going to use the colours for anything? We don’t have the
same number of cubes of each colour...

B2: Well, let’s forget about the colours for the moment. .. Let’s focus on seeing
how to raise a column in each cell.

[After this discussion the students have already understood the first step in the represen-
tation of the data. They then begin to collect the pieces to make the first columns. This is
an important moment in the solving process, as the notion of function appears. Indeed,
the discussion among the students allows them to see that they must associate a value
with each point on the plane a value corresponding to the measure of intensity at that
point and that, in addition, this relationship can be represented by raising a column at
each of the points].

Mathematical model of the phenomenon: Students construct a function (understood
as a relation between points on the plane and the sound intensity at that point) which they
must express so that it can be interpreted. This function provides a real value for each point
on a plane and they do not know ways of representing this relationship as can be seen in
the excerpt below.

[Once the students have the data and are ready to represent them using the multilink cubes].
T: How could you represent this data?

C1: We could make a bar diagram. .. for each. ..

T: For each row?

C1: Exactly, we represent with bars the measurements obtained in each row of points.
T: Okay, what would you get then?

C2: I see...then we will have. .. five bar charts?

C1: No, not five, no. We would have about seven rows, so a bar chart for each row.
C2: And we can order them from closest to farthest.

Teacher: As the students progress through the STEM problem solving activity, in fact
as they represent the model of the physical phenomena, they encounter obstacles which
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they consult or discuss with the teacher. The teacher provides them with ideas, concepts, or
tools to make the right choices as can be seen in the teacher’s interventions in the following
conversation.

[Students have already decided that they will raise a column of cubes in each cell according
to the value of the intensity at that point].

D1: We must raise a column in each cell, it will be higher if the value of the
measurement is higher.

T: That’s a good idea!

D2: Yes, but...how do we do it? If there are numbers like that. .. [gesticulates
referring to big]

D1: 10 by 10!

T: Come on, give it a try.

[After a while of trying, the students realise that if they give this value to the cubes, there
is hardly any difference]

T: How are you doing?
D2: It’s going badly, because we don’t know how to represent this data. ..

T: Yeah, they're big and they’re not that different either. .. how about looking at
the difference between the biggest and the smallest of the data?

D1: I have an idea! We can represent the lowest value with a cube and, from
there, we increase. ..

5. Results: Mathematical Learning Opportunities

In this section we detail the mathematical learning opportunities and their categorisa-
tion for each of the working sessions of the activity.

5.1. Sound Measure Experiment Phase
5.1.1. Session 1

During this first session, after explaining to the students that they were starting a
five-session STEM problem-solving activity that would involve taking and analysing data,
basic concepts about the physics of sound were introduced. To this end, the teacher posed
questions to the students such as: How is sound distributed throughout the classroom? Does the
perception of sound changes from one point in the classroom to another? What variables affect our
perception of sound in the classroom?

These questions were discussed in a large group and some preconceptions were
observed, such as the (erroneous) idea that sound is static and present in the classroom
at all times while noise is emitted from a source. It was also observed that some students
believed that noise “travels”, as if it were a substance dissolved in the air. These initial
difficulties make it possible to introduce the concept of vibration and waves.

Next, an exploratory measurement of sound intensity is addressed, introducing the
common unit of measurement, the decibel, and explaining that this unit is derived from a
logarithmic scale. Once this has been explained, the teacher shows how the Decibel Ultra
Pro app works on the iPad device to familiarise the students with the app through a series
of measurements. Although there was not complete silence during the sound emission
and intensity measurements, the students already observed some interesting phenomena.
In fact, the students noticed that there were variations depending on the location of the
measurements, differences in the measurement depending on the orientation of the device’s
microphone, and slight changes in successive measurements under the same conditions.
Table 1 details the learning opportunities identified in this session.
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Table 1. Learning opportunities of Session 1.

Description Catalysts

Sound wave: it is explained in class that a sound wave Nature of the physical phenomenon;
is a disturbance of molecules, caused by vibrations that Teacher

propagate in a material medium, usually air, or even in a

vacuum.

Sound intensity: it is explained to students that sound Nature of the physical phenomenon;
intensity is the amount of energy proportional to the vi- Teacher

brations and pressure changes created in the passage of a

sound wave.

Logarithmic scale: A measurement scale that uses the Teacher
logarithm of a quantity, rather than the quantity itself. It is
commonly used when the data are large numbers.

