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ABSTRACT
This paper reports on a five-day study exploring six middle school
students’ developing understanding of algorithms and functions
during the Building Algorithms challenge, an entrepreneurial Design
& Pitch Challenge in STEM. Students proposed businesses and built
automated spreadsheet algorithms to inform users’ decisionmaking
by assigning ratings to objects (e.g. videos, music, racetracks) based
on their preferences. Part of a larger NSF study of students’ participa-
tion in entrepreneurial experiences with mathematical connections,
the study used a design-based research methodology. Qualitative
data (video of teams working, team interviews, and daily work sam-
ples)were analysed to answer the researchquestion:Howdostudents
demonstrate functional reasoning as they build entrepreneurial solu-
tions to the Building Algorithms challenge? Three themes emerged
that describe how the challenge and its entrepreneurial framing
enhanced students’ engagement with key processes of function
building, including: (1) identifying personally meaningful functional
relationships; (2) defining and operationalising authentic variables
and function rules; and (3) making sense of writing, testing, and
refining function rules. This study contributes to the field’s under-
standing of functions, demonstrating how entrepreneurship and a
math-focused design challenge can elicit and enhance specific and
targeted middle grades mathematics content.
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1. Introduction

Innovations in science, technology, engineering, andmathematics (STEM) are altering the
career landscape, changing what it means to prepare students for success post-graduation.
Today’s K-12 students need to be able to work collaboratively to solve messy, interdis-
ciplinary, and novel problems in creative, innovative, and actionable ways. They need
to demonstrate empathy, by understanding and responding to the needs and values of
those most affected by the problem (Nadelson & Seifert, 2017; Organisation for Eco-
nomic Co-operation and Development [OECD], 2018). These skills are characteristic of
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entrepreneurship and its emphasis on using business-oriented thinking to build actionable
solutions that create value for customers or consumers (Borasi & Finnigan, 2010; Cristal
Glanchai, 2019; Filion, 1994; Lackéus, 2015).

Researchers in STEM education (Confrey et al., 2019; Moore et al., 2017) have begun
exploring ways to incorporate these entrepreneurial skills in K-12 STEM settings via
entrepreneurial pitch competitions as a way of teaching specific STEM content, while
also helping students develop entrepreneurial dispositions and mindsets supportive of
STEM learning, such as persistence, creativity, resourcefulness, courage, and empathy.
These competitions are designed to leverage entrepreneurship to help students connect
their in-school learning with their out-of-school interests and experiences, while also
exposing them to careers related to those interests. Although there is some evidence that
entrepreneurial pitch competitions can support interest, engagement, and learning in rela-
tion to science (Newton et al., 2018), little is known about whether or how they can
support rich reasoning relative to specific and targeted mathematics content. This is espe-
cially important given the tendency for mathematics to be treated superficially or not at
all during STEM entrepreneurial pitch competitions and similar interdisciplinary projects
(Shaughnessy, 2013; Stohlmann, 2020).

This paper reports on a design study exploring how the Design & Pitch (D&P) Chal-
lenges in STEM framework (Confrey et al., 2019), a novel curricular framework that
situates mathematics learning within STEM entrepreneurial pitch competitions, can elicit
targeted mathematical reasoning. Six students participated in a D&P Challenges in STEM
pitch competition centred on the Building Algorithms challenge, which was written to
elicit functional reasoning. Using a design-based research (DBR) methodology (Cobb
et al., 2003; Confrey, 2006; Design-Based ResearchCollective [DBRC], 2003), the following
research question was investigated:

How do students demonstrate functional reasoning as they build entrepreneurial solutions to
the Building Algorithms challenge?

1.1. Background and literature review

The implementation of the Building Algorithms challenge was guided by the D&P Chal-
lenges in STEM framework, which leverages features of Entrepreneurial-Based Learning
(EBL; Lackéus, 2015; Pérez Yuste et al., 2014), Project-Based Learning (PBL), and Design-
Based Learning (DBL). EBL provided an overarching framework that helped identify key
entrepreneurial processes to emphasise in a pitch competition. PBL and DBL informed
how those processes were implemented and leveraged in a classroom setting to support
mathematics learning. The following sections briefly describe how EBL, PBL, and DBL
each contributed to the D&P Challenges in STEM framework.

1.2. Entrepreneurial-based learning

A form of entrepreneurial-based learning (EBL), the D&P Challenges in STEM frame-
work aims to ‘ . . . [connect] entrepreneurial characteristics, processes and experiences to
[a] core subject’ (Lackéus, 2015, p. 10), in this case middle grades mathematics. The sit-
uating of mathematics learning within an entrepreneurial context is intended to not only
motivate disciplinary learning by capturing students’ interest (Moberg, 2014), but also to
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Figure 1. The D&P entrepreneurial framework.
Note: This figure shows the D&P entrepreneurial framework.

support students to think and act like entrepreneurs when solving authentic, relevant, and
discipline specific problems.

Entrepreneurs possess ‘the ability to tackle ambiguous problems and to think innova-
tively’ (Bilen et al., 2005, p. 240). They identify problems lacking an adequate solution
and draw on their and their teammates’ unique insights and experiences to develop new
or better ways to solve those problems. Entrepreneurs are opportunity seekers (Cristal
Glanchai, 2019), viewing problems as opportunities to produce innovations that offer
value to specific customers or users (Borasi & Finnigan, 2010; Jones et al., 2020; Lack-
éus, 2015). Entrepreneurs demonstrate persistence and courage as they self-assess based
on their unique experiences, seek out opportunities for feedback, and embrace and learn
from failure as a step towards building new and better skills and solutions (Cristal Glan-
chai, 2019). As such, the problems and opportunities that interest entrepreneurs are often
ill-defined and lack a clear solution path (Bilen et al., 2005). Figure 1 represents the D&P
entrepreneurial framework (Confrey et al., 2019).1 It identifies the characteristics (outer
circle) and processes (inner circle), of entrepreneurship and provides a foundation for the
D&P Challenges in STEM framework.

To develop these entrepreneurial characteristics, students need opportunities to (1)
engage in authentic entrepreneurial tasks (Filion, 1994; Passaro et al., 2017) and processes;
(2) collaborate, argue, and debate ideas and processes with peers (Passaro et al., 2017);
(3) reflect on their knowledge and skills relative to specific entrepreneurial opportunities;
and (4) consider ways to create value for customers (Lackéus, 2015). Two instructional
frameworks that are compatible with EBL and are especially well-suited to support the
implementation of these processes in a STEMclassroom, are Project-Based Learning (PBL)
and Design-Based Learning (DBL).
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1.3. Project-based learning

PBL is a framework that is compatible with and can enhance EBL due to its focus on
active collaboration aimed at addressing authentic and ill-defined driving questions (Kraj-
cik & Blumenfeld, 2006; Schneider et al., 2002; Thomas, 2000), a process which frequently
accompanies the development of an innovation in EBL. Addressing the driving question
requires the application of new (to the students) knowledge or skills, creating a need for
the learning of that knowledge or those skills (Barron et al., 1998; Blumenfeld et al., 2006).
As students work to build their solutions, they identify gaps in their skills or knowledge
and work to fill those gaps, with teacher support or through intentionally designed lessons
(Krajcik et al., 2008). Projects culminate with presentations to teachers or members of the
school community, which offer students the opportunity to share their ideas and evaluate
and critique the ideas of their peers (Krajcik & Blumenfeld, 2006; Schneider et al., 2002;
Thomas, 2000).

Several studies have reported on PBL (and instruction that incorporates features of
PBL) supporting positive student outcomes, including increases in female enrolment in
advanced STEM courses (Boedeker et al., 2015) and improved performance on high stakes
assessments (Boedeker et al., 2015; Han et al., 2014; Jackson & Makarin, 2018), problem-
solving tasks (Boaler, 1998), and project-aligned science content assessments (Kanter &
Konstantopoulos, 2010; Rivet & Krajcik, 2004). More relevant to this study, researchers
have also documented evidence of students’ mathematical reasoning while participating
in PBL (see e.g. McCulloch & Ernst, 2012; Stevens, 2000; Terry, 2011).

McCulloch and Ernst (2012) explored students’ science and mathematical reasoning
while completing a STEMproject, ‘Estuarine Ecosystems’. The task of designing and assess-
ing the effectiveness of a covering for a water sampling device that would protect the device
from barnacles created a need for students to engage with both the intended mathematics
content (surface area) as well as other STEM concepts, such as water sampling in estuaries,
barnacle behaviour, and the engineering design process. Similarly, Terry (2011) reported
on students’ mathematical reasoning as they collectively crafted counterstories (a tangi-
ble artefact) to address an authentic and relevant driving question. Students engaged in
deep and rich proportional and statistical reasoning while investigating a harmful and
inaccurate statistic about higher education and the rates of incarceration among African
American males in California. Finally, Stevens (2000) reported on the mathematical prob-
lems that arose, whether students chose to engage with those problems, and how they
made those decisions while participating in a project-based math unit on designing a
housing unit for researchers. For Stevens (2000), understanding how and why students
selected mathematics problems to solve during a project-based unit was more important
than quantifying mathematics learning gains.

All three studies demonstrate that curricula leveraging features of PBL can engage stu-
dents in rich and targeted mathematical reasoning. However, these studies also lack an
in-depth analysis of how PBL features, such as authentic driving questions and open-ended
tasks, supported the conceptual development of the intendedmathematics concepts or how
students’ use of those concepts evolved over the course of the project. This study builds
on these studies by exploring how students’ functional reasoning emerged and developed
over the course of an entrepreneurial pitch competition and how select features of PBL
supported that development.
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1.4. Design-based learning

Features of Design-Based Learning (DBL) were incorporated to focus students’
entrepreneurial innovations, constrain themath with which they engage, and scaffold their
solution-building process. DBL is an instructional framework that is compatible with EBL
through its emphasis on designing physical artefacts that solve a challenge in ways that
meet the needs of specific users. Unlike PBL, which does not constrain the type of artefact
students should build or scaffold the process throughwhich they build those artefacts, DBL
centres students’ collaborative work around design challenges and an iterative design cycle
involving building, testing, and refining prototypes. Through user-focused design criteria,
challenges create a need for students to learn specific STEM content (Dym et al., 2005;
Fortus et al., 2004; Wendell & Rogers, 2013).

