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Abstract

Mathematical knowledge is essential for adult learners’ advancement in academic and pro-
fessional settings; however, instructional strategies for adult learners in higher education
often emphasize memorizing procedures while neglecting their personal and professional
experiences. Such approaches limit opportunities to leverage these experiences for devel-
oping meaningful mathematical understanding. Grounded in the Models and Modeling
Perspective, this exploratory qualitative case study examines how a Model Development
Sequence (MDS) supports the development of mathematical knowledge of adult learners
returning to higher education. The participants were a group of seven first-year business
adult learners enrolled in the Applied Mathematics in Business course at a higher education
institution. Data were analyzed using protocol coding to describe the types of mathematical
models the participants constructed. Findings indicate that participants progressed from
creating models requiring redirection, grounded in proportional reasoning, to developing
more sophisticated models based on linear and exponential functions. The MDS supported
learners in refining, extending, and adapting their models, strengthening their conceptual
understanding of variation, linear and exponential functions, and covariational reason-
ing. Moreover, the participants’ personal and professional experiences were central to
model development. This study contributes to research on adult mathematics education by
demonstrating the potential of MDS to support meaningful mathematical learning.

Keywords: adult learners; mathematics education; mathematical modeling; higher
education; model development sequences; model-eliciting activities

1. Introduction
Mathematical knowledge is essential for all individuals to understand, interpret,

and engage with the world around them. Consequently, mathematics education plays a
fundamental role in the training of adult learners, who represent a vital component of the
educational system, revitalizing learning communities in families, workplaces, and society
at large (UNESCO, 2016). However, traditional mathematics teaching methods limit adult
learners’ potential to draw on their valuable prior experiences (Safford-Ramus et al., 2016),
and existing instructional recommendations for them often originate from research with
K–12 students (National Research Council, 2012). Moreover, despite calls to strengthen
adult education (e.g., UNESCO, 2016, 2020; U.S. Department of Education, 2025), there is
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limited evidence to guide effective instructional strategies for adult learners (National
Center for Education Evaluation, 2021). Therefore, this research contributes to the urgent
call to advance research efforts that enhance understanding of instructional strategies
tailored for adult learners and thereby support the transformation of education to include
all individuals (UNESCO, 2016).

Adult learners are active participants in society; therefore, expanding their educa-
tional opportunities impacts both their personal and family development as well as the
resolution of society’s most urgent challenges. In most countries, students aged 15 or
18 years and older are considered adult learners (UNESCO, 2020). These students “par-
ticipate in a substantial range of social practices, such as working (or seeking work),
parenting, caring and housework, budgeting and organizing consumption, and voting”
(Evans et al., 2012, p. 204). Adults often return to education with the goal of improving
employment opportunities, which can enhance not only their own prospects but also those
of their families and communities (Sokolova & Mohelska, 2015). Enhancing adult education
therefore entails providing opportunities for adults to update, complete, or broaden their ed-
ucation, enabling the development of skills and capacities that support better life outcomes.
In this context, UNESCO (2016) emphasizes the importance of learning processes that foster
knowledge, skills, and competencies necessary to participate effectively in rapidly evolving
social and work environments. Thus, understanding that these adults are an integral and
active part of society, their education is a crucial tool to “alleviating poverty, improving
health, and contributing to sustainable learning societies” (UNESCO, 2016, p. 8).

Adults returning to higher education face both challenges and advantages that must
be considered in their mathematics education. Galligan and Taylor (2008) define adult
learners returning to the study of mathematics as those who have never studied math-
ematics or who return to it after entering the workforce. This means, for example, that
“a 16-year-old who left school at 15 years and is now in the workforce is classified as an
adult learner, while a 17 or 18-year-old who has entered university directly from school
is not so classified” (p. 100). This category also includes those considered adult learners
returning to higher education, namely individuals who left school to join the workforce and
later returned to pursue postsecondary studies. These students often continue studying
while working, which adds challenges for them in comparison with traditional students,
since they must balance postsecondary education with personal, professional, and financial
responsibilities (American Council on Education, 2025). At the same time, their immersion
in the workforce provides them with knowledge and skills distinct from their younger
peers, including a broader range of life and professional experiences (Knowles et al., 2005).
These experiences are also shaped by the mathematical knowledge and abilities that they
use continuously to address the problems that arise in their professions or in their everyday
activities. Despite this, mathematics instruction frequently emphasizes the memoriza-
tion of procedures, neglecting adult learners’ everyday and professional competencies
(Chisman, 2011, Safford-Ramus et al., 2016), This approach tends to abstract adult learn-
ers’ experiences from their learning processes, limiting opportunities to leverage these
competencies in the classroom (FitzSimons, 2019) and may hinder the development of mean-
ingful mathematical understanding (Safford-Ramus et al., 2016). Therefore, responding
to the call to improve adult education requires incorporating opportunities in mathe-
matics instruction that allow adult learners to draw on their personal, professional, and
mathematical experiences as central components for promoting the development of their
mathematical knowledge.

Mathematical modeling is an approach that leverages students’ experiences to support
the development of their mathematical knowledge. This approach is widely recognized
as a fundamental practice in mathematics education worldwide (Stillman & Brown, 2023).
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Modeling activities provide opportunities for students to develop, apply, and extend their
mathematical understanding to interpret and solve problems that are relevant to real-
world contexts (Hjalmarson et al., 2020). Moreover, mathematical modeling represents a
shift from traditional instructional methods that emphasize mechanistic procedures often
disconnected from learners’ contexts. Instead, it promotes learning experiences that enable
students to construct mathematical knowledge by making sense of situations grounded in
“extensions of their own personal knowledge and experiences” (Lesh et al., 2000, p. 616).
For these reasons, and others examined in greater depth in the following sections, we
argue that mathematical modeling could serve as a suitable approach for supporting the
mathematical learning of adults.

Accordingly, this article presents the results of a study aimed at addressing the urgent
need to expand research in the field of adult education by exploring the processes through
which a group of adult learners develop mathematical knowledge while participating in a
sequence of activities based on mathematical modeling.

2. Mathematical Modeling and Adult Learners
According to Díez-Palomar (2015), research that proposes the use of mathematical

modeling with adult learners (e.g., Civil et al., 2021; De Souza et al., 2015) illustrates the
evolution of inquiries developed over many years within the field of adult mathematics ed-
ucation. This approach provides a fresh perspective on the discipline and has opened space
for new questions regarding how mathematical modeling can contribute to strengthening
curricula designed to support adult learners’ development of mathematical knowledge
(Díez-Palomar, 2015).

De Souza et al. (2015) analyzed the mathematical, technical, and reflective discus-
sions of a group of 21 adult learners without a high school education who participated
in a modeling activity. These authors argue that mathematical modeling implemented
with adult learners “is beneficial to discuss theoretical concepts connected to real prob-
lems and to bring the mathematics classroom closer to students’ real lives” (p. 122).
De Souza et al. (2015) found that mathematical modeling enables adult learners to interact
between group members, which is not usual in mathematics classrooms; discussions about
mathematics contents related to real life; and the need to make decisions in order to solve
different activities in the classroom. These authors point out that it is necessary to continue
expanding research on mathematical modeling with adult learners in different real-life
situations, such as contexts involving interests like bank loans or investments.

Civil et al. (2021) conducted research with adult learners, specifically mothers. Under
Civil et al.’s approach, mathematical modeling is understood as an “iterative process
whereby we use mathematics to understand or analyze some situation” (p. 414). The
modeling activity proposed by these authors engaged adult learners in using elementary-
level addition and subtraction to model and calculate the amount of paper required to
create a paper flower decoration, as this task was meaningful to the participants. They
emphasize that choosing a context close to adult learners’ interests is fundamental in
modeling tasks. Furthermore, Civil et al. (2021) highlight that “modeling tasks allow for
solvers with varying types of knowledge to engage in the context and learn from each
other” (p. 433).

Carreira et al. (2011) conducted a study that included a group of 17 adult learners
enrolled at the 9th-grade level. These students participated in a modeling activity designed
within the context of cookery. The authors’ approach focused on examining the knowledge
expressed by students while engaging in a modeling activity situated in contexts related to
the everyday experiences of adult learners. Their findings highlight that understanding
proportion and proportionality are central elements for adult learners when addressing
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modeling tasks. They also emphasize that, when students’ mathematical resources are
limited, life experiences play a crucial role in the modeling process. Therefore, they stress
that teaching mathematics to adult learners should include instructional strategies, such
as modeling, that encourage students to draw on their professional, personal, social, and
everyday experiences.

Montero-Moguel and Vargas-Alejo (2022), drawing on the Models and Modeling Per-
spective (MMP) (Lesh & Doerr, 2003), explored how the implementation of a Model Eliciting
Activity—“open-ended, realistic, client-driven problems that require the creation or adap-
tation of a mathematical model for a given situation” (Diefes-Dux et al., 2008, p. 17)—can
contribute to the development and evolution of adult students’ understanding of the
exponential function. The findings of these authors highlighted the role that such model-
ing activities play in fostering the evolution of adult students’ modeling cycles. How-
ever, they also emphasize the importance of future studies that integrate Model De-
velopment Sequences (MDS)—modules based on a models and modeling perspective
(Lesh & Doerr, 2003, p. 35)—into research with adult students. As noted by authors such
as Vargas-Alejo et al. (2024), Hjalmarson et al. (2008), and Lesh and Doerr (2003), these se-
quences expand opportunities for students to engage in more prolonged iterative processes
centered on a “big idea” embedded within the sequence, while also enabling researchers
to explore relevant aspects that emerge after the completion of MEAs. However, research
involving the use of MDS with adult students remains limited.