Ways of representing information on a surface: the Mathematical model of the physical
teacher asks the students about various ways known to the  phenomenon; Teacher

students for representation on a plane. Students propose

different types of graphics or maps.

Decibel Ultra Pro software: students are instructed to use ~ Technologies for data acquisition
the software to make accurate measurements.

Using real data: At the beginning of the session, the Technologies for data acquisition
teacher makes it clear to the students that in the real world,

the empirical work of collecting data is not always an easy

task and that it is necessary to obtain valid and authentic

information to enable them to make judgements.

5.1.2. Session 2

At the beginning of the second session, some of the phenomena observed during the
initial exploratory measurement are revisited: in particular the reduction of sound intensity
as the measurement moves away from the source of the emission. This discussion allows
the teacher to return to the concept of sound as vibration (as opposed to the preconceived
misconception that it is “waves moving in the air”).

Next, the initial problem of the project is recalled: to understand the acoustics of the
classroom, namely to obtain a sound map of the classroom. To do this, each group of
students is given a blank map of the classroom and asked to think about the choices that
need to be made in order to organise the measurement. At this point, the students first
discuss possible interferences in the measurement process due to the classroom furniture.
They also note that it is necessary to discretise the space by setting specific points to
determine sound intensity measurements. To this end, the groups of students agree on the
need to divide the classroom into zones, and gradually, the need for a regular organisation
of the distribution of the measurement points becomes clearer.

Once these initial ideas have been defined and shared, the students, working in
small groups on the maps, make their proposals for the distribution of the measurement
points. Some students, when considering the distribution of the measurement points, make
inefficient approaches, both by excess (as they propose an excessively precise mapping
of the classroom) and by default (some propose taking measurements at five points: four
corners and a central point). The need to define the points at which measurements are to
be taken arises from the students’ discussion, but the teacher’s intervention is necessary
to arrive at a proposal that allows data to be collected in a way that is consistent with the
project’s objectives.

After this discussion, the need to establish a grid to define the exact points of measure-
ment, so that this is done uniformly throughout the classroom space, is discussed. Now the
reflection is about the size of the cells in this grid. At this point, some groups of students
require the use of a measurement tape to obtain the precise measurements of the classroom,
while other groups base their reasoning on the tiles which, after all, also form a grid on
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the classroom floor. This is a key moment when it is necessary to make decisions that will
shape the rest of the activity. After a whole group reflection led by the teacher, students
agree to establish a grid with square cells of one meter on each side. The teacher’s role is
focused on proposing a feasible strategy that takes up the ideas of the students, acting as a
facilitator of the project’s development. Table 2 shows the learning opportunities identified
in this session.

Table 2. Learning opportunities of Session 2.

Description

Catalysts

Decrease in intensity with distance: students experiment
with the phenomenon of decreasing intensity with distance

Nature of the physical phenomenon;
Technologies for data acquisition

from the sound source and provide their explanations for
the change in the values obtained.

Verbal descriptions of physical constraints considered Nature of the physical phenomenon
in the real situation: students discuss the variations in
sound intensity in each area of the classroom due to the
constraints introduced by the furniture, the distance to the
sound source and the geometry of the classroom boundary.

Ways of dividing a plane surface: since it is not possible ~ Teacher
to get data for each point on the class plane, students

discuss ways of dividing the plane and note that there are

multiple ways and that some ways fit the needs of the

study better than others.

Grid: students discretise the plane from a structure of rows  Technologies for data acquisition
and columns to obtain representative measurements of the
entire surface of the classroom.

Adequate distance between measurement points: stu- Technologies for data acquisition;
dents note that it is necessary to maintain a balance be- Group work interaction

tween the effort required to carry out all the measurements

and the desired accuracy.

Need of discrete measurement: Students identify the Group work interaction
need to make divisions in the classroom to make mea-
surements.

The grid as a two-dimensional form of representation: ~Mathematical model of the physical
students observe that the plane can be represented using  phenomenon; Teacher

two dimensions and that this fact conditions the way in

which they must refer to each measuring point, so that a

notation referring to two variables must be generated to

denote each point on the plane.

5.1.3. Session 3

The third session is dedicated to taking measurements in the classroom. The starting
point for this session is the grid set up to determine the points at which measurements will
be taken. However, before starting the measurement process, the teacher leads a guided
large group discussion. This discussion is based on the possible influence of the device on
the measurement taken. At this point, the teacher recalls the phenomenon observed during
the exploratory measurements of the first session, where variations in the measurements
were noted depending on the orientation of the microphone of the device.