After launching the design challenge and establishing initial conditions and criteria
against which designs will be evaluated, students engage in an iterative process of gather-
ing and analysing information (Fortus et al., 2004), generating possible solutions, building,
testing, presenting, and refining prototypes (Doppelt et al., 2008; Kolodner, 2002; Pen-
ner et al., 1998; Razzouk & Shute, 2012), and reflecting on their process (Fortus et al.,
2004; Kolodner, 2002). Throughout the challenge, students continually make their think-
ing public and expose it to critique (Penner et al., 1998), creating opportunities for students
to reflect on the connection between the design task and the underlying STEM content
targeted by the challenge.

How students decide on andmake sense of design criteria is an important component of
DBL, as design challenges often lack an objective determination ofwhat constitutes a ‘good’
solution (Fortus et al., 2004). Exposing prototypes to critique and experiencing design fail-
ure (Skinner & Harlow, 2022) are central to defining the criteria for an effective solution,
drive student learning, and are consistent with the entrepreneurial process.

Studies have demonstrated DBL’s potential for improving student performance on sci-
ence content assessments (Doppelt et al., 2008; Fortus et al., 2004;Wendell & Rogers, 2013)
and engaging students with rich and targeted science content (Penner et al., 1998). For
example, Penner et al. (1998) investigated a DBL unit in science intended to support stu-
dents to learn about simple machines, through the challenge of designing a workingmodel
of an elbow. After creating initial designs that visually resembled human arms but that
behaved differently (design failure), the class conducted structured experiments to better
understand the behaviour of the human elbow and the mechanics of simple machines.
The design challenge and the design cycle created a need for students to engage with the
targeted science learning goal.

Much of the research exploring DBL has been conducted in relation to science. Little
is known about whether DBL or an instructional framework that incorporates features of
DBL can be similarly effective in supporting mathematics learning. This study explores
students’ mathematical reasoning while participating in a curricular framework, the D&P
Challenges in STEM framework, that leverages features of DBL. Specifically, the D&P
framework, (a) uses design challenges with math-focused criteria to create a need for
mathematics content; (b) scaffolds students’ solution-building through an iterative design
cycle; and (c) incorporates frequent opportunities for students to expose their solutions to
critique to drive iteration and reflection on the intended mathematics content. The frame-
work also uses entrepreneurship to extendDBL, allowing students greater autonomy in the
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Figure 2. The D&P challenges in STEM framework diagram.
Note: This image represents the iterative process of completing a D&P challenge.

solution they design and emphasising actionability through value creation and business
considerations.

1.5. The D&P challenges in STEM framework

TheD&PChallenges in STEM framework (see Figure 2) was designed to leverage the char-
acteristics and processes of entrepreneurship to connect students’ in-school mathematics
learning to their out-of-school interests. To provide an authentically entrepreneurial expe-
rience that can support mathematics learning, the framework had to be designed to allow
students the autonomy to pursue innovative and unique entrepreneurial solutions, while
also offering some constraints on themathematics content students are likely to encounter.

Each pitch competition in the D&P Challenges in STEM framework starts with
the launch of a real-world, entrepreneurial design challenge that includes a set of
entrepreneurial and math-focused criteria that describe a successful and complete solu-
tion. To help students understand the challenge, they are given a set of resources, including
videos froma challenge-specific STEMprofessional andweb links that provide background
on the context. Once the challenge has been launched, students work in teams to (1)
research, design, test, and refine prototype solutions to the challenge; (2) define how their
solutions meet the needs of and create value for specific consumers using the Key Business
Proposition (KBP); and (3) describe the specifications and underlyingmathematics of their
solutions using the technical brief. Competitions culminate with students designing, prac-
tising, and ultimately delivering concise and compelling pitches to a panel of judges who
evaluate the pitches and select the winning team.

1.6. The Building Algorithms challenge

This study explored student thinking during the Building Algorithms challenge (see
Figure 3), designed to leverage algorithm building to elicit functional reasoning.

The algorithm context was chosen for several reasons. First, understanding current
technologies is essential for economic access and civic participation (Moses &Cobb, 2001).
This is especially true for algorithms, which are being increasingly leveraged by businesses
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Figure 3. The Building Algorithms challenge statement.
Note: This figure shows the Building Algorithms challenge statement.

and have a significant impact on students’ lives by influencing everything from the content
they see on the internet to the rating of the high schools they attend. Students need oppor-
tunities to experience how an algorithm works and how the information it produces is
influenced by the values of its designer. Second, abstract symbolic reasoning is the ‘hidden
culture’ (Moses &Cobb, 2001, p. 14) of algorithms and the process of building an algorithm
aligns closely with functional reasoning.

1.7. Functional reasoning

The Building Algorithms challenge was designed to elicit functional reasoning through
the task of designing a rating or ranking algorithm. This paper adopts Knuth’s (1974)
definition of an algorithm as ‘a precisely-defined sequence of rules telling how to produce
specified output information from given input information in a finite number of steps’ (p.
323). A rating or ranking algorithm is a sequence of steps that can consistently use given
input information (e.g. descriptive or evaluativemeasures of a construct of interest) to gen-
erate output information in the form of a rating (an evaluative measure of an object) or a
ranking (a position in an ordered list of objects). A subset of algebraic reasoning (Kaput &
Blanton, 2000), functional reasoning is defined by Blanton et al. (2015) as ‘(a) generalizing
relationships between covarying quantities; (b) representing and justifying these relation-
ships inmultiple ways using natural language, variable notation, tables, and graphs; and (c)
reasoning fluently with these generalized representations in order to understand and pre-
dict functional behavior’ (p. 512). Functional thinking is foundational to learning to use
and understand algebraic expressions, which involves a shift from arithmetic reasoning
(operating on specific values) to algebraic (operating on variables representing a range of
values; Carraher et al., 2006). For algorithms, this involves recognising that the same rule
must be used to generate output information from the same inputs for all items in the set.
The overlap between building algorithms and building functions suggests that algorithm
building could also be a useful analogy for helping students understand the core compo-
nents of a function, similar to the function machine analogy or the mail carrier analogy
often used by teachers (Hatisaru, 2024).

Researchers have explored strategies for using digital tools to support the development
of students’ functional reasoning (Pittalis et al., 2024). One such tool is the spreadsheet,
which allows users to build automated formulas using symbolic expressions. To build an
automated spreadsheet, students must construct a generalised relationship (set of rules)
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between covarying quantities (input information and output information) and engage with
variable notation in the form of cell names. Spreadsheets support students to connect their
gestures (e.g. pointing at a cell) and verbal descriptions to variable notation (Ainley et al.,
2005; Filloy et al., 2007; Rojano, 1996), and provide immediate feedback that allows stu-
dents to predict functional behaviour in real-time. They provide a concrete way to connect
specific computations in an arithmetic expression to the unknown and generalised in an
algebraic, through the ability to apply formulas across cells (Doorman et al., 2012; Filloy
et al., 2007; Rojano, 1996; Tabach et al., 2008). This can support the understanding that a
variable can represent a range of possible values (Ainley et al., 2005; Carraher et al., 2006;
Hoyles, 2018) and that those values carry contextual meanings (Filloy et al., 2007).

Previous studies have explored how the use of a spreadsheet establishes a purpose for
students’ learning that canmotivate and focus their attention on the structure andmeaning
of an algebraic expression (Ainley et al., 2005; Doorman et al., 2012; Hoyles, 2018; Tabach
et al., 2008). In several of these examples, spreadsheets are used as a tool for solving text-
book problems with given functional relationships (Tabach et al., 2008) or representing
known mathematical formulas (Rojano, 1996). The Building Algorithms challenge builds
on this work by incorporating spreadsheets to create a need for generalised algebraic
expressions and was designed in contrast to typical middle grades treatments of functions.
Rather than giving students a canned or known functional relationship with already opera-
tionalised variables, the challenge leverages the algorithm context to engage students more
broadly in the function building process.

Students will also need to engage with real-world contexts and data. Previous research
has documented students’ experiences and mathematical reasoning when engaging with
real-world data generally and as part of a rating/ranking mathematics task (Doerr &
English, 2003). Doerr and English (2003), gave students a series of Model Eliciting Activ-
ities in which they used given real-world data to rank a set of items. The researchers
document the range of factors and tradeoffs students considered as a result of the messy
data and open task. Ng (2011) and Gould and Wasserman (2014) explored students’
experiences working with real-world contexts, noting that students often have difficul-
ties attending to the relevant features of those contexts. The challenge was designed to
leverage the benefits of engaging with messy real-world data and to address the difficulties
associated with understanding real-world contexts. By allowing students the autonomy to
identify contexts about which they are uniquely knowledgeable and to define what counts
as relevant to those contexts, students are positioned and supported to engagemore deeply
in functional reasoning.

2. Materials andmethods

A design-based research (DBR) methodology (Cobb et al., 2003; Confrey, 2006; DBRC,
2003) was applied to explore whether and how the Building Algorithms challenge and
the D&P Challenges in STEM framework could elicit and support functional reasoning
through the context of algorithm building. Prior to this study, little was known about stu-
dents’ mathematical reasoning during an entrepreneurial pitch competition. The ‘highly
interventionist’ (Cobb et al., 2003, p. 10) nature of DBR allowed the research team to
develop and test conjectures in real-time to better understandwhat is possible ‘under good,
but not highly unusual’ circumstances (Lehrer & Schauble, 2004, p. 640). This paper tracks
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the evolution of these conjectures from the initial conception during the preparation phase,
documenting how it changed as the study was being carried out, to the final iteration devel-
oped through a retrospective analysis and synthesis of the three teams’ results (Cobb et al.,
2003). Using a DBR methodology, the following research question and initial conjecture
were explored:

RQ: How do students demonstrate functional reasoning as they build entrepreneurial solu-
tions to the Building Algorithms challenge?

Conjecture:The task of building aworking algorithm that automatically produces rankings or
ratings, combined with the affordances of spreadsheets, will elicit functional reasoning from
students.