This body of research concurs that incorporating mathematical modeling into adult
education enables the integration of meaningful contexts for learners while advancing
their mathematical knowledge. However, it also highlights the lack of research studies
that include MDS, which, as Lesh and Doerr (2003) have noted, expand students’ learning
opportunities and “provide rich research sites for investigating the interacting develop-
ment of students” (p. 35). Additionally, most research has focused primarily on adult
learners at pre-university levels, limiting knowledge about adult learners returning to
study mathematics in higher education. Moreover, as Galligan and Taylor (2008) have
noted, adult learners returning to study mathematics in higher education constitute a
significant group of adult learners who face particular challenges; however, research on
this population remains limited and often emphasizes understanding their backgrounds
rather than examining instructional practices that foster their learning.

Therefore, advancing the field of adult education requires conducting research that
informs teaching approaches that enhance the learning of adult learners returning to study
mathematics in higher education. Taking into account these considerations, this study
specifically focused on expanding knowledge about the development of mathematical
knowledge in adults returning to higher education. Specifically, based on the characteristics
of the case study, which are described in greater detail in the Methods section, the research
question guiding this study was: How does a MDS support the development of mathematical
knowledge related to exponential functions and their associated covariational reasoning in adult
learners returning to higher education?

3. Theoretical Framework
This study was grounded in the MMP, developed by researchers (e.g., Lesh, 2010;

Lesh & Doerr, 2003) interested in preparing students for academic and professional suc-
cess. Disciplines such as engineering and business constantly require the interpretation,
description, and explanation of complex systems through the construction of mathematical
models (Lesh & Doerr, 2003). The MMP suggests that mathematics learning should equip
students to tackle the real-world challenges that they will face professionally. In contrast to
traditional instruction, which often frames mathematics learning as a process “of gradually
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adding, deleting, linking, uncoupling, and de-bugging mechanistic condition-action rules”
(Lesh & Doerr, 2003, p. 32), within the MMP the learning of mathematics involves the
construction of models and relevant constructs. The models to which the MMP refers can
be defined as

conceptual systems (consisting of elements, relations, operations, and rules gov-
erning interactions) that are expressed using external notation systems, and that
are used to construct, describe, or explain the behaviors of other system(s)—
perhaps so that the other system can be manipulated or predicted intelligently. A
mathematical model focuses on structural characteristics (rather than, for exam-
ple, physical or musical characteristics) of the relevant systems.

(Lesh & Doerr, 2003, p. 10)

These models are modified, expanded, and extended as students engage in model-
ing activities and interact with their classmates, leading to the development of model-
ing cycles or iterative cycles of interpreting the problem situation (Lesh, 2010; Montero-
Moguel & Vargas-Alejo, 2022; Sevinc & Lesh, 2018). Under this definition of models,
Lesh and Lehrer (2003) emphasize that the development of students’ mathematical knowl-
edge cannot be focused exclusively on the computations they can perform; rather, it must
also include relevant aspects such as the kinds of situations they can describe mathemat-
ically and the models they have developed. Furthermore, since model development is
considered a living entity in constant evolution, continually adapting and transforming, it
is essential for students to participate in learning experiences that foster this development
(Lesh & Yoon, 2004).

Consistent with adult learning theories, this perspective emphasizes that adults seek
meaning from experience, where learning is a rational and metacognitive process involving
reassessment of reasons supporting problematic perspectives (Mezirow, 2006). Moreover,
learning cycles are further promoted to higher developmental stages through collabora-
tive teamwork involving clear, purposeful and shared goals within meaningful contexts
(Kayes et al., 2005). Consequently, to elicit and support the development of students’ mod-
els, the MMP proposes that students engage in modeling activities and/or MDS designed
as a developmental sequence alternating between individual and team episodes to address
problematic perspectives in meaningful contexts.

3.1. Model Development Sequences

The MDS are a series of contextualized activities set in real-world scenarios, struc-
turally connected, and designed to foster students’ development of mathematical models,
while also providing researchers with rich sites to investigate students’ model development
(Lesh, 2010; Lesh et al., 2003; Vargas-Alejo et al., 2024). These sequences are composed of
modular activities, allowing them to be adapted for a variety of purposes, and their design
provides guidance to students without relying heavily on teacher direction (Lesh, 2010).
The MDS are composed of the following activities: Model Eliciting Activity (MEA), Model
Exploration Activity (MXA), and Model Adaptation Activity (MAA) (Doerr et al., 2017).

3.1.1. Model Eliciting Activities

The first activity recommended in constructing an MDS is the MEA, which is an open-
ended problem-solving activity that involves “simulations of real-life problem-solving
situations, which are explicitly designed so that significant adaptations of concepts are likely
to occur during sufficiently brief periods of time” (T. J. Moore et al., 2013, p. 142). MEAs are
constructed according to six design principles of MEAs: Personal Meaningfulness Principle,
Model Construction Principle, Self-Evaluation Principle, Model-Externalization Principle,
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Simple Prototype Principle, and Model Generalization Principle (Lesh et al., 2000). These
principles ensure that the task in the MEA is situated in real and meaningful contexts for
students (personal meaningfulness principle), providing enough information for them to
evaluate their own models (self-evaluation principle) and to externalize their thinking and
documenting their models during peer interactions (model-externalization principle). In
this way, students create mathematical models (model construction principle) that are both
shared and reusable in other situations (model generalizability principle), while keeping
the models simple yet capable of supporting the development of meaningful constructs
(simple prototype principle) (For details, see Lesh et al., 2000). These principles allow
MEAs to enable students to “elicit their current understandings of the problem, the context,
and relevant mathematics” (Hjalmarson et al., 2008, p. 43).

The implementation of MEAs requires one or two full class periods to complete
(60–90 min) (Lesh & Doerr, 2003; Vargas-Alejo et al., 2024). MEAs include three stages: a
warm-up activity accompanied by guiding questions that help students situate themselves
within the context, a team-based modeling task, and a plenary group phase in which
teams present their final models. Although MEAs provide rich data for investigating
conceptual adaptations over short periods, students’ model development does not end with
these activities. Additional activities within the MDS facilitate the investigation of model
progression that occurs subsequent to students’ completion of the MEAs (Lesh, 2010).

3.1.2. Model Exploration Activities

The MXAs are designed to investigate the nature of the levels and types of under-
standing that students still need to develop after completing the MEA (Lesh et al., 2003).
MXAs support students in developing additional representations of mathematical concepts
and help refine the models generated during the MEA (Lesh, 2010). During the MXA,
students can explore, analyze, compare, and contrast the models that emerged during
the MEA (Hjalmarson et al., 2008). Although the organization of activities within a MDS
may vary, the MEA–MXA configuration fosters student understandings that are “more
richly connected to topics associated with a variety of textbook topic areas; they are far
better grounded in students’ personal experiences; and, they were far more resistant to
forgetting” (Lesh, 2010, p. 28). MXAs may also incorporate technological tools such as
diagrams, animations, and computer simulations (Lesh et al., 2003).

3.1.3. Model Adaptation Activities

MAAs aim at “using the conceptual tool that was developed in the model-eliciting
activity (and refined in the model-exploration) to deal with a problem that probably would
have been too difficult to handle before the tool was developed” (Lesh et al., 2003, p. 49)
and include the three stages present in MEAs. Although the activities contexts may differ,
within the MDS the MAAs are designed to preserve the structural similarities of the MEA
and MXA. The MAA allows students to use the models developed in the MEA and refined
in the MXA in new contexts, thereby expanding their opportunities to construct models
that are both compatible and reusable (Doerr et al., 2017; Vargas-Alejo et al., 2024).

3.2. Models and Modeling Perspective and Covariational Reasoning

Covariational reasoning is fundamental in students’ education, both for the de-
velopment of their mathematical knowledge and for their understanding and model-
ing of the phenomena that surround them. The covariational reasoning we refer to
can be defined as “the cognitive activities involved in the coordination of two varying
quantities while attending to the ways in which they change in relation to each other”
(Carlson et al., 2002, p. 124). This form of reasoning is essential not only for students to
develop their mathematical knowledge but also to “develop useful and robust conceptions
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of functions” (Thompson et al., 2007, p. 423). Moreover, covariational reasoning is crucial
for understanding and describing phenomena that people encounter in real life, which
often involve dynamic functional situations (Carlson et al., 2003; Oehrtman et al., 2008).
Therefore, given its significance, the comprehension of covariational reasoning has become
a critical area of research in mathematics education to identify how covariational reasoning
is developed and the tasks that foster its development (K. C. Moore & Carlson, 2012).

