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Abstract

In the past decade, the importance of developing computational thinking
(CT) and mathematical thinking (MT) skills in an increasingly specialised
and complex society has seen increased attention. On behalf of the Nether-
lands Initiative for Education Research (NRO), a team of educational re-
searchers and teachers in the field of mathematics and computer science
made an effort to realize the integration of CT into calculus lessons. In this
thesis, we tried to characterize the use of algorithmic thinking and general-
isation skills, two elements of CT and MT, by 16-17 year old students after
a b-lesson calculus course that revolved around the use of the mathematical
tool GeoGebra. Analysis of data from 20 students consisting of pre- and
post-tests, student work in workbooks and GeoGebra, and mini-interviews
demonstrated that students welcomed the use of GeoGebra and were ad-
equate in solving tasks that required the use of algorithmic thinking and
generalisation skills, such as constructing and evaluating algorithms, and
the use of logical structures. Findings suggest that students needed time to
familiarize themselves with the syntax and digital environment, while not
encountering major challenges regarding algorithmic thinking and general-
isation. The results also suggest that the majority of mistakes that were
made during the course could be attributed to mathematical shortcomings
rather than shortcomings related to CT.

Keywords: algorithmic thinking, calculus, computational thinking, gener-
alisation, GeoGebra
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Chapter 1

Introduction

The importance of developing thinking skills that are essential to the 215
century to prepare students for an increasingly specialized and complex so-
ciety, has seen increased attention over the past decade. Popularized by
Wing [53], computational thinking (CT) is a thinking process that can
aid in this development. According to Wing [54], CT could be defined as:
“the thought processes involved in formulating problems and their solutions
so that the solutions are represented in a form that can be effectively car-
ried out by an information-processing agent”. Here we stress that such an
information-processing agent can be either a human or a computer. Further-
more Wing argued that CT should be part of every 21%¢ century students’
toolset and stressed that CT is not only limited to the field of computing
science. Science, Technology, Engineering, Arts/Humanities and Mathe-
matics (so-called STEAM education) also appears to benefit from the use
of CT [6]. Unfortunately, integrating CT in STEAM education appears to
be a bigger challenge than initially thought. CT is still an ill-defined con-
struct, with differing definitions and no consensus on how to properly assess
it [52]. However, despite these varying definitions, common elements of CT
have been identified such as abstraction, algorithmic thinking, decomposi-
tion, generalisation, and pattern recognition [27, 41]. Another hindrance
is that most educators think that teaching general problem solving is suf-
ficient, which stems from a misunderstanding of the meaning of CT [48].
Furthermore, teachers’ lack of training and unfamiliarity with computers or
ICT also adds to a slowed integration [32].

In light of these difficulties, the Netherlands Initiative for Education
Research (NRO) is conducting a multi-phase study that focuses on incorpo-
rating CT in K-12 mathematics education. A phase of this study was the
design of a 5-lesson calculus course that focused on the use of algorithmic
thinking and generalisation skills within the digital environment GeoGebra.
The course has been rolled out in several schools throughout the Nether-
lands, and in this thesis we will try to provide a characterisation of how



students from one school that participated used these skills.

We conducted a data analysis on qualitative data from the participating
school, which consisted of student pre- and post-test results, student work
on the activities including workbooks and GeoGebra files, and recordings
of interviews with students regarding the material and aspects of CT. Our
findings will elucidate the learning outcomes and learning process of the
students related to the use of algorithmic thinking, generalisation and the
use of GeoGebra. This thesis attempts to function as a feed-forward in the
design process of the research consortium, while also demonstrating how a
tool such as GeoGebra can be used to foster aspects of CT and teach content
related to calculus.

1.1 Outline

We will start this thesis in Chapter 2 in which we will work towards defining
our research questions by exploring the definitions of computational and
mathematical thinking. Furthermore, we will investigate their interplay,
assessment of computational thinking, and the mathematical tool GeoGebra.
In Chapter 3 we will elucidate the intervention design, and the process
of data collection and analysis. Next, we will present the results of our
analysis in Chapter 4. Thereafter, we will discuss and interpret these
results in Chapter 5 while answering the research questions of this thesis,
identify limitations and give recommendations for future research. Lastly,
in Chapter 6 we will give a brief overview of our thesis and give some
concluding remarks.



Chapter 2

Background

Within this chapter, we will shed some light on the varying definitions of
CT and the concepts that can be associated with it. Additionally, we will
take a closer look at mathematical thinking and how it relates to CT which
will explain why CT can be integrated within mathematics education. Fur-
thermore, we will highlight several methods that can be used when assessing
CT skills and we will elaborate on how it relates to our research. Moreover,
we will look at the digital tool GeoGebra and describe how it may stimulate
students in using algorithmic thinking and generalisation skills. Lastly, we
will define our research questions for this thesis.

2.1 Computational thinking

Ever since Wing [53] introduced the world with her definition of CT as a set
of tools that "involves solving problems, designing systems, and understand-
ing human behavior, by drawing on the concepts fundamental to computer
science”, research into the matter has seen increased attention. However,
there still seems to be little agreement amongst scholars about a formal defi-
nition [22]. As a consequence, a variety of definitions emerged that according
to Roman-Gonzalez, Pérez-Gonzédlez and Jiménez-Ferndndez [39] could be
grouped into three categories: generic definitions, operational definitions
and educational-curricular definitions.

The above-mentioned definition by Wing, as well as the definition given
years later [54], are considered generic definitions. In an effort to come
up with a more operational definition, the Computer Science Teachers As-
sociation (CSTA) and the International Society for Technology in Educa-
tion (ISTE) described a definition accompanied with several characteristics.
They define CT as ”a problem-solving process that includes formulating prob-
lems in a way that enables us to use a computer and other tools to help solve
them; logically organizing and analyzing data; representing data through ab-
stractions such as models and simulations; automating solutions through



algorithmic thinking (a series of ordered steps); identifying, analyzing, and
implementing possible solutions with the goal of achieving the most efficient
and effective combination of steps and resources; generalizing and transfer-
ring this problem solving process to a wide variety of problems” [13].

In an attempt to disentangle all the varying definitions, Selby and Wool-
lard [41] reviewed 22 articles concerning definitions of CT and consequently
described CT as ”an activity, often product-oriented, associated with, but
not limited to, problem-solving”. They also provided some competencies
that could be associated with CT such as abstracting, decomposing, algo-
rithmic thinking, evaluating and generalising. In turn, a literature review
by Kalelioglu, Gulbahar, and Kukul [27] showed that abstraction, algo-
rithmic thinking, problem solving, pattern recognition, and design-based
thinking were skills that were most frequently discussed within papers con-
cerning definitions of CT. Furthermore, they found that the definition of
CT itself often consisted of algorithmic and design-based thinking. Lastly,
they concluded that several practices such as problem representation and
decomposition could also be associated with CT.