To explore the initial conjecture, the research teamdeveloped a set of indicators of students’
functional reasoning. These included challenge-specific actions and utterances that sug-
gested (1) a recognition of a generalisable relationship between input variables (e.g. char-
acteristics of the objects being rated/ranked) and output variables (e.g. ratings/rankings);
(2) a nuanced conception of variables, demonstrated through describing the contextual
meaning of cells and columns (or rows) in the spreadsheet algorithm; and (3) an attention
to the meaning and structure of their function rule, demonstrated through referencing
the contextual meaning of the input variables and the reasonableness of the relationship
between input and output variables. Over the course of the study, new indicators emerged
that informed the development and testing of new conjectures, as well as the retrospective
conjecture of how students’ functional reasoning was elicited, supported, and enhanced
through the Building Algorithms challenge and the D&P Challenges in STEM framework.
To describe students’ processes, the term ‘function building’ is used.

2.1. Theoretical framework

Constructivism provided the theoretical framework and research paradigm for this study,
informing the design of the challenge and D&P Challenges in STEM framework, the
selection and implementation of the DBR methodology, the reporting and analysis of
the study results in ways that centre student voice (Schutz et al., 2004) and the analysis
of student reasoning from the student point of view (Confrey & Lachance, 2000). From
a constructivist learning perspective, students hold internally consistent models that are
viable for particular situations and settings (Confrey, 2006; Confrey & Kazak, 2006; von
Glasersfeld, 1982). Mathematics learning develops iteratively as students, in response to
a perceived problematic, develop, test, and improve models of a given situation, develop-
ing a deeper understanding of both the situation and the mathematics used to represent
it (Confrey, 1991, 2006; Confrey & Kazak, 2006; von Glasersfeld, 1982). As a research
paradigm, constructivism stresses the importance of eliciting and investigating students’
perceptions of their experiences (Confrey & Kazak, 2006; Schutz et al., 2004; von Glasers-
feld, 1982). Student voice should be recruited and interpreted through the researcher’s
perspective to develop insights into the novel and often unanticipated paths students take
in building an understanding of the target content (Confrey, 1991; Confrey & Lachance,
2000). Taken together, constructivism provided a framework and research paradigm that
informed (1) the ways in which student voice was explored, (2) the incorporation of the
researcher perspective in the reporting of the results (Confrey, 1991), and (3) the design
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Table 1. Students participating in the design study.

Team Student pseudonyms (grade entering)

Team A Denise (7), Donald (8)
Team B Beatrice (6), Maria (8)
Team C Kim (6), Shaun (7)

of conjecture-driven explorations and instructional interventions enacted during the
study.

2.2. Materials

In addition to the Building Algorithms challenge statement, students also had access to a set
of support resources that are central to the D&P Challenges in STEM framework and can
be viewed at our website: https://sites.ced.ncsu.edu/design-and-pitch/. These included (1)
two videos of a STEM entrepreneur introducing and giving background on the challenge;
(2) links to real-world examples of rating and ranking algorithms; (3) the Key Business
Proposition (KBP) template for defining the value proposition of their business; (4) sample
pitch decks and a pitch judging rubric to make the criteria for a successful pitch explicit;
(5) a technical brief2 for students to define the details of their solutions and connect their
challenge work to the target mathematics; and (6) a spreadsheet resource to demonstrate
how to write an automated spreadsheet formula. The spreadsheet resource includes eight
examples of algorithms (four rating and four ranking), was created to provide students with
examples of algorithms to help make sense of the context, and introduce the language and
syntax required to write a spreadsheet formula.

2.3. Participants and procedure

The study was conducted for five consecutive days, three hours per day, in 2019 in the
team research office. A diverse group of six middle school students participated in teams
of two (see Table 1). The small number of participants allowed for an in-depth analysis of
students’ experiences and mathematical thinking from their perspectives.

Using a DBR methodology (Cobb et al., 2003; DBRC, 2003), a member of the research
team assumed the role of teacher, facilitating the pitch competition as if in a typical class-
room (see Table 2 for an abbreviated study plan). Each day, the team member acted as
teacher and researcher, launching one to two phases of the competition, while also devel-
oping and testing conjectures based on real-time observations of student interactions,
progress on their solutions, and conversations with the research team and their peers.
Prior to the study, all participants consented to participate using the North Carolina State
University Institutional Review Board, protocol 12603, approved forms.

This plan provided a structure for implementing the key phases of the challenge,
while also experimenting in real-time with interventions to support student thinking. The
research team was prepared to formally introduce the spreadsheet tool and resource if
students either were not engaging with the tool or it was determined by the team that the
tool or resource was necessary to help students make progress on developing the function
rule. Other than supporting students to engage with the spreadsheet resource, students
were not provided additional lessons on functions or function notation during the study.

https://sites.ced.ncsu.edu/design-and-pitch/
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Table 2. Abbreviated version of the Building Algorithms challenge study plan.

Day Challenge activity and benchmarks Research objectives

1 Competition and challenge launch. Students
brainstorm contexts and variables

Explore students’ conceptions and understanding
of algorithms and the algorithm building
process

2 Introduce business models and value propositions.
Students build prototypes, use spreadsheet
resource, define value propositions

Explore how the challenge and spreadsheet
resource elicit algebraic and functional
reasoning

3 Introduce tech brief and pitch resources; conduct
‘expert’ check-ins. Students begin work on tech
brief and pitch decks

Explore how students explain and justify their
algorithms; and how entrepreneurship supports
iteration

4 Introduce pitch judging sheet and discuss
pitching. Students complete practice pitch

Explore how students explain and justify their
algorithms

5 Students prepare for and participate in the final
pitch competition

Explore how students explain and justify their
algorithms

Table 3. Functional reasoning codes.

Category A priori codes Emergent codes

Functional reasoning Coefficients and weights; Describing inputs
and outputs; Describing variables; Multiple
meanings of variables; Numerical to
algebraic; Spreadsheet affordances; Testing
algorithms; Verbal to algebraic

Converting data; Making assumptions and
simplifying; Predicting and restricting
outputs

Deviations from the study plan were based on attempts to follow student reasoning and to
explore strategies for supporting their progress. Debrief meetings were conducted at the
end of each day, during which the team reflected on the evolution of the initial conjecture
and devised new and revised plans for testing the evolving conjecture.

2.4. Data collection and analysis

Several sources of data were collected and analysed to shed light on how students were
demonstrating functional reasoning. First, teams were video-recorded as they worked on
the challenge and as they participated in whole-group discussions and team interviews
conducted at the end of each of the first three days, two teams per day. These discussions
were then analysed to identify instances of studentsmaking statements that suggested func-
tional reasoning.Dailywork sampleswere collected to add context to students’ descriptions
of their solutions and processes, while also documenting the progression of their solutions.
Finally, notes were taken during daily debrief meetings to document reflections on teams’
progress, the testing of conjectures, and the development of new conjectures to be tested
the following day. After the study, the videos were transcribed, cleaned, and coded using
a combination of open and a priori coding based on hypothesised student utterances and
actions consistent with a constructivist perspective of learning (Confrey &Maloney, 2007;
see Table 3).

The codes were then categorised, and themes identified that described the functional
reasoning that emerged during the challenge. Students’ daily work samples were analysed
to explore the progression of teams’ solutions and the mathematics involved in building
those solutions.
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2.5. Credibility and trustworthiness of the results

The credibility and trustworthiness of the results (Creswell & Poth, 2018) were established
in several ways. First, a pilot study was conducted with twelve students (entering grades
6 through 9) using the Building Algorithms challenge, which allowed the research team
to troubleshoot the materials, probe student thinking, and conduct interviews. Second,
multiple data sources were triangulated to gain a more complete picture of students’ func-
tional thinking. Finally, ‘rich, thick description[s]’ were used in reporting the results to
allow ‘readers to make decisions regarding transferability’ (Creswell & Poth, 2018, p. 263).
All students had opportunities to participate in discussions and share their experiences
through semi-structured interviews and group check-ins during work time. However,
not all students were equally vocal. Thus, some student voices feature more heavily than
others.

3. Results

This section describes the functional reasoning that emerged as students built their solu-
tions to the Building Algorithms challenge. Three broad themes emerged from the coding
process, conducted retrospectively, that help organise the data and allow one to compare
and contrast students’ reasoning across solutions. These themes describe how the challenge
enhanced the function building process by engaging students in, (1) identifying personally
meaningful functional relationships; (2) defining and operationalising authentic variables
and function rules; and (3) making sense of writing, testing, and refining function rules.
Consistent with a DBR methodology and constructivist conceptual framework, examples
of these themes and sub-themes that emerged retrospectively will be highlighted, cen-
tring student voice, and paired with researcher analysis of the underlying mathematics
(perspective; Confrey, 1991).

3.1. Results from TeamA

Drawing on Denise’s interest in horses, Team A decided to build an algorithm to help pro-
tect racehorses. The algorithm would assign ratings to horse racing tracks to help horse
owners evaluate their safety. To build this algorithm, Team A needed to define a process
by which a set of factors indicative of racetrack safety (input information) could be used
to generate ratings (output information) for racetracks. Identifying a personally mean-
ingful functional relationship allowed Team A to begin defining their input variables by
considering how they would evaluate the safety of a racetrack. As Denise explained,

. . . First, we do, like, a lot of research, like, past history and we host a few horse examinations
and then we look into, like, treatment, health, and um, we also use some of the horse’s owners,
like their opinions about the track to help us. And then we think about all of this and then we
create a rating that we think is most suitable.

This description included key features of functions: input variables (treatment, health,
horse owner opinions), output variables (‘a rating’), and the beginnings of a rule (‘we
think about all of this and then we create a rating that we think is most suitable’) for map-
ping input information onto output information, though it was unclear how they would
consistently determine the ‘most suitable’ rating. By identifying a personally meaningful
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Figure 4. Team A’s revised algorithm.
Note: Team A’s second iteration of their algorithm, re-created by authors for legibility.

functional relationship, Team A developed a general understanding of the core compo-
nents of that relationship: treatment, health, and horse owner opinions should influence a
racetrack’s safety rating.

Later, Team A described a more consistent rule for generating ratings using input infor-
mation (see Figure 4). They also began operationalising their input variables by defining
not only what the variables represented, but how those variables would be measured. They
replaced ‘health’ with the more precise, in terms of how it would be measured, ‘horse
examinations’.

Although this second iteration included a step-by-step process or rule for using the input
variables to generate output variables, it was not clear how they would ‘ . . . factor [horse
examinations, horse treatment, and horse owners’ opinions] in and create a rating’ consis-
tently. Team A’s selection of input variables they knew to be relevant to rating the safety of
a racetrack deepened the process of defining variables. Before they could assign a label to
a given quantity (e.g. horse treatment), Denise and Donald needed to define the variable
(what does it represent) and then operationalise the variable (how will it be consistently
measured).