The MMP has served as a relevant framework for investigating students’ covariational
reasoning. Carlson et al. (2003) argue that all citizens should be fluent in modeling
phenomena in which the rate of change varies. Accordingly, these authors, drawing on the
MMP, addressed questions such as: “What effect does the use of model-eliciting activities
have on the development of undergraduate students’ covariational reasoning abilities?”
(p. 466). Their findings highlighted that MEAs “provide both teachers and researchers
with a powerful lens for viewing students’ reasoning and concept development” (p. 465).
In addition, they call for further research to expand knowledge on the effects of MEAs in
promoting and exploring covariational reasoning.

Carlson et al. (2003) proposed analyzing this reasoning using the Covariation Frame-
work introduced by Carlson et al. (2002). This framework proposes five developmental
levels of students’ covariational reasoning: Level 1, Coordination; Level 2, Direction; Level
3, Quantitative Coordination; Level 4, Average Rate; and Level 5, Instantaneous Rate. Each
level is associated with images of covariation that support the mental actions required
to coordinate changes in one variable with respect to another. For instance, at Level 2,
“the images of covariation can support the mental actions of coordinating the direction of
change in one variable with changes in the other variable” (Carlson et al., 2002, p. 358).

Montero-Moguel and Vargas-Alejo (2022) also grounded their work in the MMP
to investigate the development of covariational reasoning and the evolution of students’
models. These authors proposed the Assessment Guide for Models related to the Concept of
Function (AGMCF) to analyze the development of students’ models as they solved an MEA
constructed on the big idea of the mathematical concept of the exponential function. This
guide was grounded in the Quality Assessment Guide from Lesh (2010), which “is designed
to help teachers (and students) evaluate the products developed in response to model-
eliciting activities” (p. 32), and in the Covariational Framework (Carlson et al., 2002).

Montero-Moguel and Vargas-Alejo (2022) identified four emergent levels in their
AGMCF to analyze the types of models. Model T1: Requires Redirection, referring to mod-
els grounded in the concept of the linear function and proportionality, with covariational
reasoning associated with the level of coordination; students required interaction with
their classmates or instructors in order to refine their models. Model T2: Requires Major
Extensions or Refinements, referring to models grounded in the exponential function; how-
ever, students still showed difficulties identifying when to use the linear or the exponential
function, and their covariational reasoning was associated with coordination and direction.
Students required continued work on additional processes of refining their models. Model
T3: Situated, referring to models constructed to provide a solution to the situation in the spe-
cific context and grounded in the exponential function; students differentiated the relevance
of using the linear or the exponential function, and the covariational reasoning exhibited
by students was related to coordinate the rate of change between the variables. Model T4:
Sharable and Reusable, described as “the tool is not only effective for the proposed problem
but is also easily adaptable for use in similar situations outside the context of the current
problem” (Montero-Moguel & Vargas-Alejo, 2022, p. 227); these models indicate that stu-
dents supported a level of covariational reasoning related to coordinate the average rate
of change between the variables. The results of Montero-Moguel and Vargas-Alejo (2022)
showed that MEAs facilitated the evolution of students’ models; however, some students
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advanced to Model T4, while others reached only Model T3. Therefore, these authors call
for further research to expand knowledge on the development of covariational reasoning
using MDS.

These studies (Carlson et al., 2002; Montero-Moguel & Vargas-Alejo, 2022) have re-
vealed the importance of incorporating MEAs to investigate and develop students’ co-
variational reasoning. However, it is important to highlight that the exploration of MDS
regarding the development of models and covariational reasoning is limited, and both
studies call for expanding research using modeling activities under the MMP framework
to further explore students’ covariational reasoning.

4. Methods
4.1. Research Design

To address the aim of this study, we conducted an exploratory qualitative case study
(Yin, 2018). The rationale for this approach is that case studies allow for an in-depth focus
on a phenomenon (Yin, 2018). In our case, this method enabled us to address the research
objective of expanding knowledge about the development of mathematical knowledge in
adults returning to higher education.

4.2. Participants

For this case study, we selected a group of adult learners returning to higher education,
adhering to the definition of Galligan and Taylor (2008) as individuals who left school to
enter the workforce and later returned to pursue higher education studies. Specifically,
the case presented in this article involves a group of seven adult learners, aged 22 to 35,
who returned to complete their undergraduate studies in their business major at an urban
higher education institution. All participants worked during the mornings and attended
classes in the evenings.

All participants were enrolled in a program for adult learners at a higher education
institution in Mexico. This program addresses the needs of Mexican adults who have
completed elementary and secondary education (equivalent to K–12 in the United States)
and entered the workforce without completing higher education. These adults, who intend
to pursue a university degree, often face time constraints that prevent them from enrolling
in a traditional full-time program. Consequently, this program adopts a blended learning
approach, combining face-to-face and online classes. In-person sessions are scheduled
during evening hours to allow students to fulfill their work commitments. Therefore, the
implementation of the MDS was carried out during the in-person sessions with a group of
students enrolled in this program, all of whom were adult learners pursuing a bachelor’s
degree in business.

All participants were enrolled in the Applied Mathematics in Business course, which
is a required course within their program of study. The table below (Table 1) provides
information about the participants’ employment.

A curricular review of the course revealed that one of its fundamental topics is the
study of exponential functions, given their relevance to investment behavior. Furthermore,
this review indicated that the types of mathematical problems proposed for teaching the
concepts of functions and exponential functions were similar to those described in the
existing literature (e.g., Chisman, 2011; Safford-Ramus et al., 2016). That is, these consisted
of traditional problems focused on following mechanical and algorithmic processes. At the
beginning of the study, the instructor mentioned that the participants had not yet covered
the topic of mathematical functions. Therefore, to address the research objective and to be
aligned with the specific characteristics of the case study, the guiding research question for
this study was:
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How does a MDS support the development of mathematical knowledge related to expo-
nential functions and their associated covariational reasoning in adult learners returning to
higher education?

Table 1. Characteristics of participants at the time of study participation.

Participant Employment Age Gender Educational Qualification

S1 Warehouse Associate 28 Female High School Diploma; First-year
Undergraduate Student

S2 Administrative Assistant
(Food Company) 35 Male High School Diploma; First-year

Undergraduate Student

S3 Owner of a Small Family-Owned
Business 26 Male High School Diploma; First-year

Undergraduate Student

S4 Manufacturing Worker 22 Male High School Diploma; First-year
Undergraduate Student

S5 Sales Representative 26 Male High School Diploma; First-year
Undergraduate Student

S6 Sales Representative
(Health Products) 22 Female High School Diploma; First-year

Undergraduate Student

S7 Office Assistant 32 Male High School Diploma; First-year
Undergraduate Student

Furthermore, in accordance with the MMP theoretical framework used in this study,
our analysis extended beyond computational procedures to focus on the mathematical
models constructed by the participants (Lesh & Lehrer, 2003), as described in the following
sections. The definition and bounding of the sample, consisting of seven adult learners,
are consistent with the methodological design of this exploratory case study (Yin, 2018).
This sample prioritized an in-depth examination of a bounded context rather than broad
generalization. The study was conducted during the mathematics course, which had eleven
students, all belonging to the same program and all adult learners returning to higher
education. The sample of seven adult learners reflects those who agreed to participate in the
study or who completed the sequence of activities. Other than the voluntary participation,
there were no specific characteristics distinguishing students.

4.3. Data Collection Procedures

With the aim of eliciting the development of mathematical models and participants’
thinking, we specifically designed the Population and Environmental Care MDS for this
study. It followed the recommendations of the MMP (Lesh & Doerr, 2003) and was con-
structed in contexts relevant to the participants. Based on the curriculum review, the
mathematical concepts underlying the sequence are: function, linear function, and expo-
nential function; including their associated concepts such as variation, covariation, and rate
of change. The Population and Environmental Care MDS followed the MEA–MXA–MAA
configuration and is detailed below.

4.3.1. Population and Environmental Care Model Development Sequence

The Population Growth and Its Impact on Roadways MEA consists of three stages.
The first section consists of a warm-up activity in which adult learners have the opportunity
to read a news article describing the effects that rapid population growth has on roads
and pollution. After this reading, adult learners are asked to answer questions about the
article and are encouraged to discuss the metropolitan area context, sharing their personal
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experiences on the topic. The second stage of the MEA presents the problem situation,
providing data on the population and the estimated growth rate according to the national
census for the identified metropolitan area. In this section, adult learners are asked to
draft a letter to the Department of Transportation with the goal of describing the projected
population growth in their metropolitan area over the coming years. Finally, in the third
stage, the group plenary, participants present their models while other teams and the
instructor engage by asking questions about their presentation.

The related MXA consists of three teacher-led activities. The first activity, MXA-1,
encourages adult learners to discuss the concepts of function and exponential function that
emerged during their MEA. The second activity, MXA-2, is a dynamic exercise where adult
learners and the teacher participate in a simulation using NetLogo 6.0.4. (Wilensky, 2018)
within the context of the spread of infectious disease. The third activity, MXA-3, involves
adult learners interacting with a GeoGebra applet to identify the behavior of exponential
functions. The goal of this activity was for adult learners to refine their understanding of
exponential functions that emerged during the MEA and to develop a system of language
and representation that would allow them to describe the associated mathematical concepts.