On the basis of this question, students reflect and discuss how to tackle this problem.
They conclude that they can take more than one measure at each point. Once this idea is
established, they discuss what to do with the values obtained: after discarding one of the
extreme values, they decide that the most reasonable thing to do is to take several values
and to average the measurements at each point, thus overcoming measurement errors. Once
the students have arrived at this idea, the teacher intervenes to facilitate decision-making
suggesting that they take four values at each point, one from each direction in relation to
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the source of the sound emission: from the front, from the back and from both sides. This is
a complex learning opportunity in which the characteristics of the data acquisition tools,
the interaction of the students to overcome the limitations encountered and the intervention
of the teacher to overcome the difficulties are intertwined. Table 3 details the learning
opportunities identified in this session.

Table 3. Learning opportunities of Session 3.

Description Catalysts

Arithmetic mean as a form of error minimisation: Mea- Technologies for data acquisition;
surement errors can be systematic or random. Systematic =~ Group work interaction; Teacher
errors are due to the use of poorly calibrated instruments

and therefore, not taking these effects into account influ-

ences the measurements taken. Others can be random

and unavoidable, which are those due to the observer, or

those that reflect the dispersion of the magnitude mea-

sured when repeating the experiment. The errors detected

in the experiment were of both types.

Use of an application to measure sound intensity: The Technologies for data acquisition
Decibel Ultra Pro® application provides sound intensity
values, but like any device it can have accuracy errors.
The students tested the robustness of the app in capturing
data. In the same area, without moving and in silence, two
different intensity values are obtained, which makes us
think of ways to help us avoid this technological obstacle.

5.2. Data Representation Phase
5.2.1. Session 4

During this session, the students had to use the material provided (Multilink cubes of
different colours and a grid base) to represent the values obtained during the measurement
in the previous session.

For this purpose, each group of students was given with a table of the mean values
obtained in each of the grid cells. The instruction given to the students was: “Look carefully
at the map of the classroom and the mean data of the values obtained in each of the grid
cells. Using the coloured blocks you have in your group, you should try to represent the
numerical information in a way that gives a useful representation that allows us to better
understand how sound intensity is distributed in the classroom”.

At the beginning of the session, students were asked to share their reflections on the
data collected the previous day. At this point, students looked at the differences between the
values in different parts of the classroom and tried to assess whether they were meaningful.
In addjition, the reflection was guided towards the mathematical interpretation of the data,
showing that in this case there is a relationship that assigns a numerical value to each
region of the plane (the measure of the intensity of the sound). The aim was for the students
to begin to understand the situation as a functional relationship between the plane and
the set of real numbers. Next, the students had to discuss in small groups to agree on a
representation system based on the Multilink cubes.

At this point, different ideas emerged in each group, some of which are highlighted
below. First, the students had to decide what meaning they wanted to give to each of
the cubes. For example, in one group the students decided to make a column of cubes
representing the intensity where it was highest. From there, they tried to make shorter
columns by removing cubes. However, they soon realised two issues: the number of cubes
is limited and it is necessary to decide what value to give to each of the cubes (since the
values collected in the measurement had two decimal places). Once these constraints
were identified by the students, it was observed that they used different solutions to try to
overcome them.
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Some students thought that since there were blocks of different colours, they could
assign a value according to the colour: for example, blue represents 10 dB, red 5 dB, green
1 dB, white 0.5 dB, pink 0.1 dB and so on. The problem is that they soon realised that they
didn’t have enough cubes of any one colour. This led them to try rounding the values
to whole numbers. However, they found that rounding prevented them from observing
differences between the measurements. This led the students to a very interesting key idea:
in order to represent the data accurately, it is necessary to move the vertical axis of the
coordinates, starting from the whole number corresponding to the lowest measurement.
Table 4 details the learning opportunities identified in this session.

Table 4. Learning opportunities of Session 4.

Description

Catalysts

Three-dimensional representation: they are made to see
that an object or entity is three-dimensional if each point
can be located by specifying three numbers within a certain
range. For example, in our classroom case, height, length
and depth. This concept is closely linked to the concept of
a function of two variables.

Mathematical model of the physical
phenomenon; Teacher

Function of two variables: in experimental sciences, it
is very common that we are interested in expressing one
variable (variable we are often interested in expressing a
variable (response variable or independent variable) as a
function of two or more variables.