Apart from what seems to be the core concepts associated with CT,
Brennan and Resnick [10] also describe certain attitudes that support CT
activities. As being described as 'CT perspectives’ within their framework,
these cover attitudes like expressing, connecting, and questioning. More
specifically, a student should be aware of themselves, their connection with
others and their technological surroundings.

To summarize, there are numerous definitions, complemented by frame-
works, concepts, characterisations, skills and attitudes. The definitions as
given by Selby and Woollard [41] and Kalelioglu, Gulbahar, and Kukul [27]
come a long way in giving a broadly agreed on definition, and as such we
will consider these as a starting point for this thesis. However, in order to
come up with a more representative definition, we first need to explore the
intersection between CT and mathematical thinking (MT), considering that
the lesson series mainly revolves around mathematics education. As such,
we will first explore the concept of MT, after which we will focus on the
fronts CT and MT seem to intersect and how this enables CT integration
in mathematics education.

2.2 Mathematical thinking

Similar to CT, the need to develop MT skills in students has seen increased
attention in recent years. Already in 1963, Pdlya remarked that it is needed
that mathematics primarily learns students to think [37]. In the field, most
researchers agree with this standpoint, and so Devlin argues that MT is ”a
way of looking at things, by stripping them down to their numerical, struc-

tural, or logical essentials, and of analyzing the underlying patterns.” [15].



This is accompanied by the notion that MT is a way of looking at the world
from a mathematical standpoint, and looking for logical explanations [43].

Although these definitions are generally agreed on, they are not spe-
cific enough in the sense that they provide concepts that can be associated
with them. In an attempt to do so, Schoenfeld stresses that only master-
ing mathematical facts and procedures is not sufficient. He explains that
thinking mathematically constitutes ”(a) developing a mathematical point
of view - valuing the processes of mathematization and abstraction”, and
”(b) developing competence with the tools of the trade, and using those tools
in the service of the goal of [...] mathematical sense-making” [40]. Accord-
ing to Schoenfeld, these ’tools of the trade’ include abstraction, symbolic
representation, and symbolic manipulation. These characteristics are also
mentioned by other researchers, who associate multiple other characteristics
with MT such as generalisation, problem-solving, evaluation, and reasoning
about solutions and strategies. [9, 35].

If we closely look at the new Dutch math curricula, deployed since 2015,
the definitions and concepts mentioned above are mostly apparent. They
distinguish several MT activities such as: “modelling and ’algebraizing’,
ordering and structuring, analytical thinking and problem solving, manip-
ulation of formulas, abstracting, and logical reasoning and proving” [14].
Drijvers tried to distil these activities into three core elements of MT: prob-
lem solving, modelling and abstraction [17], as can be seen in Figure 2.1.
Here problem solving means being able to solve tasks for which a student

Prablem-solving

structuring manipulating

Maodelling Abstraction

ressoning

Figure 2.1: The three core elements of MT. Adapted [reprinted] from [17]

does not have a strategy yet [40]. Modelling implies the translation from
a real-world problem into a mathematical problem, and vice versa. Lastly,
abstraction is referred to as the isolation of specific attributes so that they
can be evaluated independently from the other attributes [44].

An aspect of MT that is often overlooked, is algorithmic thinking (AT).
This link with MT can best be described with the correspondence between
AT and abstraction as described by Drijvers [17]. An important part of AT
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is object formation, and within the abstraction process this plays a key role.
In the abstraction process, reasoning on a high level about mathematical
objects and their connections is essential. As such, simply following an
algorithm is a procedure, whereas explaining and designing an algorithm
requires object formation and generalisation.

For this thesis, we will use the definition as proposed by Drijvers [17],
with an addition of the importance of AT and generalisation. In the next
section, we will try to link CT and MT, and come up with a definitive
definition of CT for this thesis.

2.3 Intersecting CT and MT

Before we try to link CT and MT using our findings in the previous sections,
it is good to first touch upon the concept of contextualisation. This concept
comprises the connection between real-world situations and the concepts
that are associated with CT and MT. Kallia et al. [28] explain this concept
with four categories of cognitive activities, which are depicted in Figure
2.2.

I context ) (" Math contenf ( context ) [ CScontenf

1 1
& - EE 2 &6
- 8-S

. s N/ N N

Figure 2.2: Contextualisation, concerning MT (left) and CT (right).
Adapted [reprinted] from [28]

These activities entail (corresponding with the arrows): (1) the translation
of a situation into either a mathematical or computational model, involving
concepts like abstraction, modelling and pattern recognition; (2) the working
and reasoning within mathematics and computer science; (3) the translation
back to the original context, using the concept of generalisation; (4) the
verification of the solution, verifying whether it solves the real-world problem
adequately, involving the concept of evaluation. This concept already shows
some similarities between CT and MT, but Kallia et al. take it one step
further and consider the importance of the interplay between CT and MT
within a mathematical context as can be seen in Figure 2.3.
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Figure 2.3: CT in mathematics. Adapted [reprinted] from [28§]

This interplay between CT and MT has been previously researched, e.g.
by Sneider, Stephenson, Shafer and Flick [42], and Weintrop et al. [49] who
showed that problem solving, modelling, analyzing and interpreting data,
statistics and probability were things that CT and MT have in common.
Furthermore, Barcelos and Silveira [4] proposed, among other skills, that
linking mathematical representations and algorithms is an important skill
that can be developed when considering the interplay between CT and MT.

After a systematic literature review and a Delphi study, a consensus
technique that seeks expert agreement on topics that have insufficient evi-
dence [46], Kallia et al. proposed a definition of CT that relates to mathe-
matics education. This definition is the final definition of CT that we will
use for this thesis since it aligns with the findings in the previous sections.
The definition that is given, accompanied by several thinking processes is as
follows: CT is ”a structured problem-solving approach in which one is able to
solve and/or transfer the solution of a mathematical problem to other people
or a machine by employing thinking processes that include abstraction, de-
composition, pattern recognition, algorithmic thinking, modelling, logical and
analytical thinking, generalisation and evaluation of solutions and strate-
gies” [28]. This definition is visualised in Figure 2.4.

From the standpoint of our research, we want to highlight the con-
cepts AT and generalisation. These concepts were most apparent within
the course, which makes it worthwhile to deepen out these definitions. In
addition, in Table 2.3 we will briefly give definitions of the several other
concepts as described in the definition by Kallia et al. which are apparent
throughout the course.

2.3.1 Algorithmic thinking

Firstly we turn our attention to AT, which we already shortly touched upon
within the previous section. Several researchers acknowledge that AT is not

12



Computational thinking in mathematics education

Figure 2.4: Visualisation of CT definition in mathematics education, as
given by [28]

Table 2.1: Definitions of CT skills mentioned in [28]
Skill Definition
Isolation of specific attributes so that they can be evaluated independently
from the other attributes [44].