During the daily debrief, the research team noted that Team A was struggling to opera-
tionalise their input variables into a function rule and conjectured that it was an opportune
time to direct them to, and provide instruction on using, a spreadsheet to create and
modify generalised function rules. Thus, on day 3, a researcher used the spreadsheet
resource to conduct a lesson on building algorithms using a spreadsheet. The spread-
sheet resource included examples of rating algorithms for evaluating internship candidates.
These included a simple sum, a weighted sum, a mean, and a weighted mean. Denise and
Donald completed the first example (see Figure 5) using arithmetic reasoning, mentally
calculating the sum of the three candidate scores.

After learning the spreadsheet could automatically calculate sums for them and being
shown how to write a spreadsheet formula, Denise and Donald revised their approach,
using the formula ‘= G30+H30+ I30’ in cell J30, to calculate Jay’s score, physically tap-
ping each cell. They then found scores for the other two intern candidates using the autofill
command to apply the formula in cell J30 to cells J31 and J32. As Denise explained, the
algorithm, ‘ . . . adds what’s ever in that box and what’s in that box and what’s in that box’,
pointing to the cells representing a candidate’s interview performance, enthusiasm for the
position, and eagerness to learn. Denise’s explanation represents a shift from describing
variables and the function rule arithmetically (adding three specific values) to describing
them algebraically (adding the contents of three spreadsheet cells represented using the cell
names).
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Figure 5. Example rating Algorithm 1 from the spreadsheet resource.
Note: This figure shows rating algorithm example 1 from the spreadsheet resource.

For the second algorithm example, Denise and Donald reverted to their arithmetic
approach as they tackled the challenge of weighting the variables, a process that introduces
multiplication by a coefficient. In this example, each candidate’s interview performance,
enthusiasm for position, and eagerness to learn were weighted by factors of 1, 1.5, and 2,
respectively. Rather than using the cell names to write a formula, they again used the spe-
cific values in each cell, writing the formula ‘= 1 ∗ 10+ 1.5 ∗ 6+ 2 ∗ 5’, to calculate Jay’s
score. When they attempted to apply the algorithm across the other two rows, by dragging
the bottom right corner of the cell, both candidates received the same score, which did
not match Team A’s calculations. In response to this unexpected result, Denise explained,
‘I see what I did . . . I should have used like . . . G like 41 and stuff like that . . . I want it to
multiply this column with one, this column with 1.5 and this column with two’. Denise’s
explanation reflected amore sophisticated understanding of variables. Instead of operating
on the specific values in a cell, they were operating on the ‘columns’, or what those cells
represented, while also verbally distinguishing between the variable (cell name) and the
coefficient. The spreadsheet resource helped Team A shift from describing algorithms and
their defining function rules arithmetically to doing so algebraically. It also helped them
recognise that they needed to operationalise their variables so that they could apply their
algorithm consistently to all racetracks.

Following the workshop, Team A independently explored the remaining examples in
the spreadsheet resource to find a function rule that fit their expectations for the functional
relationship. TeamA’s final algorithm for the design challenge, which they represented as a
table (see Figure 6), generated scores for racetracks by calculating a weightedmean of three
variables (Health, Treatment, andPhysical Appearance in place ofHorseOwnerOpinions),
which they operationalised using expert ratings on a scale from 1 to 5, with 5 being the best.
Arguing some variables (health and treatment) are more important than others (physical
appearance of horses) in rating a track, they assigned a weight of 2 to ‘health’.

They included the expression (H× 2)+T+P to represent their algorithm, with H,
T, and P representing ratings of the horses’ health, treatment, physical appearance,
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Figure 6. Recreation of Team A’s final algorithm.
Note: Team A’s tabular representation of their final algorithm, re-created for legibility.

respectively. However, examining the entries in the ‘Score’ column revealed they used the
expression (H×2)+T+P

3 , suggesting they were attempting to use a weighted mean but did
not adjust their divisor to reflect the weight assigned to the health category.

OnceDenise andDonald had a rule that could systematically generate ratings fromuser-
defined input information, they were able to draw on their understanding of the functional
relationship to begin testing, reflecting on, and refining their algorithm using real-world
examples. This process created opportunities for team A to make sense of writing, testing,
and refining function rules, while also considering the structure of algebraic expressions.
Earlier in the week, Team A was asked whether they had a prediction for the rating Santa
Anita (the track whose highly publicised horse deaths inspired Team A’s selection of their
context and purpose) would receive. Denise responded, ‘I don’t think they’re very com-
pliant . . . Probably like 2.5 or something’. When asked what would happen if it received a
high rating, Denise stated,

[I would] definitely reconsider how I was doing it because, not being judging here, but just
they haven’t been doing very well. So . . . I would want to look at it again. Just go over it and
figuring out what I did wrong.

The decision for whether they were successful building their algorithm depended on
whether it produced results consistent with their predictions for its behaviour. Team A
had a way to make sense of the results from testing their function rule.

After they had built the final iteration of their algorithm and function rule, the research
team asked about Santa Anita receiving a higher score than Churchill Downs. Drawing on
his understanding of the context, the meaning of the variables, and the structure of the
function rule, Donald responded, ‘now we can say Churchill Downs is horrible. I looked it
up and there were 16 fatalities in 2018’. Donald went on to explain that ‘ . . . health depends
on the number of horse deaths. The greater number in horse deaths, the lower rating it
has on health. But the less amount of deaths, the higher the rating’. Instead of accepting
the results, Donald revised their prediction and used his understanding of the meaning of
the health variable and the functional relationship between the input and output variables
to justify the observed result. Because they participated fully in the function building pro-
cess, Team A took ownership of the function rule and made sense of building, testing, and
refining it.

Team A’s approach and solution confirmed many of the expected verbalizations,
behaviours, actions and explanations associated with the initial conjecture and also inter-
jected new aspects of function building. The challenge led them to identify a meaningful
functional relationship based on their team’s knowledge of horses and their concern for
racehorse safety, which led them to quickly identify factors that would allow them to eval-
uate a racetrack and develop a ‘suitable’ score.When defining and operationalising authentic
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Figure 7. Re-creation of Team B’s first attempt at operationalising variables.
Note: This figure shows Team B’s first set of input variables, re-created for legibility.

variables, team A recognised the need to refine their variables to be measurable, an unex-
pected but valuable activity of function building, especially in this entrepreneurial context.
In operationalising functions rules, a novel approach was seen as Team A’s first effort to
describe a function rule took the shape of a list of instructions; researcher support was
needed to help them represent their list symbolically and make it consistent and coherent
(Confrey &Maloney, 2007). As they worked with the spreadsheet resource, they temporar-
ily reverted to arithmetic reasoning when adding the weighting of variables before finally
returning to algebraic reasoning, a process which deepened their understanding of the
variables in their rule. The team, through this sequence of actions, showed a high level of
agency, autonomy, and control in function building. A researcher’s question about the rat-
ing assigned to a well-known problematic racetrack, led Team A to demonstrate the third
element of function building, making sense of writing, testing, and refining function rules,
defending the score by referencing the meaning of the health variable. Team A’s approach
showed flexibility and depth in functional reasoning and demonstrated how the challenge
enhanced the function building process.

3.2. Results from TeamB

Beatrice and Maria chose to design an algorithm that would rate YouTube channels
(accounts that upload content to YouTube) to help users decide whether to watch a video.
Building the algorithm would require them to define the functional relationship between
characteristics of a YouTube channel and the rating the channel receives. They initially set-
tled on four characteristics (input variables) that should inform a channel’s rating: content
(e.g. ‘gaming or cake decorating’ videos); uploads (how frequently videos are uploaded
by the channel); length (the average length of a video); and views/likes (the number of
views or likes). These four input variables were authentic to the context and their selection
introduced complexity to the process of defining and operationalising them. TeamB had to
find a way to accommodate categorical variables (content), quantitative variables (uploads,
length, and views/likes), and quantitative variables measured on vastly different scales (e.g.
video length and number of views). Their first attempt involved applying a rating of users’
enjoyment of the content for a channel and a binning system for the variables ‘length’ and
‘views’ (see Figure 7) to balance the impact of the quantitative variables.

This binning system restricted the domain of ‘length’ and ‘views/likes’ so that neither
would have a disproportionate impact on the overall rating. For example, a YouTube chan-
nel viewed 5 million times would receive a 4 in the ‘views/likes’ variable. It is important to
note that they initially did not use a binning system for uploads. Instead, they used uploads
per month, a ratio that controls the range of possible values. Prioritising authenticity in
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Figure 8. Team B’s initial algebraic expression.
Note: This figure shows Team B’s variable weights and algebraic expression.

their selection of input variables deepened the process of defining those variables, requir-
ing Team B to define and operationalise the variables in ways that fit their understanding
of the functional relationship. Team B then wrote an algebraic expression to represent their
algorithm (see Figure 8).

Maria explained their coefficients, stating, ‘we figured out what kind of different weights
we would want to use on different categories so that there would be ones that more heavily
influenced the final score, but not so much that . . . this one category that decided every-
thing’. Team B’s deep understanding of the functional relationship they identified allowed
them to make sense of building and testing function rules. They recognised that changing
the value of the coefficients would impact the overall ratings and, if one coefficient were
much greater than the others, then the meaning of those ratings would change. They were
considering the structure of their expression, the relationship between the input and output
variables, and the real-world meaning of those outputs.

On day 2, Team B independently adjusted the input variables they included and how
they defined and operationalised those variables. As Maria explained, ‘ . . . I feel like we
should keep the same categories . . . but I feel like we should do it based on how the cus-
tomers feel about it. Like, whether they think they upload not enough or whether they
upload . . . way too much’. This focus on consumers enhanced the process of defining vari-
ables, leading Team B to change how they operationalised their variables, from using
descriptive measures (e.g. number of views) to using ‘consumer ratings’. According to
Maria, ‘ . . . it would be better to have a product that’s less aimed at the YouTube chan-
nels and more aimed at what the consumers want to see’. Instead of assigning a label to
a given variable and moving on, Team B independently refined how they defined and
operationalised their variables to better meet the needs of their consumers.