Mathematical model of the physical
phenomenon; Teacher

Range: when designing the strategy, students find the
obstacle of the lack of cubes to execute it, and therefore,
they will have to reflect on the concept of range, which is
the interval between the maximum and minimum value of
the values they have available to them. From it, they will
be able to estimate the value that they have to to assign to
a cube to make a representation without missing any cube.

Group work interaction; Teacher

Using visual strategies to represent data: Students have
to make a three-dimensional representation of the data
found in the table representing the mean sound intensity
values for the marked points in the classroom. Students in-
troduce the use of different colours of the cubes in their rep-
resentation. This promotes a learning situation in which
the need to use visual representations to provide informa-
tion is appreciated.

Mathematical model of the physical
phenomenon; Group work interac-
tion

Learning to ask questions to validate results: The teacher
uses interventions such as strategy redirection to manage
the strategies that groups devise. manage the strategies de-
vised by the groups. In both groups, the same error arises
the same mistake, which consists of omitting the decimal
values and using only the integer part. For this reason,
the teacher emphasises the need to provide meaningful
information that is coherent with the data provided in the
table. If two columns have the same height, this would
mean that that the same loudness has been reached at the
two measurement points. Asking questions such as “What
does the height of these columns mean? helps students to
check the status of their solutions.

Teacher

5.2.2. Session 5

In the last session, the aim was for the students to try to represent the information
collected during the measurement in a two-dimensional form. For this purpose the session

was held in the computer room.
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At the beginning of the session, the students had difficulties in thinking of possible
flat representations of the sound distribution, but some of the ideas that had emerged in
the previous session were very useful here. For example, when working with the cubes,
some groups thought it would be a good idea to place cubes with warmer and more intense
colours in the areas where the intensity of the sound was greatest. Therefore, the students
soon thought that assigning a colour to each cell according to a graded colour scale was a
good way of presenting the data in 2 dimensions. This is the first version of a heat map
showing the results of the measurements taken in the classroom.

Having introduced this idea, the teacher recalls the concept of the contour line. Al-
though the contour line had not been used in mathematics before, it was a representation
with which the students were familiar. Pupils were familiar with it from the study of
physical maps in geography class, and also from the maps with isobar lines that are com-
mon in the meteorology section of television news bulletins. Table 5 details the learning
opportunities identified in this session.

Table 5. Learning opportunities of Session 5.

Description Catalysts

Heat maps: This is a graphic in which specific areas are  Mathematical model of the physical
highlighted using colour coding based on criteria, such as  phenomenon; Group work interac-
highlighting areas of higher or lower sound intensity. tion; Teacher

Contour lines or contour maps: Very often the functions Mathematical model of the physical
of two variables are represented by their contour lines. phenomenon; Group work interac-
Indeed, the representation of functions of two variables by  tion; Teacher

means of contour lines is particularly interesting, because

they are simple to interpret and much easier to represent.

They are those lines on a map that join those the points

that have equal sound intensity, thus clustering the regions

of the plane with sound intensities in the same sound

intensity range.

Search for alternatives to show the same result: The Mathematical model of the physical
teacher stresses the need to work in a productive and ef- phenomenon; Group work interac-
ficient way. To this end, he uses resources such as the tion; Teacher

invitation to reflection and the conduction of the strategy,

so that the idea of improving the strategy carried out dur-

ing session 4, which was based on a three-dimensional

representation of the data, is reflected. The teacher uses re-

sources such as inviting reflection and conducting the strat-

egy to reflect the idea of improving the strategy carried out

during session 4, which was based on a three-dimensional

representation of the data, and to obtain the same infor-

mation but using a two-dimensional representation that is

much more manageable.

Relate the result obtained to everyday information: The Teacher
teacher talks about and shows a picture of contour lines,

which appears continuously on isobar maps when we hear

about the weather. This fact allows them to have a real

reference of the functionality of the heat maps.

6. Discussion

The literature on STEM teaching and learning highlights its complexity and the dif-
ficulties it poses for both teachers (Diana et al. [34]) and learners (Shekhar et al. [35]).
In our study we have focused on identifying the mathematical learning opportunities
(Cai et al. [3], Wijaya, van den Heuvel-Panhuizen and Doorman [31]) that sound intensity
analysis promotes in a classroom and the catalyst elements that promote the development
of the mathematical model that students build.
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First, we have identified a large number of mathematical learning opportunities. Some
of these are related to concepts specific to physics as a discipline, motivated by the choice
of a physical phenomenon as the starting point of the modelling activity (Ortega and Puig
[36], Ortega, Puig and Albarracin [37]). However we have also identified opportunities
related to other essential aspects of the characteristics of the activity and, particularly
noteworthy, to the combination of several of these characteristics. These characteristics that
act as promoters of learning opportunities are what we have called catalysts in this study.