Decomposition Breaking up a problem into smaller, more manageable parts [12].

Abstraction

Pattern recognition Finding patterns and similarities across decomposed problems,

to efficiently solve more complex problems.

etz The evaluation and analysis of solutions through testing,

verifying, reasoning and predicting outcomes [12].

only limited to the field of computer science [3, 25, 29]. They argue that
algorithms arise from common activities that we do on a day-to-day basis,
e.g. making a sandwich for your lunch. As such, the importance of learning
skills that are central to AT is emphasised even more.

Katai defined AT as the skills that are required for processing or creating
algorithms, where algorithms’ refer to procedures for solving a problem step-
by-step using several finite, implementable operations [29]. Cooper, Dann
and Pausch associated several skills such as decomposition, usage of basic
data structures and logical structures, repetition, and generalisation [11].

Instead of several concepts, Futschek came up with several abilities

13



related to AT to understand and construct algorithms. He defines that
these abilities of AT include ”the ability to analyze given problems; specify
a problem precisely; find basic actions that are adequate to that problem;
construct a correct algorithm wusing these actions; think about all possible
special and normal cases of the problem; and improve the efficiency of an
algorithm” [19]. Later, Futschek and Moschitz added that the use of com-
mands and sequencing could help in adequately constructing algorithms.
Examples of such commands are iteration (e.g. loops), and alternative (e.g.
conditional statements) commands. Reasoning about algorithms and con-
sidering special cases is also part of AT [20]. For our research, we will closely
follow this definition by Futschek. In our view, AT consists of the following
abilities: (1) construct algorithms by coming up with step-by-step proce-
dures, (2) read and execute an algorithm, and (3) reason on a higher level
about an algorithm through evaluation which leads to insights for improving
algorithms.

2.3.2 (Generalisation

As we have seen, both computational and mathematical thinking consider
the concept of generalisation. According to Mason, ”generality is central
to all of mathematics” [33]. However, he also notes that many educators
and experts are unconsciously so used to using generalisation, that they
have become oblivious to the importance of teaching this thinking process
to novices. Dumitrascu acknowledges this problem and stresses the powerful
nature of generalisation as a thinking process. She characterised generali-
sation as ”a statement that is true for a whole category of objects; it can
be understood as the process through which we obtain a general statement;
or it can be the way to transfer knowledge from one setting to a different
one” [18]. Selby and Woollard mostly agree with this definition, but they
also highlight the importance of decomposition. According to them, gener-
alisation is the recognition that smaller pieces of a problem (decomposition),
can be used and applied to unique or similar problems [41].

2.4 Assessment of CT

As a consequence of the earlier mentioned lack of a formal definition of CT
amongst scholars, there is also no consensus on how to properly assess CT.
Differences in assessment of standalone CT activities and subject-integrated
CT activities, further complicate the development of proper generally agreed
on methods to assess CT. It is worthwhile to look at past research of subject-
integrated CT activities and their assessment methods, to enable us to make
an informed choice about which methods to use for our research.

Brennan and Resnick [10] linked CT with the programming in Scratch,
an environment that provides students aged 8 to 16 with the tools to pro-
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gram their own interactive stories, animations and games [34]. They identi-
fied that Scratch contains several CT concepts, which they in turn coupled
with several CT practices and perspectives. To capture the presence of
these, they used project portfolio analyses, artefact-based interviews, and
design scenarios. Interesting was that the design scenarios, where students
needed to fix a bug, shed more light on the process-in-action rather than
the process-via-memory that was present in the artefact based interviews.
Finally, they gave some suggestions to better assess CT in Scratch and other
(programming) design activities. On the topic of artefact-based interviews,
they noted that further learning should be supported, multiple artefacts
should be examined to solidify assumptions, and the learner’s process also
should be considered. On a more general note they argued that checking in
on multiple points in time and engaging teachers, peers and parents in the
assessment could be beneficial. Seeing that CT is a process and considering
there are several levels of knowing certain CT concepts and practices, in our
view this argument is well-founded.

Hutchins et al. [26] created a learning environment that aided in teach-
ing physics to high school students called the Collaborative Computational
STEM learning environment (C2STEM). C2STEM uses a computational
modelling approach, that combines visual model building and a domain-
specific modelling language. In an effort to analyze the student learning
before, after and during the use of C2STEM, they used several assessment
methods. Firstly they used pre-post test assessment, which contained both
physics and CT related questions. Furthermore, they employed Preparation
for Future Learning (PFL) assessment which captured the ability of stu-
dents to adapt to new situations, regarding problem-solving strategies that
CT provides. Lastly, video analysis of screen recordings of student work
and conversations was used, where they mostly looked at model-building
approaches and difficulties they had during the tasks. Using these methods,
they found that the students that used C2STEM achieved a better under-
standing of physics/CT concepts and practices than students who learned
utilising the traditional curriculum. Particularly students that used a step-
by-step model building approach seemed to develop this deeper understand-
ing. Lastly, they noticed that students were able to transfer their newly
learned concepts and problem-solving skills to solve new problems.

Waterman, Goldsmith and Pasquale [47] identified three stages of CT in-
tegration: (1) identifying existing connections (2) enhancing and strengthen-
ing connections (3) include activities that are targeted to develop CT skills.
In light of this, they tried creating material that both targets the develop-
ment of CT, and at the same time supports learning in the subject that it is
integrated into. They designed an integrated module (I-Mod), building on
the science module ”Survival and Organisms”. The main activity for this
module that proved fruitful for integrating CT was Oh Deer!, which learned
students about the survival of a population if the available resources do not

15



meet the needs. This activity could be subdivided into separate, concurrent
stages: Modelling the ecosystem and generating simulation data; represent-
ing and analyzing data; and lastly using a complex model. The researchers
mainly relied on observations during the activities, analysis of conversa-
tions between students, and student-teacher interactions. They concluded
that students expressed ideas that demonstrated both CT and science un-
derstanding. Lastly, they acknowledged that unfamiliarity with technology
could hamper the development of both CT and science-related content.

Weintrop, Morehouse and Subramaniam [50] looked at how in a library
setting, fostering CT through programming could be assessed. Firstly, they
found that because CT and fostering CT through programming in libraries
is still quite new, the assessment of these things is difficult. Furthermore,
from interviews that they held with library personnel, it became apparent
that the most common methods to assess CT development were taking at-
tendance and tracking retention across sessions, observations, surveys or
questionnaires, impromptu interviews, and anecdotal feedback. Here they
righteously noted that, although it was mentioned most, attendance and
retention gives little insight into attitudinal or learning outcomes. Lastly,
they also stated that a library setting could be better to learn CT, since
this is more focused on enjoyment and engagement, whereas a school set-
ting often results in a lack of motivation for students. This is also where
they argued that assessment within schools needs to be either engaging or
embedded within the activity itself.