When Team B turned to prototyping their algorithm in the spreadsheet, they encoun-
tered an obstacle. They did not know the language and syntax needed towrite a spreadsheet
formula. Although they were able to write an algebraic expression on paper, the shift
to building an automated spreadsheet function impeded their progress. Maria asked a
researcher, ‘we want to do it by like A, B, C, D, so we just do like cell A. Is there a way we
can, like, take it so that when you enter the numbers it . . . automatically does it?’. During
the previous day’s debrief meeting, the research team conjectured Team B would benefit
from a brief tutorial on how towrite a spreadsheet formula. Afterwards,Maria and Beatrice
successfully programmed the spreadsheet to carry out their algorithm (see Figure 9), and
communicated an algebraic understanding of their function, applying the function rule
across multiple YouTube channels.

Maria explained her team’s spreadsheet algorithm, stating,
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Figure 9. Team B’s spreadsheet algorithm with author annotations.
Note: This figure shows Team B’s spreadsheet algorithmwith author annotations to show the formulas used to calculate the
Total Score (column F) for each YouTube channel.

Let’s say you gave [a channel] a nine for the type of content. For the length . . . they thought
the videos were a bit too short, so they give it a six. They’re still like good videos, you know,
hold on a second, that doesn’t seem right. Oh yeah, that is right. All right . . . That’s the third
category. They think they upload really nicely. They have their schedule worked out perfectly,
down to the second . . . they give it a 10 . . . And then they get a good amount of views, not like
hundred million billion, like every single video, like, enough people watch it . . . And they give
it like, you know, good. It’s pretty good. Give it an eight and bam, the overall score is 37.3

Maria, (1) described the meaning of the input variables in relation to the context, includ-
ing what different values tell you about the YouTube channel; (2) expressed a functional
interpretation of algorithms; and (3) evaluated the coherence of the algorithm (i.e. do the
results make sense for the YouTube channels we are rating?) in real-time by examining
the automatically generated ratings. The spreadsheet supported Team B to engage in func-
tional thinking (Blanton et al., 2015) and to make sense of the process of building, testing,
and refining function rules. They continued testing and refining their function, replacing
the variable ‘views’ with ‘quality’ (users’ ratings of the technical quality of a video), with
Beatrice citing the entrepreneurial purpose of their algorithm, stating, ‘we decided instead
of having views as something that people could rate, ‘cause that’d be kind of hard, um, we
changed it to the quality’. To test their algorithm under real-world conditions, they revised
it again, showing how theywould combine ratings frommultiple users for a single YouTube
channel (see Figure 10).

They used columnA (originally used to represent different channels) to representmulti-
ple users (as indicated by the box labelled ‘users’), with columns B, C, D, and E representing
ratings assigned by those users to a single channel. They used row 9 to calculate a mean
for each of the four variables and, using their original algorithm, combined those ratings
to determine an overall score (F9) for that particular channel. Later, in an interview, they
indicated an understanding that they could carry this out for a variety of YouTube channels
and compare the values in cell F9. This fairly remarkable way of using a specific algorithm
in the context of other algorithms demonstrates a degree of generalisability of the function
relation. These changes, made in an effort to demonstrate real-world viability, shows how
the function building process was enhanced, driving Team B to continually improve on
how they were defining and operationalising their variables and supporting them to make
sense of building, testing, and refining function rules. Team B’s final prototype included
the spreadsheet shown in Figure 10 and the expression, 2A+ 1.5B+ 1C+ 1D, where A,
B, C, and D represented the mean user rating of the variables, content type, video length,
uploads, and quality, respectively.

Throughout the Building Algorithms challenge, Team B engaged in key function build-
ing processes in unexpected and complex ways. In the process of identifying a meaningful
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Figure 10. Team B’s final algorithm with author annotations.
Note: This figure shows Team B’s spreadsheet algorithm, annotated by the authors.

functional relationship, they drew on their shared interest in YouTube, deciding to design
an algorithm that rates YouTube channels using characteristics they deemed relevant and
authentic to the context. Because these characteristics included both categorical vari-
ables and quantitative variables that varied significantly in magnitude, Team B faced a
heightened challenge when defining and operationalising authentic variables for their rela-
tionship. They overcame this challenge by applying a user rating to their categorical
variable (content) and binning systems for the large quantitative variables. Recognising the
entrepreneurial context, they extended user ratings to all four variables. Both approaches
demonstrate considerable resourcefulness and insight into how to manage scale, range,
and units. They displayed a readiness for operationalising functions rules, leading the
researcher to directly introduce spreadsheet notation in their context. This allowed them
to rapidly build a spreadsheet prototype of their algorithm using hypothetical data. Then,
in a remarkable example ofmaking sense of writing, testing, and refining function rules, they
drew on the client’s perspective (a key feature of entrepreneurship). Using their existing
spreadsheet, which previously represented a set of YouTube channels to be compared, they
imagined replacing the list of channels with a list of users rating a single channel. They
then used the same template to calculate and combine the average rating for each cate-
gory across users to calculate an overall score. The way this team explored and revised
their various types of variables and adapted and generalised their spreadsheet to focus on
users represents a significantly innovative process of function-building, all prompted by
the entrepreneurial setting.

3.3. Results from TeamC

Team C decided to build a logic-based filtering algorithm that would use ‘ . . . a survey of
what [music] people . . . like and are already listening to . . . and . . . recommend new music,
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Figure 11. Re-creation of Team C’s sketch of their algorithm.
Note: This figure shows Team C’s sketch of their algorithm re-created for legibility.

new artists’. To build this algorithm, Team C would need to define the functional relation-
ship between the music a user currently likes and new music a user might like. Identifying
this meaningful functional relationship led Shaun and Kim to define and operationalise
four factors that they would consider when recommending new music to a user. These
would be generated by user responses to the survey: (1) what genres of music do you like?
(2) what instruments do you like? (3) what artists do you like? and (4) what artists do
you dislike? As Kim explained, their algorithm would, ‘ . . . take these . . . categories that
we’ve written down and take that into account and then have it . . . supply another thing
that we’ve . . . put in information about’. Team C’s algorithm represented a sequential pro-
cess by which categorical input variables (survey responses) would bemapped onto a list of
categorical output variables (recommended songs). Their selection of categorical variables
deepened the process of defining variables.

To operationalise these categorical variables, Shaun independently, without guidance or
instruction from the research team, began searching the list of spreadsheet functions, test-
ing ones that looked promising until he found one that seemed to meet his team’s needs.
For Team C, the process of defining and operationalising input variables was built into
the process of writing and testing their function rule. Team C’s first iteration used the
‘MATCH’ function, which searches a cell range for a number, word, or phrase, and returns
the row number of the last cell in the range that contains that value (see Figure 11).

For example, if a user selected ‘pop’ from the list of possible music genres, the Match
function would search the genre column and return the row number of the last song
classified as ‘pop’.

This process of building, testing, and refining their function rule broadened what it
means to define and operationalise variables in a functional relationship. For each function
they tested, TeamCneeded to understand what the variables (cell locations) represented in
their unique context; and interpret a verbal description of the function rule to determine if
it would produce the intended recommendedmusic. By identifying a personally meaning-
ful functional relationship, Team C broadened what it meant to define variables in middle
grades math and supported them to make sense of building, testing, and refining function
rules.

On day 3, Team C reflected on the needs of their users and decided to revise their
function rule. Using the MATCH function, their output variable could only represent a
single song instead of the list of songs their users would want. They quickly identified the



INTERNATIONAL JOURNAL OF MATHEMATICAL EDUCATION IN SCIENCE AND TECHNOLOGY 21

Figure 12. Team C’s song library.
Note: This figure shows the music library Team C used to prototype their algorithm.

Figure 13. Team C’s final spreadsheet algorithm.
Note: This figure shows the final version of Team C’s spreadsheet algorithm.

‘LOOKUP’ function as a possible replacement and began experimenting. The ‘LOOKUP’
function would allow them to search a list of song characteristics within a column and
within a given range. When a cell containing the specified characteristic is identified, the
spreadsheet returns the name of the song, which corresponds to that cell. For example (see
Figure 12), if a user responds to their survey stating they like ‘pop’, then the LOOKUP
function searches column C for the last cell that contains the word ‘pop’ (cell C102).When
it finds that cell, the function returns the contents of the cell located in the same row (102)
and in the column labelled ‘Name’, in this case, ‘Firework’, by Katy Perry. The LOOKUP
function requires that the contents of the search column be listed in numerical or alphabet-
ical order and returns only the last matching cell in the list. Used in isolation, the LOOKUP
function does not return a list of songs. This obstacle led Team C to refine their function
rule by segmenting the search range and use multiple LOOKUP functions across cells to
return a list of multiple songs. Despite the flaws4 with this strategy, Team C demonstrated
creativity and flexibility in how they defined and operationalised their input variables and
structured their function rule.

The immediate feedback from the spreadsheet supported Shaun and Kim to continually
make sense of the meaning and structure of the function. They would write a formula,
using the cell names as variables, test it against their expectations, and make revisions.
Each cycle of experimentation drove Team C to reflect on the meaning of their variables
and the structure of their expression.

For example, in building, testing, and refining their final algorithm, which only included
a way to filter using ‘genre’ (see Figure 13), Team C needed to (1) understand the process
followed by the LOOKUP function rule, (2) recognise a cell name (e.g. I105) as represent-
ing the search term and connect it to their survey questions, (3) recognise the cell ranges
(e.g. C101:C103) in which the function rule searches for the search term, and (4) recognise
the cell ranges (e.g. B101:B103) as representing the range of cells from which the function
will select the output cell. TeamC’s algorithm, atypical of amiddle grade treatment of func-
tion, engaged students in functional reasoning and enhanced key processes of function
building.