Finally, the Save, Invest, and Protect the Environment MAA consists of three stages.
The first stage is a warm-up activity in which participants have the opportunity to read a
news article describing the harmful effects that excessive electricity consumption has on
the environment. Afterwards, they are asked to answer questions about the article and
are encouraged to discuss the context and how the use of energy-saving lamps can reduce
electricity consumption. The second stage presents a problem situation, providing real data
on electricity consumption, the number of incandescent lamps, and their energy usage in a
company. This stage encourages participants to prepare a presentation for the company’s
management, explaining how replacing incandescent lamps with LED lamps can reduce
electricity consumption and generate savings that could lead to investment opportunities.
Participants are asked to select investment products and create a model to describe and
predict investment behavior. Similar to the MEA, in the third stage of the MAA, students
participate in the group plenary.

4.3.2. Model Development Sequence Implementation

The Population and Environmental Care MDS was implemented in the adult learners’
classroom, specifically during the first three sessions of the second module of the Applied
Mathematics in Business course, with each session lasting three hours. This module
was chosen because the intention was to implement this MDS before the adult learners
became familiar with the topic of exponential functions. Each activity in the sequence was
implemented over a class period. The participants were free to choose their own teams,
which were organized as follows: Team A: S1 and S2, Team B: S3, S4, and S5, Team C: S6
and S7. The participants had access to pencils, paper, and computers.

The role of the instructor in each activity varied. In the MEA and MAA, the instructor
participated by asking questions to the teams that allowed them to reflect on their proce-
dures, aiming to encourage adult learners to self-evaluate their constructed models. In all
three MXA activities, the instructor had a more participatory role through interventions
with questions and directed reflections for the group.

4.4. Data Collection

Following Yin’s (2018) recommendations for case studies, we utilized multiple sources
of evidence derived from the implementation of the Population and Environmental Care
MDS. Data collection involved gathering audio recordings, written documentation, and
researcher observations. The audio recordings included participant interactions during the
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MDS problem-solving process, covering both the resolution process and the presentation
of their final models. The written documentation came from the models constructed by the
teams, which included paper documents, spreadsheets, Word documents, and PowerPoint
presentations.

4.5. Data Processing and Data Analysis

The data processing and organization involved the review and systematic organization
of multiple sources of information collected, including audio recordings, written documen-
tation, and researcher observations. All audio recordings were transcribed and reviewed.
Subsequently, the data organization first involved organizing the data according to the
three types of activities within the MDS. The data were then also organized by participants
and by the teams in which participants worked during the resolution of the MDS.

To identify the processes of adult learners’ mathematical knowledge development,
we grounded our analysis in the foundations of the MMP, examining the model develop-
ment that occurred during their participation in the Population and Environmental Care
MDS. Specifically, we conducted a protocol coding, defined as “the coding of qualitative
data according to a pre-established, recommended, standardized, or prescribed system”
(Saldaña, 2016, p. 175). We used as codes the types of models suggested by the AGMCF
(Montero-Moguel & Vargas-Alejo, 2022). As described in detail in the theoretical framework
section, this guide includes four model types: Model T1: Requires Redirection, Model T2:
Requires Major Extensions or Refinements, Model T3: Situated, and Model T4: Sharable
and Reusable. This data analysis was conducted across the different data sources collected
during the implementation of the MDS activities, as described below.

• Audio recordings. Transcriptions of the audio recordings capturing team interactions
during the MDS problem-solving process, as well as transcriptions of each team’s
final presentations, were analyzed using codes derived from the AGMCF. The analysis
focused on identifying evidence of the types of models constructed by participants
throughout their collaborative discussions and explanations.

• Written documentation. Participants’ written documents were examined using the
AGMCF as the coding guide. These documents included the representations used to
construct their models, such as graphical representations, tables, and written explana-
tions. The analysis examined how these representations reflected the development
and refinement of the models produced by participants.

• Researcher observations. The researcher’s field notes collected during the implemen-
tation sessions were also analyzed. These notes were used to identify observations
related to participants’ problem-solving processes, interactions, and model develop-
ment during the activities.

Thus, the analysis focused on examining, across all collected and organized data, the
types of models that participants constructed throughout the entire process of resolving the
MDS. In the Results and Discussion sections, examples of this analysis are presented. The
data (e.g., audio transcripts, figures) presented as examples in this article were translated
from Spanish into English by the authors.

4.6. Validity Criteria

To address the validity criteria, we followed Yin’s (2018) recommendations for case
studies, which included the use of multiple sources of evidence—“evidence from two or
more sources, converging on the same findings” (p. 153)—and triangulation, which allows
for the intersection of these different sources. Thus, during the analysis, we characterized
the types of models constructed by the participants by examining and comparing their
procedures across these different sources, ensuring the triangulation of the data sources.
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In addition, following Yin’s (2018) reliability criteria for exploratory case studies, we
documented the procedures followed in our case study, which are described in the data
processing and data analysis section.

4.7. Methodological Transparency

The first author is a bilingual Spanish–English researcher who holds a Ph.D. in In-
terdisciplinary Learning and Teaching. Earlier in his career, he worked for several years
in industry as a mechanical engineer while also serving for six years as a mathematics
instructor for adult learners in Mexico. He later returned to graduate study and completed a
master’s degree in mathematics education, obtaining the degree with a thesis that included
work with adult learners. Subsequently, he pursued doctoral studies in Interdisciplinary
Learning and Teaching, grounding his dissertation in a conceptual framework that included
the foundations of the Models and Modeling Perspective. Throughout his scholarly work,
he has conducted research using qualitative case study methodologies.

The second author is a researcher with a Ph.D. in Mathematics Education and more
than 30 years of professional experience in teaching and research. Earlier in her career, she
worked as a professional in mathematics and physics at a state research center for nine years,
where she participated in projects that promoted science and mathematics learning among
children through playful, exploratory approaches. During this time, she also designed
workshops for teachers at kindergarten, primary, and secondary levels. In addition, she
studied action research and andragogical approaches to work effectively with adult learners.
Later, she returned to graduate studies and, since 2012, has worked with the Models and
Modeling Perspective as a framework for designing workshops and guiding master’s
theses in mathematics education. Her research work has primarily focused on qualitative
approaches to studying learning and teaching processes in mathematics education.

The third author is a bilingual/bicultural scholar with more than three decades of
experience teaching and conducting research in Mathematics and STEM Education. Her
research has focused on the design, implementation and evaluation of innovation and
technology-supported STEM education reforms in international settings. She also conducts
qualitative and quantitative research approaches to study mathematical modeling for
student learning, in teacher professional development, and in assessment.

4.8. Ethics Statement

This study adhered to established ethical guidelines for research involving human
participants in accordance with international standards, with participation being entirely
voluntary.

5. Results
In this section, we present the results concerning the identification of mathematical

knowledge related to exponential functions and their associated covariational reasoning
through the development of models by adult learners. The analysis, guided by the AGMCF
(Montero-Moguel & Vargas-Alejo, 2022), was essential for identifying and describing the
types of models constructed by the adult learners. Our analysis revealed that, during the
MEA, adult learners initially constructed models requiring redirection (T1) that were based
on a linear function. However, as their work progressed, their models evolved into T2,
T3, and T4 models and became grounded in exponential functions. The instructor’s guide
during the MXA facilitated the unpacking of the models created in the MEA, allowing
the adult learners to discuss their MEA models and the mathematical concepts associated
with linear and exponential functions. Finally, the adult learners individually constructed
models to solve the MAA. At this stage of the MDS, all adult learners had constructed
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models exhibiting the characteristics of T4 models. In the MAA, adult learners’ models
demonstrated a stronger understanding and a clearer distinction between the concepts of
linear and exponential functions. The design of the MDS, situated in contexts relevant to the
adult learners, supported the development of their self-assessment and decision-making
processes. The results and discussions were organized according to the adult learners’
modeling processes in each activity of the MDS (MEA, MXA, and MAA).

5.1. Models Developed by Teams to Solve the MEA

The MEA was designed in the context of the damage and pollution caused by popu-
lation growth and mobility in the city where the adult learners live. The first stage of the
MEA, which involved reading a news article followed by discussion, encouraged adult
learners to share their own experiences and concerns related to the topic. For example,
the adult learners shared their personal, everyday challenges related to commuting from
work to the university, even comparing the travel times from previous years to the present.
They also emphasized poor road planning in certain areas and its impact on them, whether
commuting by car or public transportation. These discussions highlight the relevance of
the context chosen for the MEA, particularly when it is targeted at adult learners.

The second stage of the MEA required adult learners to draft a letter to the Department
of Transportation explaining the impact of population growth. The MEA provided adult
learners with real data on the city’s population and growth rates. During the problem-
solving process, the adult learners developed three cycles of modeling while solving this
MEA: initial team models, final team models, and a final individual model. In the following
sections, we include some examples of the models constructed by the teams.