From the research given above, we can see that assessment is often specif-
ically made for the activity itself. In an effort for a more general approach,
Roman-Gonzalez [38] came up with the CT-test (CTt). This consisted of 28
multiple choice questions that each were addressing some computational con-
cept. He found that this test functions as a static and decontextualised as-
sessment, which makes it a complementary assessment to e.g. C2STEM [39].
However, it must be noted that this test only covers the computational con-
cepts as stated by Brennan and Resnick [10], and leaves out computational
practices and perspectives. Similar to the CTt, two other noteworthy as-
sessment methods exist: (1) the Test for Measuring Basic Programming
Abilities (TMBPA) by Miihling, Ruf and Hubweiser [36], and (2) Commu-
tative Assessment (CA test) by Weintrop and Wilensky [51]. These also
assess the CT concepts as proposed by Brennan and Resnick.

In conclusion, it seems that there is no assessment method that is able
to fully capture CT development. This is emphasised by Grover [23], who
argues that in order to find a comprehensive understanding of CT skills
development, there needs to be a so-called system of assessments that com-
bines different types of assessment methods. From the literature that has
been discussed in this section, we can see that common assessment methods
include pre-post tests, evaluation of student work, interviews, and (analysis
of) observations. In this thesis, we will try to closely follow these assessment
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methods.

2.5 GeoGebra

In the previous section, we have seen some examples of subject-integrated
CT activities. Although unplugged activities to foster CT has seen increased
attention over the past years [7], most research involves some computer pro-
gram or tool. This is not surprising since CT is very much related to com-
puter science [53]. For our research, we resort to the digital tool GeoGebra.
According to GeoGebra, their tool is "dynamic mathematics software for
all levels of education that brings together geometry, algebra, spreadsheets,
graphing, statistics and calculus in one easy-to-use package” [21]. As was
emphasised in Section 2.3, AT plays an important role in both CT and
MT. The created algorithm to solve a problem can easily be outsourced
to a digital tool, such as GeoGebra. Furthermore, as will be made clear
in the next chapter, the core of pure mathematics for the age group that
the research revolves around is algebra, calculus and analysis of functions.
Standard functions (e.g. polynomials) and standard procedures (e.g. find-
ing the derivative) may already be things that students are familiar with,
using pen and paper. However, outsourcing this work to GeoGebra in the
form of designing efficient and flexible algorithms may prove to be fruitful.
Moreover, since GeoGebra for a large part relies on generic functions, it will
require students to reason on a higher level about object formation, which
was pointed out by Drijvers to be a major part of MT and abstraction [17].

An important part of GeoGebra that goes unnoticed is the visualisation
aspect. According to Adelabu, Makgato, and Ramaligela [2] a multimedia
environment that also functions as a visualisation tool, encourages and en-
hances the exploration of mathematical concepts. This makes it possible for
students to analyze data and perform better calculations, which results in a
more permanent and effective learning process. Futschek also acknowledged
this potential, with the addition that it can help students that struggle
with learning AT. These students often struggle with abstraction, because
computers work differently than humans think. He argued that through vi-
sualisation and manipulation, students are able to bridge the gap between
the real world and a programming environment [20].

2.6 Research questions

From the literature that has been discussed in this chapter, we now have a
better understanding of concepts central to CT and MT such as algorithmic
thinking and generalisation, and methods for assessing CT. This leads to
the definition of the research question that will be addressed within this
thesis. We have defined the following main research question and respective
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sub-questions that help in answering the main research question.

MRQ: What characterises the use of algorithmic thinking and generalisation
skills by 16-17 year old secondary school students after a 5-lesson calcu-
lus course that focused on the use of the mathematical tool GeoGebra?

SRQ1: In which data sources is algorithmic thinking and generalisation ap-
parent?

SRQ2: What are the learning outcomes of students regarding algorithmic think-
ing and generalisation skills after a 5-lesson calculus course that fo-
cused on the use of the mathematical tool GeoGebra?

SRQ3: What challenges did students encounter during the learning process?
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Chapter 3

Methods

Within this chapter, we will look at the different methods that have been
used within our research to assess CT development, in particular related
to AT and generalisation. First, we will provide the intervention design,
in which we will elaborate on objectives, learning materials and tools, and
the activities of the lesson series. Next, we will elucidate the different data
sources that have been used and how this data was collected. Lastly, we
will give some insight into how the collected data has been analyzed and
triangulated as a means to find patterns across multiple data sources.

3.1 Intervention design

For our research it is needed that we elaborate on the intervention design.
This includes the objectives of the NRO regarding this lesson series, an
educational context, a description of the participants and others involved in
the lesson series, and insight into the circumstances and learning activities
of the lesson series. Lastly, we will give an inventory of the materials and
tools throughout the course.

3.1.1 Objectives of the lesson series

As part of a larger effort to tackle the problem of fostering both MT and
CT in an increasingly technology-rich environment, the NRO is conducting
a multi-phase design study that focuses on how the use of digital tools can
aid pre-university students with the development of CT skills related to M'T
in a calculus course. At the time of writing, the study is in its first of two
design cycles. For that matter, this thesis also functions as a feed-forward
to the second design cycle. Their study aims to extend the knowledge on
how to address learning goals concerning CT and MT within Dutch upper
secondary education. Within the study, educational researchers and teach-
ers from the field of computer science and mathematics tried to translate

19



notions that emerged from literature into practical guidelines. According to
the NRO, this interplay between teacher and researcher within the design
process ensures that the results of the study are easily accessible to teachers,
and also guarantees that it is suitable for improving teaching practices. The
results of the study that are relevant to our thesis consist of (1) learning ac-
tivities that involve the use of digital tools and aim to teach key aspects of
CT and MT, suitable for pre-university students that follow pure mathemat-
ics courses, and (2) assessment instruments that are able to assess learning
outcomes related to CT and MT. Within this thesis, we will focus on the
outcomes of the learning activities from the first design cycle. Furthermore,
we will also turn our attention to the effectiveness of assessment methods
used for the learning activities.

3.1.2 Educational context

For this research, we focused on one school of a teacher that is part of
the research consortium. This school with 1400 students, is situated in the
west of the Netherlands in a sub-urban town with approximately 24.000
inhabitants. For every class 5 60-minute lessons stretched over 2 weeks were
designated for the lesson series, from the 12" of March 2021 until the 26" of
March 2021. These took place during mandatory computer science lessons
for the participants.

The main goal of the lesson series is to learn students to solve problems
related to calculus within GeoGebra. This mostly consists of employing algo-
rithmic thinking and generalisation skills such as constructing and evaluat-
ing algorithms within GeoGebra, usage of logical structures and generalising
from specific to general solutions.