Team C identified a compelling context for their algorithm: using music preferences
to predict a new set of songs for a client. Thus, they identified a meaningful functional
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relationship, where their goal was to offer clients suggestions of songs rather than to pro-
duce a rating. Their choice of context also required them to use categorical variables
(genres, instruments, and artists likes/dislikes) to produce another categorical variable
(a set of songs). As they more closely examined, defined, and operationalised authentic
variables, they were the first group to act within the finite-to-finite mapping space, seek-
ing a way to connect the categorical input variables with the categorical output variables.
Without options to apply typical operations (+, −, ×, ÷) to operationalise functions rules,
they searched the available spreadsheet functions and arrived at logical functions, such as
‘MATCH’ and ‘LOOKUP’. They then tested and refined these logical functions using a
database of songs. This process engaged them in making sense of writing, testing, and refin-
ing function rules, as they wrote the formula, tested whether it produced their expected
outputs, and made revisions when it did not. They also attended to the needs of their tar-
get users, leading Team C to identify necessary revisions to their output variables (a set
of multiple songs instead of a single song) and function rule (shifting from ‘MATCH’ to
‘LOOKUP’). Team C’s solution provided further evidence that the idea of a function as a
relation can be far broader than mapping finite sets of numbers or arbitrary nouns or con-
necting x’s and y’s into a formula. Team C, demonstrated persistence, independence, and
creativity in exploring the various types of functions available with spreadsheets.

4. Discussion

This study investigated how students’ functional reasoning emerged and developed while
participating in the Building Algorithms challenge as part of the D&P Challenges in STEM
framework. The challenge situated function building within the context of designing an
automated ranking or rating algorithm using a spreadsheet. Using a design study method-
ology and constructivist theoretical framework, the team investigated the activities of
six middle grade students as they participated in a five-day D&P Challenges in STEM
entrepreneurial pitch competition.

The results of the study support the conjecture that the D&P Challenges in STEM
framework and Building Algorithms challenge can elicit functional reasoning through
the authentic driving question of how to objectively determine ratings/rankings and
the iterative design process of building, testing, and refining prototype algorithms using
spreadsheets. During the study, additional, unanticipated ways of supporting functional
reasoning emerged that were closely tied to students’ interest in their chosen contexts and
that enhanced their function building processes. As reported, three themes ((1) identifying
personally meaningful functional relationships; (2) defining and operationalising authen-
tic variables and function rules; and (3) making sense of writing, testing, and refining
function rules) emerged as useful categories for discussing the solution paths of the three
cases (A, B, and C). Figure 14 summarises each of those themes as they applied to each
case. It further subdivides each theme into sub-themes (process column), representing a
compilation of an enhanced description of the key processes involved in function building.

4.1. Identifying personallymeaningful functional relationships

Aswe examined the rich examples of personallymeaningful functional relationships across
the three cases, two sub-processes became evident; the choice of functional relationship
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Figure 14. Key processes in students’ function building.

seemed to evolve in consideration of an input-output notion of function and the variables
that would influence the rating appropriately had to be identified as components. Identify-
ing a functional relationship requires one to consider how the relationship can be described
in terms of inputs and output. Formost groups, the output was a rating, however, one group
(C) opted for an output as a recommended set of songs. To generate a function rule, Team
C had to identify a set of factors or components (variables) that would, when combined,
appropriately influence the value of that output. Compared to other ratings/rankings tasks
using real-world data (see e.g. Doerr & English, 2003), the Building Algorithms design chal-
lenge is unique in that it allows students the autonomy to identify both the context for their
rating/rankings and the data needed to build those ratings/rankings. Given that autonomy,
teams designed algorithms that were diverse and interesting, in terms of context, type, and
structure.

This step of identifying personal meaningful functional relationships equipped stu-
dents with the insights necessary to select relevant factors on which to base their rat-
ings/rankings, a step that can be challenging for students when working with real-world
contexts due to their lack of a deep understanding of those contexts (Gould &Wasserman,
2014; Ng, 2011). In identifying horse racetracks, YouTube channels, andmusic recommen-
dations, the three teams understood the contexts and possessed the insights needed to
identify relevant variables (English, 2010). The process of identifying personally mean-
ingful functional relationships enabled students to begin the function building process
by describing, using natural language (Blanton et al., 2015), the input variables, output
variables, and the functional relationship between input and output variables. Leveraging
one’s personal experiences and expertise to build a solution is a powerful characteristic
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of entrepreneurship that, paired with DBL, provided a way for students to make sense of
the design challenge and informed their iterative function building process throughout the
week.

4.2. Defining and operationalising authentic variables and function rules

Having identified personally meaningful functional relationships and relevant input and
output variables, teams began defining and operationalising authentic variables and function
rules. This phase of function building created opportunities for creative and unexpectedly
rich functional reasoning across the three teams as they: (1) made their variables measur-
able, (2) combined the variables into function rules, and (3) generalised those rules across
inputs.

Because their identification of variables was based on the relevance of those variables
to their chosen contexts and the authentic driving question, they needed to coordinate a
variety of variable types (e.g. categorical, quantitative, descriptive, evaluative) and mag-
nitudes to meet the purpose of their algorithm and the needs of their consumers. The
entrepreneurial considerations built into the design challenge were a continual driver
of students’ mathematical decision making. Team A’s decision to include horse owner
opinions, Team B’s decision to switch from descriptive measures to user ratings of four
YouTube channel categories, and Team C’s decision to shift from producing a single song
to producing a set of multiple songs, were all based on the purpose of their algorithm and
the perceived needs of the consumers.

Students needed to consider not only what a variable represents, but also how to oper-
ationalise it for use in their algorithms. The expectation that students prototype their
algorithms, a feature of EBL, PBL, andDBL, using the spreadsheet tool established amean-
ingful purpose for the function rule (Ainley et al., 2005) and supported students to build
from their verbal descriptions to more sophisticated representations, while also attending
to themeaning and structure of those representations (Doorman et al., 2012; Hoyles, 2018;
Tabach et al., 2008). Combined with the spreadsheet resource, the tool supported students
to prototype their function rules and to shift from their initial verbal descriptions of their
functions to using algebraic notation (Ainley et al., 2005; Filloy et al., 2007; Rojano, 1996)
and from operating on specific values to operating on variables representing a range of
possible values representative of a given construct (Carraher et al., 2006; Hoyles, 2018). It
was also notable that group C chose to create a function which mapped discrete song titles
into a set of possible songs of interest and in doing so utilised some of the logical functions
available in spreadsheets.

4.3. Making sense of writing, testing, and refining function rules

The immediate feedback provided by the spreadsheet tool, combined with students’ identi-
fication ofmeaningful functional relationships and their investment in building a function-
ing prototype, enhanced the function building process. This supported students inmaking
sense of writing, testing, and refining their function rules, which led to distinguishing the
sub-themes of refining the range, weighting variables, and revising the function rule.

All three teams drew on their out-of-school experiences to write their function rule and
test its consistency and coherence (Confrey & Maloney, 2007) under real-world condi-
tions. Each team chose independently to iterate on their designs, even when those designs
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were sufficient for completing the challenge. This process of writing, testing, and refining
function rules created opportunities for students to reflect on the structure and meaning
of their function rules. It was further enhanced by the entrepreneurial framing of the chal-
lenge, leading teams to iterate on their designs to better meet the needs of consumers and
demonstrate how their prototypes worked under real conditions. In one particularly note-
worthy example, Team B used their initial prototype rating multiple YouTube channels to
demonstrate how they intended to accommodate multiple users rating the same channel.
This shift demonstrated flexible thinking and led them to engage with a nuanced concep-
tion of variables as representing a range of possible values and representing an expression
that can itself take on a range of possible values. By empowering students to draw on their
out-of-school interests and identifymeaningful functional relationships, the challenge sup-
ported them to evaluate the completeness of their solutions and determine when iterations
were necessary, enhancing the process of writing, testing, and refining function rules.

In summary, by conducting a design study of three groups of students as they engaged
in a D&PChallenge, the research team has both demonstrated the viability of the challenge
to foster students’ development of functional reasoning and offered a framework for the
key processes involved in the activity of function building composed of three themes and
nine sub-themes as displayed in Figure 14. Additionally, it demonstrates how features of
PBL and DBL can be leveraged to support targeted mathematical reasoning in a STEM
entrepreneurial pitch competition.

5. Implications

This study has several implications. First, curriculum designers and teachers should pro-
vide opportunities for students to engage broadly with the function building process. That
process can be scaffolded and enhanced by incorporating features of EBL, PBL, and DBL,
such as situating it within entrepreneurial pitch competitions, addressing authentic driving
questions, and using design thinking to build, test, and refine prototype solutions. Students
should be included in identifying personally meaningful relationships that can be repre-
sented with functions, defining and operationalising variables that are authentic to those
relationships, and designing, testing, and refining prototypes of function rules based on
their knowledge and expectations of how the relationship should behave.

Second, students’ functional thinking was embedded in their chosen contexts. Teach-
ers using this type of challenge will need support identifying and understanding students’
functional thinking (Hatisaru, 2024; Suters & Suters, 2020;Wilkie, 2014), especially within
the novel algorithms context and spreadsheet environment of theBuilding Algorithms chal-
lenge. This study highlights several examples of rich functional thinking that teachers can
look for as they use similar challenges. Finally, the affordances of the spreadsheet resource
and tool played an important role in both helping students identify the core components
of a function and test their functions against their expectations. Teachers and curriculum
developers should consider ways of incorporating similar digital tools that make building,
testing, and refining functions accessible and intuitive.

6. Limitations

This study had several limitations. First, this study included students entering sixth, sev-
enth, and eighth grade and all three teams included two students at different grade levels.
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This heterogeneous grouping, atypical ofmiddle gradesmathematics classrooms,may have
influenced the mathematics that emerged during the study, though whether this influ-
ence was positive or negative is unclear. Second, students’ knowledge of functions and
algebraic expressions was not assessed prior to the study. Although students’ grade lev-
els and comments during the study provide some insight into their prior knowledge of
functions and algorithms, it is not possible to know how much of the functional reason-
ing that emerged during the study can be attributed to the challenge and overarching
framework alone. Finally, the purpose of this study was to understand how the D&P
Challenges in STEM framework can elicit targeted mathematical reasoning (functional
thinking) through a math-focused entrepreneurial design challenge (the Building Algo-
rithms challenge). This study demonstrated what is possible under ideal circumstances for
one challenge. More research is needed to understand how the D&P Challenges in STEM
framework can elicit different targeted mathematics content through a different challenge
and within a classroom setting.