5.1.1. Initial Models Developed by Teams to Solve the MEA

The analysis revealed that all three teams encountered difficulties during the first
cycle of the MEA. For example, Team A struggled with applying the population growth
rate, and all three teams initially assumed a constant growth rate over the years. However,
despite the challenges, all three teams constructed initial models to address the MEA. The
following section presents selected examples of the teams’ models.

Initially, team A struggled with converting percentages to decimals, using 0.17 instead
of 0.017 (or 1.7%), and with handling population figures in the millions over multiple years.
Through a process of self-evaluating their results in relation to the context, they corrected
their conversions. Team A’s initial model included an Excel table based on the use of
addition, subtraction, and multiplication formulas to analyze their population estimates for
the metropolitan area. In this table, they calculated the first year’s growth by multiplying
the initial population in millions, 4.299, by the annual growth rate of 0.017, obtaining a
result of 0.073803. They then assumed that this amount represented a constant annual
increase population for the following years and used summation procedures to estimate
population growth in subsequent years—that is, they added 0.073803 to each successive
year recursively.

Teams B and C followed similar procedures to construct their initial MEA models. One
difference was that, although both teams used calculators to carry out their mathematical
operations, Team C utilized Excel to store their records, whereas Team B relied on paper
and pencil. For instance, Team B calculated 1.7% of the initial population (4.299 million)
and obtained 0.073, which they added to 4.299 million to determine the population for
the year 2019 (4.372 million). Based on these calculations, they determined the population
growth in millions of inhabitants and found that in 2018 the population would increase
by 0.073, in 2019 by 0.074, and in 2020 by 0.075. Therefore, since they used three decimal
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places, Team B explained that they assumed the increase would be 0.001 each year and
added this value to the previous total to calculate the population for the subsequent years.

5.1.2. Final Models Developed by Teams to Solve the MEA

Following their initial models, the adult learners continued working to develop their
final models, which they would present during the MEA group plenary phase. The
refinement of the initial models emerged during the process of constructing the letters for
the “client”, as requested in the MEA. Discussions among the adult learners, as well as
their interactions with the instructor, contributed to their self-evaluation of the models.
The following excerpts present selected examples from the adult learners’ letters and
discussions, revealing the refinement processes undertaken by them.

The three teams documented their models through letters addressed to the client and
presented them verbally during the plenary session. For instance, Team A’s letter reveals
that adult learners focused on providing the client with their reflections on the issue of
population growth, as they had previously mentioned, had personally affected them. At
the beginning of the letter, they wrote: “We present our opinion and analysis [ . . .], with the aim
of reflecting on the topic and presenting solutions to implement actions that improve the quality
of movement and urban growth control, thereby enhancing the quality of life for the population”.
This excerpt was also accompanied by the adult learners’ explanation, highlighting that
it is an issue that affects them when commuting in the city. The letter also shows how
Team A revised the initial premise that population growth could not be constant: “Annual
population growth is not constant, which causes its growth rate to be higher each year”. This
observation led to the modification of the initial table, which was redesigned and replaced
with a new Excel data table that included additional relationships and formulas, which
were extended across columns. Finally, they informed the client that the mathematical tool
they developed “is intended to be considered as a parameter for other growing cities and upcoming
road infrastructure projects”.

Teams A and C included tables in their models to describe population growth. For
example, Figure 1 displays a part of the Excel table that Team C incorporated into their
letter. Unlike their initial models, in which both teams had assumed a constant annual
population increase, in their final models they conducted their analysis based on the annual
growth rate. To calculate annual growth, the teams used data from 4.299 million inhabitants
and a growth rate of 1.7%. They applied the value 1.017 to determine the population for
subsequent years through a recursive process.

 

Figure 1. Table included in Team C’s model.

Team B constructed their letter using paper and pencil. During the process of con-
structing the letter, Team B called the professor to explain their initial model. After the
explanation, the instructor noticed that the adult learners had considered the annual growth
to be constant; therefore, he asked: “Do you think using more decimal places would maintain the
0.001 constant?”. This interaction prompted Team B to self-evaluate their model. Specifically,
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they reviewed their work and discussed whether it would be appropriate to include more
decimal places. After that, they took the initiative to research online how to describe
population growth. This team found an exponential function, modified it, and adapted it
to describe and explain the population growth related to the problem posed in the MEA.
The algebraic expression constructed was (See Equation (1)):

Population in year = Base Population(1 + 0.017)N−2018 (1)

This exponential function expression consists of a combination of mathematical rep-
resentations, incorporating words and numerical values. They explained the meaning of
N-18, specified in which year the population would reach six million, and indicated when
the population would double. Additionally, Team B wrote in their letter, “We realized that the
variation is not constant because the population growth rate changes each year”. This expression,
associated with their algebraic function, highlights that the adult learners moved away
from the assumption of constant variation expressed in their initial model.

5.1.3. Individual Models to Solve the MEA

The construction of individual models described in this section took place after the ple-
nary session, during which the teams presented their final team models. The development
of individual models was assigned as an optional task for the adult learners; therefore, it is
notable that all participants completed and submitted this assignment.

The analysis showed that participants constructed more sophisticated models at this
stage, and that interactions during the plenary session played a key role in refining their
models. Specifically, we identified that conducting the plenary session in a dynamic
format—allowing teams and the instructor to interact through questions and feedback—
was particularly influential. For example, Teams A and C asked Team B to elaborate on the
algebraic expression they had developed to represent population growth. Team A explained
how they incorporated the formulas used in Excel into their models. Furthermore, after
all teams had completed their presentations, the instructor asked whether participants
considered it relevant to construct a graph to better illustrate their results, to which the
adult learners responded affirmatively and showed interest in constructing this type of
representation. The analysis also revealed that all adult learners modified the models
they had previously developed as a team to create their individual models. Although
they worked independently, the team members’ models exhibited notable similarities. The
following section presents three examples of these individual models.

Members of Team A, who had previously incorporated tabular and verbal repre-
sentations in their team models, modified their individual models to include graphical
and algebraic representations. For example, S1 incorporated a graph (Figure 2) into their
individual model, based on the tables, to represent population growth. This graph shows
the years on the x-axis and the population size for each year on the y-axis.

In addition, S1 added an algebraic representation based on an exponential function
in their letter to calculate population growth (Figure 2). In this figure, it can be observed
that S1 described the meaning of each variable in the algebraic expression. Additionally,
S1 included the following statement in her letter: “The above is intended to be considered as
a parameter for other growing cities and future transportation infrastructure projects”, which
highlights that these adult learners were already considering the potential applicability of
their model to other contexts.

Members of Team B also made modifications to their models. All three members
incorporated exponential graphs while retaining verbal, tabular, and algebraic expressions
(as shown in Equation (1)), including descriptions of the variables in the latter. Since they
had worked with pencil and paper, the graphical constructions were created manually.
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Consequently, the individual models produced by members of Teams A and B were
characterized by their potential ease of use for others who might review them and apply
them to situations with a similar mathematical structure, independent of the specific context
of the population growth problem.

Figure 2. Graphical and algebraic representations constructed by S1 in the MEA. Note: This figure
was reconstructed and translated, closely following the original S1 model.

Members of Team C also made modifications to their models. In contrast to the mem-
bers of Teams A and B, Team C members did not incorporate algebraic representations;
however, both adult learners included graphical representations in their models. For exam-
ple, S7 calculated 1.7% of the initial population (4.299 million) and added it to 4.299 million
to determine the population in 2019. S7 then calculated the population for each subsequent
year using Excel. Consistent with his initial model, he continued to employ recursive
procedures and graphed selected data, as shown in Figure 3. Although the graph displays
values from his analysis, it does not maintain proportionality along the x-axis.

 

Figure 3. Graph constructed by S7 in the MEA.

5.2. Resolution Processes for Solving the MXA

The MXA was implemented after the MEA. In this activity, adult learners were not
asked to construct new models, as we followed the recommendations of Lesh (2010),
focusing the objective on helping adult learners unpack the models developed during
the MEA and develop alternative representations of the mathematical concepts. The
instructor’s involvement was crucial in the MXA for facilitating discussions around the
models constructed by the adult learners while solving the MEA. In the three MXA activities
(the PowerPoint activity, the NetLogo simulation, and the GeoGebra applet), there was an
in-depth exploration of representations (tabular, graphical, algebraic, and verbal) as well as
the underlying mathematical concepts.
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For the PowerPoint activity, a presentation was created that included images of the
models developed by the adult learners in the MEA. The instructor and adult learners
discussed the relevance of incorporating different mathematical representations to explain
their models. The adult learners identified differences and similarities among graphs,
tables, and algebraic expressions.

For the NetLogo simulation activity, adult learners participated in a simulation within
the context of the spread of an infectious disease. They completed worksheets and sub-
mitted final reports reflecting on their participation. For example, one adult learner wrote:
“we learned how to identify, in some cases, how phenomena can grow or decrease based
on information about a problem that can impact various situations. For instance, this case
identifies a disease growing exponentially, and when detected, solutions can be identified
to address such threats to the population”. Additionally, through the MXA, adult learners
had the opportunity to identify and describe the behavior of graphs illustrating the spread
of an infectious disease in their own country. For example, one adult learners explained:
“This graph shows a rising trend starting from 13 April, indicating that schools may have
closed due to this growing issue”. The adult learners’ expressions during the simulation
highlighted how they engaged in discussions in which both the interpretations of graphs
and the context of disease spread were relevant to them.