3.1.3 Learning activity

Before we dive into the activities that have been part of the lesson series, it
must be noted that this research has been subject to special circumstances.
Since the end of March 2020 the world, and in our case the Netherlands, has
been experiencing a pandemic due to the COVID-19 virus. This meant that
schools were closed down or heavily restricted in giving lessons in person,
which meant that all lessons had to be held online and students had to work
together online as well. This asked for slight alterations in the supply of the
lessons and learning materials to the participants. With the use of Microsoft
Teams, both the lessons and learning materials could be offered in an orderly
fashion. Apart from this, the data collection also had to be altered slightly.
This will be elaborated in their respective subsection(s).

Furthermore, we again want to stress that this lesson series was designed
by teachers and educational researchers from the research consortium. We
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did not have any involvement in the design of the materials or implementa-
tion of the activities.

At the start of the lesson series, students were asked where possible to
form duos. Moreover, if students were unable to make a duo, the teacher
would do this instead. During the lessons, students would work together
with their partner(s) by making the exercises in the workbook and GeoGe-
bra. It was the responsibility of the students to work their way through
the paragraphs. The teacher had set guidelines for which paragraphs had
to be finished before the next lesson, but students themselves had to take
responsibility to have finished everything after the 5 lessons.

Lessons started in a general video meeting where the teacher would give
some general info about the lesson. After this students would move to
separate channels. These channels were made for each duo or trio in which
students could share their screens and work together in peace.

The activity was led by 1 male instructor, that also was the teacher of the
class. He has been teaching at this school since 2003 and is currently teaching
both mathematics and computer science. His function mostly consisted of
explaining the activities, checking in on students during the activities, and
answering questions from the students that encountered problems during
the activities.

3.1.4 DMaterials and tools

Firstly, a student workbook that was designed by the research consortium
that consisted of 7 paragraphs was used for the lesson series. A link to this
workbook can be found in Appendix A. In combination with GeoGebra,
this workbook functions as the core of the lesson series. In Table 3.1 the
content of each paragraph is briefly explained.

The general idea is that the content of the lesson series is provided in
a way that also encourages the use of AT and generalisation skills. For
example, students are required to make the exercises and come up with
algorithms on paper first, after which they implement it in GeoGebra using
logical structures. These structures consist of sequences of steps, conditional
statements and iteration based commands. Furthermore, in every paragraph
there is a notion of generalisation by guiding students from a specific to a
general solution. As such, in every paragraph students are encouraged to
use their AT and generalisation skills to solve the given exercises.

As mentioned, GeoGebra was used as a complementary tool to the work-
book. In Section 2.5 we already provided some information on GeoGebra.
Participants had access to this tool either via a desktop app, or a web-based
version of the program. Both of these versions had the same features and
were only differing in aesthetics.

Lastly, both a pre- and post-test were used to assess several computa-
tional thinking concepts. These tests were also designed by the research
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Table 3.1:

Line through two

given points

Perpendicular bisector

Student workbook paragraph overview

Students come up with an algorithm to draw line through
two given points in GeoGebra, generalize this algorithm
to all possible points and handle special cases with the
use of conditional statements

Students come up with an algorithm to have the
perpendicular bisector of two given points drawn in
GeoGebra, generalize this algorithm to all possible
points, and handle special cases with the use of

conditional statements.

Centre of gravity

Students come up with an algorithms to determine the
centre of points, medians and centres of gravity in
GeoGebra. This algorithm is then generalized for
all possible triangles and special cases are handled

with the use of conditional statements.

Tangent to a parabola

Students come up with an algorithm to draw the
tangent to a standard parabola in GeoGebra, which

is then generalised for all possible parabolas.

Bundles of tangents

to parabola

Students come up with an algorithm to draw a bundle

of tangents to a standard parabola using iteration commands. This algorithm then is

generalised for all possible parabolas.

Tangents to other

graphs

Students alter the algorithm from paragraph 5
for graphs of functions other than quadratic functions.

Zero points with

tangents:

Students come up with an algorithm for

approximating zero points according to the

Newton-Raphson Newton-Raphson method, with the use of iteration commands and macros.

consortium and a link to these can be found in Appendix A. The pre-
test consisted of 6 questions, whereas the post-test consisted of 6 questions
similar to the pre-test and 4 questions about applying acquired GeoGebra
knowledge from the lesson series to new situations. In Table 3.2, the CT
concepts that are being assessed for every question is shown. The concepts
that are mentioned, have been explained in Section 2.3.

3.1.5 Participants

Divided over two 11" grade classes, in total 20 pre-university students aged
16-17 were designated as participants. Of these 20 students, 4 were female
and 16 were male. These two classes were similar to each other since they
shared the same background in programming and mathematics, as well as
having the same teacher. All the students chose the course computer science,
in which they previously programmed with JavaScript. Furthermore, they
also all followed the course math B, the equivalent to pure mathematics. For
this reason, we will consider these two classes as one group. All students
were provided with the same tools and teaching materials.
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Table 3.2: CT concepts per question

Problem solving

Pre/Post 1 Post 7 | Problem solving
Decomposition
Algorithmic thinki Algorithmic thinking
orithmic thinkin
Pre/Post 2 8 & | Post 8 Repetition structure

Repetition structure .
Abstraction

Problem solving

Pre/Post 3 | Pattern recognition | Post 9 | Algorithmic thinking

Abstraction
Algorithmic thinking Problem solving
Pre/Post 4 | Repetition structure | Post 10 | Algorithmic thinking
Evaluation Abstraction

Pre/Post 5 Algorithmic thinking
Pattern recognition
Algorithmic thinking

Pre/Post 6 | Pattern recognition

Repetition structure

3.2 Data collection

For our research, we relied on qualitative data from four data sources. Simi-
lar to an experiment with the same content by Borkulo et al. [45], these data
sources included filled in student workbooks, completed GeoGebra files, and
student mini-interviews. Additionally, we also made use of student answers
to the pre- and post-tests. It must be noted that since we are part of a
larger research effort, the data collection not only has been handled by us.
For example, due to time constraints multiple interviewers were involved in
conducting the interviews. Furthermore, due to the circumstances noted
in Section 3.1.3, the data collection has entirely taken place online. The
research consortium has made available an online data storage, which was
used to store all data that was collected during the research. Before the
lesson series started, every student was asked for consent for the collection
of their digital work and consent for the recording of audio and/or video
during the interviews. We will now look more closely at each of the data
sources.