7. Conclusion

This study investigated middle school students’ mathematical reasoning while participat-
ing in an entrepreneurial pitch competition. TheBuilding Algorithms challenge, one of nine
D&P Challenges in STEM, was written to elicit functional reasoning within the context
of algorithm building and as part of an entrepreneurial pitch competition. The results of
the study demonstrate how an entrepreneurial pitch competition centred around a math-
focused design challenge can elicit and even enhance specific and intended mathematical
reasoning. The Building Algorithms challenge, through its entrepreneurial framing and the
autonomy it afforded, empowered students to pursue and build unique, actionable, and
personally relevant solutions, while also bounding and enhancing the mathematics with
which they engaged. This study demonstrates for one particular challenge that deep and
focused mathematical reasoning is possible and can be enhanced when situated within
an entrepreneurial pitch competition; a finding that needs further investigation across a
broader set of challenges. Most importantly, it demonstrates that not only can students
engage in solid and rich mathematical activity, arguably richer than one gets with tra-
ditional instructional materials, but they benefit by orienting to and experiencing for
themselves future career possibilities.

Notes

1. This framework is based on the work of Cristal Glanchai (2019) and was developed through a
partnership between NCSU and JASON Learning.

2. The DBR methodology allowed for an in-depth analysis of students’ mathematical reasoning
and, thus, the technical brief and the KBP were not analysed for this study.

3. Based on Team B’s description, they seemed to have omitted column E from their algorithm.
This was fixed in their next iteration.

4. Team C’s strategy of segmenting the search range would require them to continually revise how
they segmented the search range whenever songs are added.

Disclosure statement

No potential conflict of interest was reported by the authors.



INTERNATIONAL JOURNAL OF MATHEMATICAL EDUCATION IN SCIENCE AND TECHNOLOGY 27

Funding

This material is based upon work supported by the National Science Foundation [grant number
1759167]. Any opinions, findings, and conclusions or recommendations expressed in this material
are those of the author(s) and do not necessarily reflect the views of theNational Science Foundation.

ORCID

Michael Belcher http://orcid.org/0000-0002-0376-4909
Erin Krupa http://orcid.org/0000-0001-6898-4059

References

Ainley, J., Bills, L., & Wilson, K. (2005). Designing spreadsheet-based tasks for purpose-
ful algebra. International Journal of Computers for Mathematical Learning, 10(3), 191–215.
https://doi.org/10.1007/s10758-005-8420-9

Barron, B. J., Schwartz, D. L., Vye, N. J., Moore, A., Petrosino, A., Zech, L., & Bransford, J. D.
(1998). Doing with understanding: Lessons from research on problem- and project-based learn-
ing. Journal of the Learning Sciences, 7(3-4), 271–311. https://doi.org/10.1080/10508406.1998.
9672056

Bilen, S., Kisenwether, E., Rzasa, S., & Wise, J. (2005). Developing and assessing stu-
dents’ entrepreneurial skills and mind-set. Journal of Engineering Education, 94(2), 233–243.
https://doi.org/10.1002/j.2168-9830.2005.tb00844.x

Blanton, M., Brizuela, B. M., Gardiner, A. M., Sawrey, K., & Newman-Owens, A. (2015). A learn-
ing trajectory in 6-year-olds’ thinking about generalizing functional relationships. Journal for
Research in Mathematics Education, 46(5), 511–558. https://doi.org/10.5951/jresematheduc.46.5.
0511

Blumenfeld, P. C., Kempler, T. M., & Krajcik, J. S. (2006). Motivation and cognitive engagement in
learning environments. In K. R. Sawyer (Ed.), The Cambridge handbook of the learning sciences
(pp. 475–488). Cambridge University Press.

Boaler, J. (1998). Open and closed mathematics: Student experiences and understandings. Journal
for Research in Mathematics Education, 29(1), 41–62. https://doi.org/10.2307/749717

Boedeker, P.,Nite, S., Capraro, R.M.,&Capraro,M.M. (2015).Women in STEM:The impact of STEM
PBL implementation on performance, attrition, and course choice of women. Paper presented at the
Frontiers in Education Conference (FIE). 32614 2015. IEEE.

Borasi, R., & Finnigan, K. (2010). Entrepreneurial attitudes and behaviors that can help prepare
successful change-agents in education. The New Educator, 6(1), 1–29.

Carraher, D. W., Schliemann, A. D., Brizuela, B. M., & Earnest, D. (2006). Arithmetic and algebra
in early mathematics education. Journal for Research in Mathematics Education, 37(2), 87–115.
https://doi.org/10.2307/30034843

Cobb, P., Confrey, J., DiSessa, A., Lehrer, R., & Schauble, L. (2003). Design experiments in educa-
tional research.Educational Researcher, 32(1), 9–13. https://doi.org/10.3102/0013189X032001009

Confrey, J. (1991). Learning to listen: A student’s understanding of powers of ten. In E. von
Glasersfeld (Ed.), Radical constructivism in mathematics education (pp. 111–138). Springer.

Confrey, J. (2006). The evolution of design studies as methodology. In K. Sawyer (Ed.), The
Cambridge handbook of the learning sciences (pp. 135–152). Cambridge University Press.

Confrey, J., & Kazak, S. (2006). A thirty-year reflection on constructivism in mathematics education
in PME. In A. Gutiérrez, & P. Boero (Eds.),Handbook of research on the psychology of mathematics
education: Past, present and future (pp. 305–345). Sense Publishers.

Confrey, J., Krupa, E., & Belcher, M. (2019). Design & pitch challenges in STEM. https://www.jason.
org/design-and-pitch

Confrey, J., & Lachance, A. (2000). Transformative teaching experiments through conjecture-driven
research design. In A. Kelly & R. Lesh (Eds.), Handbook of research design in mathematics and
science education (pp. 231–265). Lawrence Erlbaum.

http://orcid.org/0000-0002-0376-4909
http://orcid.org/0000-0001-6898-4059
https://doi.org/10.1007/s10758-005-8420-9
https://doi.org/10.1080/10508406.1998.9672056
https://doi.org/10.1002/j.2168-9830.2005.tb00844.x
https://doi.org/10.5951/jresematheduc.46.5.0511
https://doi.org/10.2307/749717
https://doi.org/10.2307/30034843
https://doi.org/10.3102/0013189X032001009
https://www.jason.org/design-and-pitch


28 M. BELCHER ET AL.

Confrey, J., & Maloney, A. (2007). A theory of mathematical modelling in technological settings. In
W. Blum, P. L. Galbraith, H.W.Henn, &M.Niss (Eds.),Modelling and applications inmathematics
education: The 14th ICMI study (pp. 57–68). Springer.

Creswell, J. W., & Poth, C. N. (2018). Qualitative inquiry & research design: Choosing among five
approaches (4th ed.). Sage.

Cristal Glanchai, L. (2019). The case for youth entrepreneurship education [PowerPoint Slides]. Ven-
ture Lab. https://venturelab.org/wp-content/uploads/2019/12/State-of-Youth-Entrepreneurship_
2019.pdf

Design-Based Research Collective (DBRC). (2003). Design-based research: An emerging paradigm
for educational inquiry. Educational Researcher, 32(1), 5–8. https://doi.org/10.3102/0013189X
032001005

Doerr, H., & English, L. D. (2003). A modeling perspective on students’ mathematical
reasoning about data. Journal for Research in Mathematics Education, 34(2), 110–136.
https://doi.org/10.2307/30034902

Doorman, M., Drijvers, P., Gravemeijer, K., Boon, P., & Reed, H. (2012). Tool use and the devel-
opment of the function concept: From repeated calculations to functional thinking. International
Journal of Science andMathematics Education, 10(6), 1243–1267. https://doi.org/10.1007/s10763-
012-9329-0

Doppelt, Y.,Mehalik,M.M., Schunn, C.D., Silk, E., &Krysinski, D. (2008). Engagement and achieve-
ments: A case study of design-based learning in a science context. Journal of Technology Education,
19, 22–39.

Dym, C. L., Agogino, A. M., Eris, O., Frey, D. D., & Leifer, L. J. (2005). Engineering design thinking,
teaching, and learning. Journal of Engineering Education, 94(1), 103–120.

English, L. (2010). Modeling with complex data in the primary school. In R. Lesh, P. Galbraith,
C. Haines, & A. Hurford (Eds.), Modeling students’ mathematical modeling competencies (pp.
287–299). Springer.

Filion, L. J. (1994). Ten steps to entrepreneurial teaching. Journal of Small Business & Entrepreneur-
ship, 11(3), 68–78. https://doi.org/10.1080/08276331.1994.10600466

Filloy, E., Rojano, T., & Puig, L. (2007). Educational algebra: A theoretical and empirical approach
(Vol. 43). Springer.

Fortus, D., Dershimer, R. C., Krajcik, J., Marx, R. W., & Mamlok-Naaman, R. (2004). Design-
based science and student learning. Journal of Research in Science Teaching, 41(10), 1081–1110.
https://doi.org/10.1002/tea.20040

Gould, H., & Wasserman, N. H. (2014). Striking a balance: Students’ tendencies to oversimplify or
overcomplicate in mathematical modeling. Journal of Mathematics Education at Teachers College,
5(1), 27–34.

Han, S., Capraro, R., & Capraro, M. M. (2014). How science, technology, engineering, and mathe-
matics (STEM) project-based learning (PBL) affects high, middle, and low achievers differently:
The impact of student factors on achievement. International Journal of Science and Mathematics
Education, 13(5), 1089–1113.

Hatisaru, V. (2024). Investigating secondary mathematics teachers’ analogies to function. Inter-
national Journal of Mathematical Education in Science and Technology, 55(5), 1097–1116.
https://doi.org/10.1080/0020739X.2022.2032440

Hoyles, C. (2018). Transforming the mathematical practices of learners and teachers through digital
technology. Research in Mathematics Education, 20(3), 209–228. https://doi.org/10.1080/14794
802.2018.1484799

Jackson, K., &Makarin, A. (2018). Can online off-the-shelf lessons improve student outcomes? Evi-
dence from a field experiment. American Economic Journal: Economic Policy, 10(3), 226–254.
https://doi.org/10.1257/pol.20170211

Jones, C., Penaluna, K., & Penaluna, A. (2020). Value creation in entrepreneurial education: Towards
a unified approach. Education + Training, 63(1), 101–113. https://doi.org/10.1108/ET-06-2020-
0165

Kanter, D. E., & Konstantopoulos, S. (2010). The impact of a project-based science curriculum
on minority student achievement, attitudes, and careers: The effects of teacher content and

https://venturelab.org/wp-content/uploads/2019/12/State-of-Youth-Entrepreneurship_2019.pdf
https://doi.org/10.3102/0013189X032001005
https://doi.org/10.2307/30034902
https://doi.org/10.1007/s10763-012-9329-0
https://doi.org/10.1080/08276331.1994.10600466
https://doi.org/10.1002/tea.20040
https://doi.org/10.1080/0020739X.2022.2032440
https://doi.org/10.1080/14794802.2018.1484799
https://doi.org/10.1257/pol.20170211
https://doi.org/10.1108/ET-06-2020-0165


INTERNATIONAL JOURNAL OF MATHEMATICAL EDUCATION IN SCIENCE AND TECHNOLOGY 29

pedagogical content knowledge and inquiry-based practices. Science Education, 94(5), 855–887.
https://doi.org/10.1002/sce.20391

Kaput, J. J., & Blanton, M. L. (2000). Algebraic reasoning in the context of elementary mathematics:
Making it implementable on a massive scale. Office of Educational Research and Improvement.