In the GeoGebra applet activity, the adult learners interacted with an applet that
allowed them to use sliders to explore how an exponential function can be increasing or
decreasing, as well as to examine vertical and horizontal translations.

5.3. Models Developed by Adult Learners to Solve the MAA

The MAA was designed within the context of global environmental damage caused
by excessive electricity consumption. During the first stage of the MAA, adult learners
had the opportunity to learn about and discuss the adverse environmental effects resulting
from companies’ excessive use of electrical energy. The adult learners incorporated their
interests, experiences, and concerns related to the MAA context into the discussion. For
example, they reflected on the possibility of reducing the company’s energy expenses
while also considering the need to protect the environment. The second stage of the MAA
provided them with real data from a company in their city, including information such
as the number of incandescent lamps, their operating hours, electricity consumption, and
the cost per kilowatt-hour, investment products, and their corresponding annual rates of
return. This stage required adult learners to individually prepare a presentation for the
company’s management in which they were asked to propose replacing the incandescent
lamps with LED lamps to reduce electricity expenses and to suggest potential investment
strategies for reinvesting the resulting savings to benefit the company.

The results showed that all participants included mathematical models and rep-
resentations in their presentations to support their recommendations to the company.
Specifically, the participants constructed models based on linear functions to describe
the company’s savings over time and developed exponential models to analyze the com-
pany’s profitability when investing the savings generated from reduced energy costs.
The analysis revealed that all participants developed models with T4 characteristics
(Montero-Moguel & Vargas-Alejo, 2022). Moreover, the analysis allowed us to identify nu-
ances in the models constructed by the participants, particularly regarding the investment
proposals derived from the processes of mathematization. Consequently, we categorized
these results into the following types that are illustrated in the following section: (a) Models
Incorporating a Single Investment Product—Mathematization of a Single Product, (b) Mod-
els Incorporating a Single Investment Product—Mathematization of Multiple Products,
and (c) Models Incorporating Multiple Investment Products.
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5.3.1. Models Incorporating a Single Investment Product—Mathematization of a
Single Product

The models developed by adult learners S3, S4, S6, and S7 included an analysis of the
potential savings the company could achieve, as well as the mathematization of a single
investment product, which they proposed to the company. The energy savings analysis
involved calculating the energy and cost reductions that would result from replacing the
incandescent lamps. An exemplar of a model developed by an adult learner is presented in
this section.

Adult learner S6 developed a series of dynamic Excel tables, applying the concepts
of proportion and linear functions to calculate the energy and cost savings the company
would achieve by replacing the lamps. As shown in Figure 4, S6 included two independent
Excel tables: on the left, she analyzed the current consumption of incandescent lamps in
the company, and on the right, she analyzed the projected consumption after switching to
LED lamps. In each table, she examined the number of lamps, the kilowatt consumption
per lamp, the cost per kilowatt (S6 included the expression “*Cost per kilowatt: $2.45”
to indicate the unit cost in Mexican pesos for each kilowatt charged to the company for
electricity service), and the total energy consumption. Below these tables, S6 included a
separate table to present her analysis of the investment required for the lighting upgrade.
Finally, bellow this table, she provided a summary of her analysis, which included the cost
of the lamps, the initial investment required by the company, and the payback period of
ten years for the lighting upgrade, after accounting for the investment cost.

Figure 4. Dynamic tables constructed by adult learner S6 within their MAA model.

Therefore, Figure 4 provides evidence that the MAA offered adult learners the op-
portunity to identify and coordinate variables within the context, apply their knowledge
of proportionality and linear functions, and construct mathematical representations to
describe the company’s savings.

After modeling the savings, student S6 focused on the MAA prompt regarding how
these savings from the lamp replacements could be invested to benefit the company. She
proposed reinvesting them into green investment funds. She indicated that, given the
importance of environmental protection, such investments would be favorable for the
company. To support her proposal, she incorporated mathematical models based on expo-
nential functions into her presentation. Specifically, her analysis included Excel formulas
using the POWER function (returns the result of a number raised to a power), and she
created tables and graphs to illustrate her investment plan. Figure 5 shows the graph
created by S6 to represent her model and explain the investment’s behavior. The graph
combines bar and line charts: the bars depict the future value per year, while the line shows
the compound amount factor at annual interest.

The analysis also revealed that four adult learners—S3, S4, S6, and S7—advocated
for investing in green funds to support environmental initiatives, despite their 6% rate of
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return being lower than other available options. They expressed this option due to their
personal concern for protecting the environment.

 

Figure 5. Graph constructed by adult learner S6 within their MAA model.

5.3.2. Models Incorporating a Single Investment Product—Mathematization of
Multiple Products

The MAA provided adult learners with the opportunity to engage in mathematization
processes that supported their decision-making regarding investment product recommen-
dations. Specifically, adult learners S1 and S2 constructed their models by incorporating
the analysis of three investment products. In this section, we present an example of one of
these models as a reference.

Adult learner S2 developed a model that integrated both savings and investment anal-
yses. Using Excel, he applied principles of proportionality and linear functions to estimate
the projected savings. His model included verbal and algebraic representations to describe
energy consumption. Additionally, this adult learner included tabular representations to
compare the energy consumption of the incandescent lamps with that of the LED lamps.
S2 constructed graphs to support his presentation. For example, Figure 6 presents the part
of his model that illustrates, on the left, the annual savings the company would achieve by
replacing the lighting fixtures, while on the right, it shows the projected performance of
three types of investments the company could make with the accumulated savings over
ten years.

Figure 6. Graph constructed by adult learner S2 within their MAA model.

Adult learner S2 analyzed and compared the three types of investments over a
10-year period using an exponential function and the following representations: a tab-
ular representation to organize the information by year, including investments in real estate
(brown), environmental (gray), and tourism sectors (yellow). He compared the balance
of each investment for each elapsed year and also used a graphical representation of the
three investment options. S2 initially faced challenges in the MEA with distinguishing
between constant growth and exponential growth. However, at the top of each graph in
the MAA solution, the adult learner added labels describing the behavior of each segment.
For the savings line, he included the label “constant growth” while for the investment line,
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he used “exponential growth”. This provides evidence of the S2’s conceptual development
in identifying and differentiating between linear and exponential functions.

The mathematization of the three investments allowed S2 to make an investment rec-
ommendation based on the results and the context of the MAA. He included the following
recommendation in their model: “investment in real estate generates better returns; however,
the project fund not only saves economic resources but also natural resources. Therefore, from my
point of view, I suggest reinvesting the savings in this concept to continue developing technologies
and actions that promote environmental sustainability”. Therefore, these expressions indicate
that the MAA has the potential to enable adult learners to integrate their mathematical
knowledge, mathematization processes, and personal considerations to make informed
decisions that, in this case, support environmental sustainability.

5.3.3. Models Incorporating Multiple Investment Products

The MAA enabled adult learners to construct models that integrated multiple invest-
ment products. Specifically, Adult learner S5 included incorporated Excel tables and charts
that relied on formulas grounded in their knowledge of linear functions and proportionality.
Regarding the investment analysis, S5 conducted a separate evaluation of three investment
products: green funds, real estate, and tourism. During their presentation, S5 highlighted
the exponential function he used to construct their model (See Equation (2)):

S = P(1 + R)(t) (2)

Based on this expression, S5 assessed each investment, including tables and graphs for
each one. During the presentation, S5 noted that, based on personal experience and news
reports, investments could be unstable. Drawing on this prior knowledge, S5 proposed a
diversified investment strategy. He included the following statement in their presentation:
“It is recommended to distribute the capital for investment, advising the client to invest 40% in
real estate, 30% in green funds, and 30% in tourism, as returns and predictions may change over
time”. Additionally, S5 included summary tables and graphs of their analysis (Figure 7),
illustrating what he termed: “Total profit obtained by diversifying financial products”.

Figure 7. Part of the model developed by S5 for solving the MAA.

Therefore, the MAA has the potential to encourage adult learners to develop concepts
related to investments and investment diversification. Moreover, S5’s description and
decision-making process—based on their personal experiences and interest in financial
news—highlight the importance of selecting contexts that are relevant to adult learners.
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6. Discussion and Implications
Overall, every activity of the Population and Environmental Care MDS allowed the

adult learners to construct, modify, and refine models. This finding aligns with the MMP
(Lesh & Doerr, 2003) who noted that when learners engage in modeling complex problems
such as MEAs, multiple modeling cycles emerge. In this section, we discuss the results in
light of the MMP theoretical framework and findings reported in previous research, as well
as the implications of these findings.

6.1. Discussion of MEA Initial Teams Models

The analysis of the initial models developed by the teams to solve the MEA revealed
that the three teams constructed models based on identifying a constant growth to model
population growth. Consequently, it can be inferred that the models of the three teams
were associated with mathematical thinking related to proportionality and linear functions.
This is consistent with the results reported by Carreira et al. (2011), who found that
understanding proportion and proportionality are central components for adult learners
when working on modeling tasks.