3.2.1 Pre- and post-tests

The pre- and post-test as elaborated in Section 3.1.4 were held at respec-
tively the beginning and the end of the lesson series. For both tests, students
were asked to hand in their answers either in a text document or by making
a scan of the answers they had written down on paper. Students were given
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30 minutes to complete the pre-test and 40 minutes for the post-test. If
students did not manage to complete the test in the designated time, they
were asked to complete and hand it in outside of the lesson. Students were
able to hand in the tests through their own directory within Microsoft Teams
that the teacher had made available to them. We and other researchers then
uploaded all of the pre- and post-tests to the online storage of the research
consortium.

Seeing our thesis focuses on AT and generalisation, we will focus on these
concepts of the pre- and post-test. It became apparent from Table 3.2 that
pre- and post-test questions 2, 4, 5, and 6, and post-test questions 8, 9 and
10 address these concepts. These are the questions that we will focus on
during our analysis of these tests.

3.2.2 Student workbooks

As was mentioned in Section 3.1.4, the workbook was provided online.
Students were given a digital version of the workbook in their own directory
in Microsoft Teams. They were asked to either fill in their answers in this
digital version or provide photos/scans of their answers that they had written
down on paper. In case of scans or photos, we asked students to keep them
within one file for the sake of clarity.

These workbooks were used to identify how students solved problems
related to calculus, while also appealing to AT and generalisation skills. At
the end of the lesson series, students were asked to hand in their final version
of the workbook. We then collected every workbook from the respective
directories and uploaded them all to the online database of the research
consortium.

3.2.3 GeoGebra files

Exercises in the student workbook required actions in GeoGebra. This re-
sulted in one file where all actions from that paragraph were combined. Thus
theoretically, every student should have 7 GeoGebra files at the end of the
lesson series. Students were able to easily export these files within both the
desktop app and web-based version. Students were asked to upload all their
files to their designated directory in Microsoft Teams. From there, we were
able to download all files and upload them to the online database of the
research consortium.

In combination with the workbook, these files will give a better under-
standing of the process and encountered problems of the students in solving
the tasks in the workbook that require the use of AT and generalisation
skills.

24



3.2.4 Student interviews

In lesson 3 and lesson 4 mini-interviews with the participants were held.
Since these interviews had to be done during the lessons, we encountered
some time limitations. In order to still capture all experiences from students,
two researchers from the research consortium helped in conducting the in-
terviews (hereafter called Researcher A and Researcher B). The allocation
of students to the author of the thesis, Researcher A and Researcher B can
be found in Table 3.3. Every duo or trio of students that gave consent,

Table 3.3: Allocation of students for conduction of interviews
Researcher Allocated students

Student3 and Student4,
Author of thesis  Student9, Student10 and Student 11,
Student14 and Student15
Studentb5 and Student6,
Researcher A Student12 and Studentl3,
Student16 and Student17
Student1 and Student2,
Researcher B Student7 and Students,
Student18, Student19 and Student20

was interviewed in a 10 to 15-minute session. In total, 19 students were
interviewed. We followed a semi-structured interview guideline that was
specifically made for this lesson series by the research consortium. These
questions can be found in Figure 3.1. Questions were divided into general
questions, questions specifically for tasks halfway, and questions after com-
pletion of all paragraphs. These guidelines offered some structure during
the interviews, but it was also needed to respond to the answers students
gave. By doing this, we hoped to gain more fruitful comments.

The interviews were held in the Microsoft Teams channel of the duo or
trio concerned. Before the interviews started, we gave the students some
assurance that they should not be afraid that their answers would be wrong
or weird. We stressed this since students might be reluctant to speak their
minds in the presence of both us and their peers. During the interview, we
also tried to involve all students to get as many different answers to our
questions.

At the start of the interview, we started a recording using the cap-
ture software Open Broadcaster Software (OBS). This software records the
screen, the audio played through speakers/headphones and audio that is
picked up by the microphone. After all groups were interviewed, we edited
all recordings together and uploaded this to the online database.

These interviews were intended to give us some insight into student opin-
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General:

1. How did it go? What did you run into (regarding GGB, formulas, syntax, conditions,
etc)? How were you able to solve the problems that occured (workbook, alone, peers
or teacher)?

2. What do you think about GGB? What advantages/disadvantages do you see?
3. How was it to first write down your steps and then work in GeoGebra?
On the assignments
After some task halfway:
1. Did you reuse previous work? (show GeoGebra)
2. How was it to define variables and functions in GeoGebra and using commands?
(show GeoGebra, if-then-else, row, macro, iterationlist)

3. How did you make the step from a specific to a general solution? (show GeoGebra)

4. How did you evaluate you were done? (show GeoGebra, exception(s))

5. Would you do anything differently next time?

At the end:
1. Look back at Chapter 1-3. How did it go? What did you encounter? {show GeoGebra,
use guestions a — e)
2. Look back at 4-6. How did it go? What did you encounter? (show GeoGebra, use
questions a — e)
Look back at Chapter 7:

3. How did you fill in the flow chart to describe the NR methed? (7.1, show

workbook/paper)

4. How do you think you can use GeoGebra to approximate the other zero point using

the Newton-Raphson method? (7.9)
5. How did you go about approximating the golden ratio? How did you reuse your
earlier solution? (710}
6. How did exploring the effect of changing the starting value go? When does it go
wrong? (7.11)
General at the end|

1. Can you describe what you learned in general in this lesson series and how it might

help you in sclving problems in the future?

2. Can you describe computational thinking?

Figure 3.1: Semi-structured interview guidelines regarding the lesson series

ions about the lesson series and GeoGebra, strategies in solving the exercises
in the workbook and GeoGebra, and student attitudes towards several CT
concepts and practices.

3.3 Data analysis

In this section, we will explain the different methods that were used for the
analysis of the collected data. We will also elaborate on the triangulation
of the data, and how this aids us in answering the research questions of this
thesis.

3.3.1 Pre- and post-tests

For the analysis of the pre- and post-tests, we first made sure that all stu-
dents that were part of the same duo or trio were grouped. This made
sure that in a later stage, we could easily distinguish students that worked
together.

After this, we started with assessing all the answers from the pre- and
post-test that a student gave. We used a 5-point assessment scale, that was
designed together with the tests themselves by the research consortium. This
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5-point scale allowed us to better handle different answers that students may
give. As an example of the assessment scale, in Figure 3.2 the assessment
for question 4 of both the pre- and post-test is depicted. For the assessment
scales of the other questions, we refer to the link of the pre- and post-tests
in Appendix A. In order to give an orderly overview of all assessments, we

Assessment

Good Student gives correct answer A (pre), A and D (post). Student explains
that colour (variant pre) or size (variant post) of the circle is chosen
once. And B is mentioned next to the correct answers as being not
possible and that choice is explainad.

Adequate Student gives correct answer A (pre), A and D (post), possibly including
B with no or unclear explanation OR student only mentions that B is
not possible, with clear explanation.