Knuth, D. E. (1974). Computer science and its relation to mathematics. The AmericanMathematical
Monthly, 81(4), 323–343. https://doi.org/10.1080/00029890.1974.11993556

Kolodner, J. L. (2002). Facilitating the learning of design practices: Lessons learned from an inquiry
into science education. Journal of Industrial Teacher Education, 39(3), 9–40.

Krajcik, J., McNeill, K. L., & Reiser, B. J. (2008). Learning-goals-driven design model: Developing
curriculummaterials that align with national standards and incorporate project-based pedagogy.
Science Education, 92(1), 1–32. https://doi.org/10.1002/sce.20240

Krajcik, J. S., & Blumenfeld, P. C. (2006). Project-based learning. In K. R. Sawyer (Ed.), The
Cambridge handbook of the learning sciences (pp. 317–333). Cambridge University Press.

Lackéus, M. (2015). Entrepreneurship in education – What, why, when, how (Entrepreneurship 360.
Background paper). OECD.

Lehrer, R., & Schauble, L. (2004). Modeling natural variation through distribution. American
Educational Research Journal, 41(3), 635–679. https://doi.org/10.3102/00028312041003635

McCulloch, A. W., & Ernst, J. V. (2012). Estuarine ecosystems: Using T & E signature approaches to
support STEM integration. Technology and Engineering Teacher, 72(3), 13–17.

Moberg, K. (2014). Two approaches to entrepreneurship education: The different effects of educa-
tion for and through entrepreneurship at the lower secondary level. The International Journal of
Management Education, 12(3), 512–528.

Moore, R. A., Newton, S. H., & Baskett, A. D. (2017). The InVenture challenge: Inspiring STEM
learning through invention and entrepreneurship. International Journal of Engineering Education,
33(1), 361–370.

Moses, R. P., & Cobb Jr., C. E. (2001). Radical equations: Civil rights from Mississippi to the Algebra
Project. Beacon Press.

Nadelson, L. S., & Seifert, A. L. (2017). Integrated STEM defined: Contexts, challenges, and the
future. The Journal of Educational Research, 110(3), 221–223. https://doi.org/10.1080/00220671.
2017.1289775

Newton, S. H., Alemdar, M., Moore, R. A., & Cappelli, C. J. (2018). An investigation of students’
experiences in a K-12 invention program (evaluation). Paper presented at the 2018 ASEE Annual
Conference & Exposition.

Ng, K. E. D. (2011). Mathematical knowledge application and student difficulties in a design-
based interdisciplinary project. In G. Kaiser, W. Blum, R. Borromeo Ferri, & G. Stillman
(Eds.), Trends in teaching and learning of mathematical modelling (pp. 107–116). Springer.
https://doi.org/10.1007/978-94-007-0910-2_12

Organisation for EconomicCo-operation andDevelopment (OECD). (2018).The future of education
and skills: Education 2030.

Passaro, R., Quinto, I., & Thomas, A. (2017). Start-up competitions as learning environment to foster
the entrepreneurial process. International Journal of Entrepreneurial Behavior & Research, 23(3),
426–445.

Penner, D. E., Lehrer, R., & Schauble, L. (1998). From physical models to biomechan-
ics: A design-based modeling approach. Journal of the Learning Sciences, 7(3-4), 429–449.
https://doi.org/10.1080/10508406.1998.9672060

Pérez Yuste, A., HerradónDíez, R., BlancoCotano, J., Sánchez Fernández, J. A., & deDiegoMartínez,
R. (2014, July 9–10). An entrepreneurship-based learning (EBL) experience in information and
communication technologies (ICTs). Paper presented on the 2nd International Conference of
E-Learning and E-Educational Technology (ICELEET 2014), Zurich, Switzerland.

Pittalis, M., Sproesser, U., & Demosthenous, E. (2024). Graphically representing covariational func-
tional situations in an interactive embodied digital learning environment. International Journal of
Mathematical Education in Science and Technology, 1–31. https://doi.org/10.1080/0020739x.2024.
2327552

https://doi.org/10.1002/sce.20391
https://doi.org/10.1080/00029890.1974.11993556
https://doi.org/10.1002/sce.20240
https://doi.org/10.3102/00028312041003635
https://doi.org/10.1080/00220671.2017.1289775
https://doi.org/10.1007/978-94-007-0910-2_12
https://doi.org/10.1080/10508406.1998.9672060
https://doi.org/10.1080/0020739x.2024.2327552


30 M. BELCHER ET AL.

Razzouk, R., & Shute, V. (2012). What is design thinking and why is it important? Review of
Educational Research, 82(3), 330–348. https://doi.org/10.3102/0034654312457429

Rivet, A. E., & Krajcik, J. S. (2004). Achieving standards in urban systemic reform: An example of
a sixth grade project-based science curriculum. Journal of Research in Science Teaching, 41(7),
669–692. https://doi.org/10.1002/tea.20021

Rojano, T. (1996). Developing algebraic aspects of problem solving within a spreadsheet environ-
ment. In N. Bednarz, C. Kieran, &; L. Lee (Eds.), Approaches to algebra (pp. 137–145). Springer.
https://doi.org/10.1007/978-94-009-
1732-3_9

Schneider, R. M., Krajcik, J., Marx, R. W., & Soloway, E. (2002). Performance of students in project-
based science classrooms on a national measure of science achievement. Journal of Research in
Science Teaching, 39(5), 410–422. https://doi.org/10.1002/tea.10029

Schutz, P. A., Chambless, C. B., & DeCuir, J. T. (2004). Multimethods research. In K. deMarrais & S.
D. Lapan (Eds.), Foundations for research: Methods of inquiry in education and the social sciences
(pp. 267–281). Lawrence Erlbaum Associates.

Shaughnessy, J. M. (2013). Mathematics in a STEM context. Mathematics Teaching in the Middle
School, 18(6), 324–324. https://doi.org/10.5951/mathteacmiddscho.18.6.0324

Skinner, R. K., &Harlow, D. B. (2022). Recognition of design failure by fourth-grade students during
an engineering design challenge. Journal of Pre-College Engineering Education Research, 12(2),
Article 10. https://doi.org/10.7771/2157-9288.1377

Stevens, R. (2000). Who counts what as math? Emergent and assigned mathematics problems in
a project-based classroom. In J. Boaler (Ed.), Multiple perspectives on mathematics teaching and
learning (pp. 105–144). Ablex Publishing.

Stohlmann, M. (2020). STEM integration for high school mathematics teachers. Journal of Research
in STEM Education, 6(1), 52–63. https://doi.org/10.51355/jstem.2020.71

Suters, L., & Suters, H. (2020). Coding for the core: Computational thinking and middle grades
mathematics. Contemporary Issues in Technology and Teacher Education, 20(3), 435–471.

Tabach, M., Hershkowitz, R., & Arcavi, A. (2008). Learning beginning algebra with spreadsheets
in a computer intensive environment. The Journal of Mathematical Behavior, 27(1), 48–63.
https://doi.org/10.1016/j.jmathb.2008.04.002

Terry Sr, C. L. (2011). Mathematical counterstory and African American male students: Urban
mathematics education from a critical race theory perspective. Journal of Urban Mathematics
Education, 4(1), 23–49.

Thomas, J. W. (2000). A review of research on project-based learning. http://www.bie.org/index.php/
site/RE/pbl_research/29

von Glasersfeld, E. (1982). An interpretation of Piaget’s constructivism. Revue internationale de
philosophie, 36(4), 612–635.

Wendell, K., & Rogers, C. (2013). Engineering design?based science, science content performance,
and science attitudes in elementary school. Journal of Engineering Education, 102(4), 513–540.

Wilkie, K. J. (2014). Upper primary school teachers’ mathematical knowledge for teaching
functional thinking in algebra. Journal of Mathematics Teacher Education, 17(5), 397–428.
https://doi.org/10.1007/s10857-013-9251-6

https://doi.org/10.3102/0034654312457429
https://doi.org/10.1002/tea.20021
https://doi.org/10.1007/978-94-009-1732-3_9
https://doi.org/10.1002/tea.10029
https://doi.org/10.5951/mathteacmiddscho.18.6.0324
https://doi.org/10.7771/2157-9288.1377
https://doi.org/10.51355/jstem.2020.71
https://doi.org/10.1016/j.jmathb.2008.04.002
http://www.bie.org/index.php/site/RE/pbl_research/29
https://doi.org/10.1007/s10857-013-9251-6

	1. IntroductQ3ion
	1.1. Background and literature review
	1.2. Entrepreneurial-based learning
	1.3. Project-based learning
	1.4. Design-based learning
	1.5. The D&P challenges in STEM framework
	1.6. The Building Algorithms challenge
	1.7. Functional reasoning

	2. Materials and methods
	2.1. Theoretical framework
	2.2. Materials
	2.3. Participants and procedure
	2.4. Data collection and analysis
	2.5. Credibility and trustworthiness of the results

	3. Results
	3.1. Results from Team A
	3.2. Results from Team B
	3.3. Results from Team C

	4. Discussion
	4.1. Identifying personally meaningful functional relationships
	4.2. Defining and operationalising authentic variables and function rules
	4.3. Making sense of writing, testing, and refining function rules

	5. Implications
	6. Limitations
	7. Conclusion
	Notes
	Disclosure statement
	ORCID
	Funding
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [493.483 703.304]
>> setpagedevice