In addition, teams’ calculations were based on recursive procedures, where an initial
quantity was added to a fixed amount, and this process was repeated. For example,
Team A added 0.073803 to each successive year, following a recursive procedure. These
procedures align with the National Council of Teachers of Mathematics (2000) research,
which highlights that the use of recursive operations plays an important role in students’
mathematical thinking. In addition, it was also notable that the MEA allowed adult learners
the opportunity to identify and select variables, a process often performed in traditional
problems (Lehrer et al., 2011). Therefore, based on Montero-Moguel and Vargas-Alejo
(2022) and Carlson et al. (2002), it is possible to say that regarding covariational reasoning,
teams developed the coordination of variables. Additionally, the teams engaged in the
process of mathematization (Lesh & Doerr, 2003), which involved identifying data, relating
variables, performing operations, and organizing the information. Their models showed
the relationship between each year and the corresponding population. The representations
were numerical, in the form of data tables. Therefore, the analysis indicates that the teams
developed T1 Models (Montero-Moguel & Vargas-Alejo, 2022), suggesting they needed
redirection to refine their models.

6.2. Discussion of MEA Final Teams Models

The analysis of the final models developed by the teams to solve the MEA revealed
that the three teams refined their initial models (T1), which assumed constant annual
growth, and required redirection toward more sophisticated models. Specifically, Teams
A and C modeled the situation using a mathematical function—exponential in this case—
that better described the phenomenon compared to a linear function. Moreover, it was
consistently observed across their letters, discussions, and presentations that these teams
identified the variables, quantified these variables, and recognized that the rate of change
was not constant, indicating coordination of the amount of change between the vari-
ables (Carlson et al., 2002). Therefore, these findings provide evidence that both teams
constructed Models T3 (Montero-Moguel & Vargas-Alejo, 2022) characterized by the devel-
opment of covariational reasoning to coordinate the rate of change between variables and
using mathematical functions that allow a more accurate representation of the phenomenon
than a linear function.

The analysis also revealed that Team B not only coordinated changes in the population
variable with changes in the time variable but also aligned both the direction and magnitude
of these changes, as well as the average rate of change in a function when the input
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values varied uniformly. Additionally, their model incorporated multiple mathematical
representations, including algebraic expressions and narrative descriptions for the client,
indicating that it could be adapted to other situations. These results reveal that Team
B constructed a Model T4, as their model could be easily adapted to similar contexts.
For instance, the use of variables in their algebraic expression could be easily modified
to other situations that can be modeled using an exponential function. These results
reaffirm what Ableitinger and Humenberger (2022) and Lesh and Doerr (2003) pointed out
regarding the fact that modeling is fundamental to giving students and adult learners the
opportunity to mathematize or make assumptions, perform calculations, interpret results,
and validate conclusions. In addition, the analysis revealed that discussions among the
adult learners and self-evaluation led all teams to make modifications to their initial models
(Kayes et al., 2005).

6.3. Discussion of MEA Individuals Models

The analysis of the teams’ individual models to solve the MEA revealed that members
of Teams A and C had incorporated mathematical representations and verbal expressions
indicating that their models could be easily modified to solve problems with a similar
mathematical structure. Therefore, through the adult learners’ letters and procedures,
we were able to identify that the models constructed by them were sharable and reusable
(Lesh, 2010). Additionally, these adult learners had identified and quantified the covariation
between variables, including the average rate of change. Thus, the analysis allowed us to
identify that adult learners S1, S2, S3, S4, and S5 had constructed models corresponding to
T4 in the scale (Montero-Moguel & Vargas-Alejo, 2022).

The models of S6 and S7 were similar to those developed during the team-work phase,
with the difference that they incorporated graphs. However, these graphs were created
using recursive procedures, and the adult learners encountered difficulties coordinating the
average rate of change. Therefore, the analysis revealed that these adult learners continued
constructing models with characteristics of the T3 situated models (Montero-Moguel &
Vargas-Alejo, 2022). Thus, the MEA facilitated that the adult learners engaged in modeling
cycles through which they expanded and refined their models. Initially, these models
exhibited linear characteristics, but they were later refined to adopt an exponential form,
allowing an evolution in the types of models constructed. In addition, the discussions
about the context, as well as the letters and presentations of all the adult learners, included
recommendations reflecting their concern about mobility challenges, showing that model
development in response to the MEA was also influenced by these experiences.

6.4. Discussion of MXA

The analysis of the results obtained during the MXA activities (the PowerPoint
activity, the NetLogo simulation, and the GeoGebra applet) revealed that the instruc-
tor’s guidance during the MXA facilitated the unpacking of the models created in the
MEA, enabling adult learners to conventionalize—to use “notations and inscriptions that
are adopted as conventions for supporting the reasoning of a practicing community”
(Lehrer & Schauble, 2003, p. 62). For example, the adult learners could connect the repre-
sentations (tabular, graphical, algebraic, and verbal) around the exponential function as
Lesh and Doerr (2003) recommend.

6.5. Discussion of MAA Models

The analysis of the individual models developed to solve the MAA revealed that all
adult learners individually constructed T4 models to solve the problem situation in the
MAA. The adult learners’ models incorporated a variety of representations and expressions,
highlighting that their models could be used by other companies to achieve similar savings
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and investments. Therefore, the findings indicate that their models were shareable and
reusable in terms of Lesh (2010). The adult learners demonstrated coordination, direction,
quantification, and an understanding of the average rate of change in the variables related
to profit and time, which indicated a level 4 of covariational reasoning (Carlson et al., 2002).

The models created by the adult learners incorporated two big ideas in mathematics:
the linear function related to savings behavior and the exponential function related to
investment behavior. The adult learners mathematized (Lesh & Doerr, 2003) and solved
the problem situation in the MEA using these two big ideas. The adult learners not only
dissociated between the types of growth but also used this knowledge complementarily
to describe and explain the situation more effectively. They constructed a variety of
models and explained the phenomenon with a genuine concern for the environment.
Understanding the context was crucial in developing the model (Mezirow, 2006).

In their decision-making, they evaluated which options to recommend to the client, fo-
cusing not only on financial returns but also on environmental impact. As Civil et al. (2021)
point out, selecting a meaningful and familiar context for the adult learners is essential to
enabling them to engage deeply with the situation and to leverage the diverse knowledge
and experiences of others. Thus, the MAA proved to be a powerful tool for enabling adult
learners to integrate their mathematical knowledge with their personal insights and consid-
erations when making decisions, resulting in a diversity of models. This demonstrates that
the MAA allowed adult learners to make decisions similar to those faced by professionals
in a society where making informed decisions is essential (UNESCO, 2020).

6.6. Discussion of MDS

The findings indicate that the Population and Environmental Care MDS supported
adult learners’ progression in model construction. Initially, all teams constructed models
with T1 characteristics, which required guidance and redirection to meet the client’s needs.
This aligns with Lesh and Doerr (2003), who note that students’ initial interpretations “tend
to be quite barren, distorted, and unstable compared with later interpretations” (p. 25).
Table 2 also allows us to identify the progression in the types of models constructed by
the students. In the final team models, all teams produced more sophisticated models.
Teams A and B reached T3 models, while Team C advanced to T4. This evolution highlights
the importance of interactions among participants and self-evaluation processes during
MEA problem-solving for the refinement of ideas. Additionally, this table shows that
individual adult learners’ models had similar or even more sophisticated characteristics
than their corresponding team models, emphasizing the role of team interactions and
model discussions during their presentations in modifying and refining ideas.

Table 2. Summary of the types of models constructed by the adult learners in solving the Population
and Environmental Care MDS.

Team Adult Learner MEA Initial
Team Model

MEA Final Team
Model

MEA Individual
Model

MAA Individual
Model

A S1, S2 T1 T3 T4 T4
B S3, S4, S5 T1 T4 T4 T4
C S6, S7 T1 T3 T3 T4

Finally, the types of models constructed by all adult learners in the MAA underscore
how participation in both the MEA and MXA activities enabled learners to develop gen-
eralizable models. This finding is consistent with Doerr et al. (2017), who highlight the
role of MDS in providing students with opportunities to construct shareable and reusable
models. However, our analysis also revealed that, specifically for these adult learners,
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prior professional knowledge and experience—such as fluctuations in investment market
behavior—were fundamental for advancing their models. Furthermore, our findings align
with Lesh and Doerr (2003) in showing that the development of progressively useful models
tends to involve a variety of dimensions. Overall, the analysis indicated that, although
adult learners made modifications and refinements during the modeling processes, once
each activity was completed, they did not produce less sophisticated models; rather, they
maintained their models at a higher level. Furthermore, the analysis made it possible to
identify that the MDS fostered opportunities for each adult learner to develop their own
process of evolution, thereby addressing the need for teaching practices that are supportive
of all adult learners.