Marginal Student gives wrong answer with (good) explanation. Or only that B is

not ﬁ'lﬂe without Exilanation.

Figure 3.2: Assessment scale of pre- and post-test question 4

chose to link the numbers 1-5 to Inadequate - ... - Excellent respectively.
If a student did not provide an answer or some entry was simply missing,
we denoted this with a — sign. By also using colouring, we thought that it
would help to achieve a clear visual overview of the results. In the end, we
will have a table containing all scores for a specific student. In addition, we
also dedicated a comment section to the analysis, which allowed us to add
comments about remarkable or interesting answers from students.

3.3.2 Student workbooks

We started by grouping the students that worked together, for a clear
overview. In order to analyse the student workbooks, we first had to come
up with an appropriate assessment scale. In contrary to the pre- and post-
tests, here we opted for a 3-point scale. For every paragraph, we wanted to
reflect if students understood and correctly executed the tasks within the
workbook. We opted to assess the paragraph as a whole since tasks within
a paragraph often covered the same content. This scale can be found in
Figure 3.3. Similarly to the pre- and post-test, we assigned scores of 1-3 to
Inadequate - .. .- Good respectively. If students did not provide an entry for
the paragraph, this would be denoted by an — sign. This assessment process
was done for every student and concerned every paragraph. This resulted
in a table where every student would be awarded a score for each paragraph
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Assessment

Adequate Student understands the core concepts of the paragraph, but makes a few

mistakes.

Figure 3.3: Assessment scale for paragraphs of the student workbook

in the workbook. Additionally, we also provided a brief justification of the
score that was given. These justifications would in a later stage of triangula-
tion give more insight into what might go right or wrong for students in for
example the translation between the workbook and GeoGebra. Lastly, we
will provide a short overview of encountered issues or mistakes which have
become apparent from the workbooks.

3.3.3 GeoGebra files

Similarly to the analysis of the student workbooks, for the GeoGebra files
we again opted to use a 3-point assessment scale. This scale can be found
in Figure 3.4. After grouping all the students that worked together, we

Assessment

Adequate Student understands the core concepts of the paragraph, but makes a few
mistakes.

Figure 3.4: Assessment scale for GeoGebra files per paragraph

started analysing every GeoGebra file that was associated with a certain
paragraph using the assessment scale. We looked at the tasks that were given
in the student workbook that concerned actions in GeoGebra and analysed
if these tasks were correctly executed in GeoGebra. This analysis resulted in
a table where every student had scores associated with their GeoGebra files
from a particular paragraph. In case students uploaded multiple GeoGebra
files for one paragraph, these would be analysed as a whole. Again, we also
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provided a brief justification of the given scores which would help is during
triangulation. Lastly, we also included issues with or common mistakes in
GeoGebra that became apparent from the analysis.

3.3.4 Student interviews

The first step in the analysis of the student interviews was the transcrib-
ing of the interviews. We transcribed our own portion of the interviews,
and a student assistant that was part of the research consortium helped
with the transcribing of the interviews that Researcher A and Researcher
B conducted. After transcribing the interviews, we were able to start cod-
ing within the statistics program ATLAS.ti. This program focuses on the
analysis of qualitative data.

Firstly, we used a codebook that was designed by the research consor-
tium. This codebook consisted of multiple codes and subcodes. In Table
3.3.4 a snippet of the codebook is given, where the code "Problem solving’
and its respective subcodes are shown. For the full codebook, we refer to
Appendix B. With the use of these codes and subcodes, student answer-

Table 3.4: Snippet of interview analysis codebook, concerning the code
"Problem solving’ and respective subcodes

Code group Code Subcode Description

CMT aspects | Problem solving | Decomposition

This code is used when a student refers to breaking

up a problem, using smaller parts or steps for better

is coded by ’Algorithmic thinking — steps’.

understanding. When only ’steps’ are referred to, this

This code is used when a student refers to a

Generalisation
general solution, including ’first specific then general’.
This code is used when a student expresses thinking
Evaluation of what is a correct answer, or how GeoGebra can
be used to check the solution, see that it works.
This code is used when a student describes
Strategies approaches of having an overview, reusing a solution,

trying out in GeoGebra, using CT and a step by step

approach to solve problems in general, keeping calm.

s/comments from the transcribed interview could be coded. This process
started by taking one answer or comment at a time. We then proceeded
by looking at both the context and content of the answer/comment. If ap-
plicable, we would add a (sub)code from the codebook to this answer. An
example of this could be that a student would talk about checking if their
answer in GeoGebra is correct. In this case, we could apply both the sub-
codes 'GeoGebra’ and ’Evaluation’. In the remainder of this thesis, we will
refer to these coded answers as quotes. Additionally, for every quote an
identification subcode ’studentX’ would be added. This was done to aid in
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the triangulation process.

After all interviews would have been reviewed and coded, we would have
an occurrence table of all (sub)codes. Accompanied with this, we would also
have a full list of student quotes concerning these (sub)codes.

3.3.5 Triangulation

In previous sections, we often referred to analyzing our data sources in a way
that would contribute to clarity in the triangulation process. This mostly
consisted of clearly labeling and grouping students. The main goal of the
triangulation process was to reveal, support or dispute assumptions that
emerged from individual analysis of data sources. This ultimately results
in coming up with conclusions that may contribute to the answering of the
research questions.

We thus tried to find patterns or inconsistencies between the data sources.
Using this method, we will try to gain a clearer insight into the learning
outcomes and process of students. An example of an inconsistency could
be that a student comments during an interview that they encountered no
difficulties with the use of GeoGebra. However, after analysis of their Ge-
oGebra files it may become apparent that they did in fact experience some
difficulties. In order to find these patterns and inconsistencies, we need to
essentially analyse all data sources of a student at once.
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Chapter 4

Results

Within this chapter, we will present our results that emerged from our anal-
ysis of the pre- and post-tests, student workbooks, student GeoGebra files,
and mini-interviews with students.

4.1 Pre- and post-tests

For the pre- and post-test we made a distinction between having handed
in (1) both pre- and post-test, (2) only pre-test, and (3) neither pre- nor
post-test. In Figure 4.1 these hand-in rates are displayed. Since these

B Neither pre- nor post-test Only pre-test
Both pre- and posi-test

15

No. students

Figure 4.1: Hand-in rates pre- and post-test

rates resulted in only 65% of students handing in both pre- and post-test,
we consider these rates on the edge of satisfactory.
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Absent

As mentioned in the previous chapter, we will focus on the questions
that concern AT and generalisation since these concepts of CT are most
prevalent within the lesson series. Since the pre- and post-test questions
are very similar to each other (e.g. pre-test question 2 corresponds with
post-test question 2), we will look at both of these questions in tandem.