In compiling the identified catalysts, we first identified the need for complex measure-
ments and the use of the data obtained, as well as their management, and representation.
There are several elements that need to be combined to create a mathematical model that
adequately represents the sound intensity in a classroom. In this way the choice of software
and its characteristics is a key element in the design of the activity, since it involves a series
of decisions in the method of data acquisition, data management and representation of
results are key procedures. In this sense, it is necessary for the teacher to anticipate the
implications of the characteristics of the tools to be used, as small differences may imply
very different uses in the STEM problem-solving process. We conclude that STEM problem
solving activities should consider the use of technological tools (Greefrath et al. [38], Daher
and Shahbari [39]) and that the design of the activity should aim to promote students’
reflection on their actions and the decisions they make, which are those that connect the
real world and mathematics. Here, reflection on actions with data collection tools and the
consequences of decisions are fundamental for the development of the modelling activity
(Perrenet and Adan [27]).

In the same way, the teacher who guides the activity has a key role to play. It is not
enough to design a STEM problem solving activity, it is imperative that the teacher knows
how to foster classroom situations to promote learning opportunities. These mathematical
learning opportunities are significant when the teacher invites students to participate and
keeps them on track. This type of intervention is the most common in our experience. We
interpret this fact as follows: when the teacher appears during a discussion in a group,
students try to explain their strategies clearly and at the same time they think about them
aloud in order to be clear and easy to understand. When students discuss with the teacher,
they can more easily see when something does not fit into their argument. However, when
the teacher brings the students back into line (acting as a resource manager), the students
interpret their results and, in some cases, they modify their solution plans or even reject
them. In this way, we conclude that the teacher’s role has a formalising element in the
mathematical activity, which is key to giving a defined form to the mathematical model.

Our study shows that for teacher interventions to be effective, the concepts to be stud-
ied must emerge from the interaction between students (DeRuntz et al. [22]). There is also
some evidence of differences between intra-group and extra-group debates. In the former,
the teacher tends to act as a resource manager or even as an observer. Moreover, during
the intra-group debates, we find that the teacher’s interventions lead to the promotion
of procedural and managerial learning opportunities, but always helping to concretise
the procedures necessary to materialise the concepts that the students consider as part
of the developed model. Therefore, the richest learning opportunities identified in this
study have a complex catalyst, starting from the difficulty of obtaining a measurement
or representing data, through a discussion among the students in a group in which the
concepts that support the constructed model are generated, and are consolidated when the
teacher’s intervention is necessary to provide procedures unknown to the students that
allow the materialisation of these concepts. However, in whole group discussions (extra
group debate) the teacher tends to act as a facilitator and mainly promotes conceptual
learning opportunities (Blomhoj and Kjeldsen [20]).

This exploratory work confirms that the implementation of a STEM problem-solving
activity is, also from the teacher activity point of view, a very complex task, in line with
Diana, Turmudi and Yohannes [34]. We have identified several aspects about students
interactions and teacher interventions that can lead to deeper studies. We understand that
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other physical phenomena that have a similar mathematical formulation can be studied
in classrooms, such as the intensity of WiFi or the temperature in the classroom, but the
way in which these values are measured, as well as the relationship that students have
with these phenomena, is different. Therefore, we consider that it is necessary to study to
what extent the concepts and procedures used by students can be transferable from the
study of one phenomenon to another, as well as the elements that the teacher must take
into consideration to guide the activity.

All this leads us to the main contribution of this study. We confirm that it is possible
to design and implement a realistic STEM activity based on modelling (Hallstrom and
Schonborn [12]) in which mathematical knowledge is the focus of learning. This allows us
to overcome an instrumental use of mathematics within STEM activities by using realistic
contexts. A key element of the implementation is the need to promote complex learning
opportunities (Cai et al. [3]) in which it is necessary to coordinate the characteristics of
the phenomenon studied, the possibilities and limitations of the technological tools used
(Geiger [24]), the interaction of the students that generates the main concepts to analyse the
phenomenon (Ortega et al. [37]) and, finally, the role of the teacher (Burkhardt [18]). In this
sense, the teacher has a multiple role: proposing the activity, guiding it and facilitating the
students” work. It is the transition between the teacher’s roles that provides the greatest
number of learning opportunities in conjunction with group work.
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