The contexts of the MDS activities, closely connected to the adult learners, were rele-
vant for expanding their mathematical development processes through model development.
The MEA–MXA–MAA—The Population Growth and Its Impact on Roadways MEA, The
Spread of an Infectious Disease MXA, and Invest and Protect the Environments MAA—
were designed using contexts familiar to adult learners and fostered the incorporation of
their professional and everyday experiences into the classroom—such as mobility and via-
bility, uncontrolled growth of urban infrastructure, the uncontrolled transmission of COVID,
and environmental impact—which influenced the ways in which they engaged in math-
ematization. These mathematization processes also enabled the adult learners to develop
their covariational reasoning, as described by Montero-Moguel and Vargas-Alejo (2022)
and Carlson et al. (2002), as they were able to identify variables, establish relationships
among them, coordinate rates of change between the variables, perform operations, and
organize information across multiple representations. Our findings with adult learners
are consistent with those of Hjalmarson et al. (2008) with engineering participants, MDS
enabled adult learners to expand their opportunities to engage in more sustained, iterative
processes focused on big ideas, in this case linear and exponential functions. Thus, each
MDS activity fostered opportunities for adult learners to strengthen not only their mathe-
matical knowledge but also their mathematical skills—such as conjecturing, argumentation,
mathematization, decision making, self-evaluation, autonomy, and critical thinking—skills
that are essential in rapidly evolving social and work environments (UNESCO, 2016).

The findings of this study align with and extend prior research on mathematical
modeling with adult learners, as well as research on the implementation of MDS. Consistent
with De Souza et al. (2015) and Civil et al. (2021), who implemented modeling activities with
adult learners at the elementary and high school levels, we found that modeling activities
enable adult learners in higher education to connect their mathematical knowledge to real-
life situations. In addition, the current study extends this knowledge by showing that MDS
allowed adult learners to construct, modify, and extend their ways of thinking throughout
the modeling process while integrating both personal and professional experiences in
contexts relevant to their profession. Carreira et al. (2011) also highlighted the role of
context in modeling activities as being relevant to supporting mathematical reasoning,
and our findings similarly suggest that the context of the MDS was essential for adult
learners to draw on their prior knowledge and experiences when engaging with complex
modeling task. Although research on the implementation of MDS with adult learners is
still limited, our results are consistent with and extend studies using these sequences with
other populations. For example, Doerr et al. (2017) observed that implementing MDS with
children facilitated classroom discussions that guided students from initial, unstable models
toward generalizable solutions. Similarly, our study not only confirms these findings but
also extends this knowledge by showing that adult learners integrated their professional
knowledge as part of the process of extending and refining their models. Overall, our
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findings highlight the role of MDS in supporting meaningful mathematical learning among
adult learners, while also emphasizing the need to further expand knowledge in this area.

6.7. Implications

Theoretically, this study advances the field of mathematics education by extending
the theoretical foundations of MMP. These foundations emphasize that when K–12 and
undergraduate students engage in modeling activities, they integrate their prior experiences
(e.g., Diefes-Dux et al., 2008; Lesh & Doerr, 2003). However, these theoretical foundations
offer a limited understanding of this process within adult learning contexts. Therefore, the
present study, conducted with adult learners, confirms that they also integrate their prior
experiences when engaging in modeling activities. Moreover, it extends the theoretical
foundations by providing empirical evidence that, for adult learners, these prior experiences
encompass their extensive professional backgrounds and personal life experiences. In
addition, these experiences influence how they approach modeling activities and contribute
to the construction and refinement of their conceptual systems. Thus, although this study
was conducted with a specific population of adult learners, the findings contribute to the
broader theoretical foundation of MMP and enhance our understanding of how adult
learners construct, modify, review, and refine their mathematical models.

Regarding practical implications, this study suggests that instruction for adult learners
should incorporate modeling-based approaches. As noted by Safford-Ramus et al. (2016),
traditional mathematics teaching methods often limit adult learners’ opportunities to
draw on their valuable prior experiences. In response, international organizations
(e.g., UNESCO, 2016, 2020) have emphasized the need to strengthen adult education
through more effective instructional strategies. The findings of this study highlight that
modeling activities, such as MDS, can serve as powerful instructional tools for adult learn-
ers, as they create opportunities to leverage learners’ personal and professional experiences
in the development of mathematical knowledge. In particular, the results provide evidence
that contexts closely connected to learners’ personal environments and future professional
practice can support the refinement of their mathematical models. Therefore, incorporating
such contexts into modeling activities may foster greater engagement and support the
development of meaningful mathematical understanding among adult learners.

Methodologically, the findings of this study suggest that the Population and Environ-
mental Care MDS can serve as a powerful tool for researchers to examine the development
of mathematical knowledge in higher education contexts. While MEAs are effective for ac-
cessing students’ thinking at a given moment, MDS allow researchers to examine the evolu-
tion of thinking beyond initial models (Montero-Moguel & Vargas-Alejo, 2022; Lesh, 2010).
In this study, the Population and Environmental Care MDS made it possible to identify
processes of modification and extension in the modeling processes and covariational rea-
soning of the adult learners. Furthermore, since this MDS is grounded in mathematical
concepts such as linear and exponential functions—which are relevant to mathematical
understanding in higher education—it may also serve as a tool for investigating how
other students construct and refine their models. Thus, this study supports the use of the
Population and Environmental Care MDS as a methodological tool for research involving
adult learners and students from different backgrounds in higher education contexts.

Based on these findings, several actionable steps can be proposed. First, curriculum
designers and educators should promote instructional approaches for adult learners that in-
tentionally connect learning experiences with their personal and professional backgrounds.
Achieving this requires a clear understanding of who the learners are and the professional
contexts in which they operate, so that course content and learning activities can be mean-
ingfully related to their professional practice. In other words, instruction should aim to
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connect mathematical learning with learners’ professional contexts and prior experiences.
Second, teacher education programs should be designed to include structured support that
helps educators recognize and incorporate these contextual dimensions when designing
and implementing modeling activities. Finally, further research is needed to explore how
MDS designed around learners’ professional and everyday contexts can support the devel-
opment and refinement of adult learners’ mathematical knowledge, as well as to document
successful MDS implementations that may contribute to improving learning opportunities
for adult learners.

7. Conclusions
The findings allow us to conclude that the incorporation of MDS expands the opportu-

nities for adult learners to develop mathematical knowledge in which their personal and
professional experiences constitute a relevant component. Through the Population and
Environmental Care MDS, adult learners in this study progressed beyond the execution of
purely algorithmic procedures. Instead, the MDS supported them in modifying, extend-
ing, and refining their mathematical models, moving from initial models that required
redirection—those in which “the product is on the wrong track” (Lesh, 2010, p. 33) in
addressing the problem situation—to the subsequent construction of models that were
sharable and reusable. These latter models not only served to address the given situation
but could also be easily modified to provide solutions to other situations with a similar
mathematical structure. In addition, this modeling process was relevant for strengthening
participants’ conceptual understanding of mathematical objects, such as linear functions,
exponential functions, and variation. These refinement processes were achieved through
modeling cycles in which everyday, professional, and mathematical experiences were
essential for interpreting the situation, structuring ideas, generating representations, and
justifying decisions. Therefore, this study concludes that incorporating MDS into the
education of adult learners broadens their learning opportunities, enabling them to de-
velop mathematical knowledge by leveraging their valuable personal and professional
experiences. This approach breaks from traditional instructional methods, which often
emphasize the memorization of procedures while overlooking adult learners’ personal and
professional competencies (Chisman, 2011; Safford-Ramus et al., 2016).

This research contributes both to the understanding of the process through which
adult learners in higher education develop mathematical knowledge and to the design of
learning experiences, such as MDS, which consider the unique backgrounds and knowl-
edge of adult learners. Moreover, this learning experience allowed the mathematical
knowledge developed by adult learners to provide them with skills such as modeling,
covariational reasoning, and variable selection, which are fundamental not only for the
development of academic mathematical knowledge but also for their professional and
personal growth (Carlson et al., 2003; Lesh & Doerr, 2003). Thus, this research contributes
to the vision of a holistic education that prepares adult learners for academic, personal, and
professional success.

This study also contributes to the expansion of the MMP by incorporating adult
learner participants. Studies such as Lesh et al. (2003), Doerr et al. (2017) and
Hjalmarson et al. (2008) have highlighted how MDS enable the exploration of K–12 and
engineering students’ thinking processes beyond the resolution of MEAs. Our research
extends this knowledge by highlighting the role of MDS in allowing researchers to examine
the cognitive development processes of adult learners. Therefore, we conclude that MDS
are valuable tools for researchers to access the processes of refinement and adaptation of
adult learners’ models across different contexts.
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Future studies could explore the development of mathematical knowledge with other
groups of adult learners in higher education using different MDS. It would also be relevant
to expand research to include the training of the mathematics instructors of adult learners
to promote modeling activities in their classrooms. Additionally, future research could
investigate the performance of adult learners in comparison to traditional students, aiming
to provide deeper insights into the processes underlying the development of mathematical
knowledge during MDS problem-solving.

8. Limitations
This study was conducted with a specific group of adult learners; therefore, the

findings should be interpreted as particular to these participants rather than generalizable to
other populations. Additionally, the research was carried out within a specific educational
context, which may limit the transferability of the results to other instructional settings. The
activities were implemented within a constrained time frame. Because modeling processes
often benefit from extended opportunities for revision and refinement, the limited duration
may have restricted the extent to which participants could further develop their models.
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