First, we will consider the general part of the pre- and post-test. This
concerns questions 2, 4, 5 and 6. Noteworthy is that questions 2 and 6
require students to come up with their own algorithm, whereas questions
4 and 5 require students to follow a certain algorithm. The results from
the analysis of these questions are given in Figure 4.2. Overall, scores for
these questions are rather satisfactory. For every question, we can observe
that scores remained rather stable, or slightly increased between pre- and
post-test.

Scores pre- and post-test question 2

B Inadeguate Marginal Adeguate Good [ Excellent Abzent | Inadeguate Marginal Adeguate

Scores pre- and post-test question 4

Good [ Excellent

.

I 0

£° £°
= =
e e
S 4 S 4
2 2
) ) [] |
Pre-test Post-test Pre-test Post-test
Scores pre- and post-test question 5 Scores pre- and post-test question 6
Abzent | Inadeguate Marginal Adeguate Good [ Excellent Abzent | Inadeguate Marginal Adeguate Good [ Excellent
12 10
10 P
E]
E £°
Se E
: g 4

Pre-test Post-test Pre-test Post-test

Figure 4.2: Scores for pre- and post-test questions 2, 4, 5 and 6

For question 2, students were asked to come up with a step-by-step
guide for making a certain amount of pancakes (pre-test) or sandwiches
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(post-test). For the pre-test 11 students mentioned repetition of some part
of the steps, and 8 students discussed some conditional statement. For the
post-test, again 11 students mentioned repetition, and 4 students used some
conditional statement.

In particular question 4 seems to stand out, in the sense that it shows
the largest difference in pre- and post-test scores. In this question, students
were required to analyse an algorithm and evaluate which answers could
have been produced by that algorithm.

Question 5, which was made significantly better as opposed to question
4, did not require students to give an answer based on evaluation of different
answer possibilities. Here students needed to recognize the pattern which
directed the students to the answer. For the pre-test 9 students recognized
the pattern, whereas 11 students did in the post-test

In question 6, students were asked to come up with instructions that
would lead a robot through a maze. This maze followed a certain pat-
tern, that could be identified and repeated. Interestingly with this question,
6 students in the pre-test and 4 students in the post-test made use of a
while-statement. This statement meant that some set of actions should be
repeated until the maze exit. Furthermore, 2 students in the pre-test and 6
students in the post-test mentioned repetition of a set of actions. Lastly, 1
student made use of a flowchart in both the pre- and pos-test, which can be
found in Figure 4.3

Figure 4.3: Flowchart from Student17 for pre-test question 6

In the specific part of the post-test students had to apply their acquired
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GeoGebra knowledge from the lesson series to new problems. The results
of our assessment can be found in Figure 4.4. We noticed that students
struggled significantly more in comparison to the general part of the post-
test. Questions 8 and 9 required students to come up with algorithms using
commands from the exercises in the workbook and some new commands
that were given in the question. Question 10 focused more on giving a clear
step-by-step guide or flowchart, rather than the use of commands.

For question 8, we observed that 10 students were able to draw up a
general plan of action. However, this often resulted in misuse of commands
or wrong syntax. No student was able to present a correct solution for this
question.

In question 9, we again noticed that 11 students were able to give a
general plan but again did not manage to come up with a concrete algorithm.
For this question, 1 student managed to come up with a sensible algorithm
only making a little mistake with syntax.

Lastly, question 10 constitutes the best scores considering the specific
part of the post-test. This question was rather similar to question 2, in
the sense that students also needed to come up with their own step-by-step
instructions. We observed that all 10 students that answered this question,
managed to come up with a coherent set of instructions.

Absent B Inadequate Marginal Adeguate Good | Excellent

Mo, students
=1

Question 8 Question 9 Question 10

Figure 4.4: Scores for post-test questions 8, 9 and 10
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4.2 Student workbooks

First, we noted down how many paragraphs a certain student had handed
in. We distinguished between (1) none, (2) 1 to 3 paragraphs, (3) 4 to 6
paragraphs, and (4) all paragraphs. We have decided not to distinguish
between correct and incorrect entries. These hand-in rates can be found in
Figure 4.5. We observed that the individual hand-in rates were satisfactory
since 65% (13 students) handed in 4 or more paragraphs and this coincides
with findings in a similar experiment where on average 67% of students (10
out of 15) handed in their work [45]. To account for the 7 students that
handed in 3 or fewer paragraphs, we also looked at the group hand-in rates
which are also displayed in Figure 4.5. We made this choice since students
often work together, resulting in only 1 student handing in their work. From
these group hand-in rates we can see that from the 9 groups, 8 managed to
hand in a complete workbook. In our eyes, this rate is even more satisfactory
than the individual rates, since this might suggest that almost all students
were involved in making the exercises in the workbook.

Mone | 1to 3 paragraphs 4 to & paragraphs All paragraphs
12

10

0 |

Individual students Groups

Figure 4.5: Hand-in rates student workbook paragraphs for individual stu-
dents (left) and groups (right)

Next, we have the results of our assessment of all paragraphs that were
handed in. These can be found in Figure 4.6. An interesting finding here
is that students seem to have struggled significantly more with the tasks in
the first two paragraphs, considering that for both of these paragraphs 6
students scored an 'Inadequate’. In paragraphs 3 and 4 we saw an increase
in "Good’ scores and a decrease in 'Inadequate’ scores. In paragraphs 5 and
6 we did not encounter any ’Inadequate’ scores anymore but also noticed
a slight decrease in ’Good’ scores. Paragraph 7 saw a decrease in scores,
where 3 students scored an ’Inadequate’. Looking more closely at these
lower scores, we observed that students had a general idea of what to do,
but were unable to come up with concrete, correct answers.
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Figure 4.6: Student scores for the paragraphs of the workbook

4.2.1 Encountered issues

In our analysis, an important part was to identify common mistakes that
students made during the exercises in the workbook. These are displayed in
Figure 4.7.

12
10

8

6

4

2

1]

Miscalculation Conditional (Parts of) general Mix up of specific No usage of Iteration command
(parts) of formula statement or specific solution and general calculation missing/wrong
missing/wrong missing/wrong solution seperate point for
middle of line

Figure 4.7: Observed mistakes from students based on the workbooks

Considering mistakes related to AT and generalisation, 11 students struggled
with defining conditional statements. This coincides with our findings from
Figure 4.6. Conditional statements were an important part of the first
3 paragraphs, and we observed that especially in these early paragraphs
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students did not perform well. Furthermore, 10 students wrongfully defined
parts of their specific or general solution. Additionally, 6 students seemed
to not be able to convert from a specific to a general solution, and instead
proceeded to use their specific solution. Lastly, 2 students were unable to
come up with a correct iteration command.

Through deeper analysis, we observed that the majority of the above-
mentioned mistakes arose from problems that are decoupled from AT and
generalisation skills. We observed that by wrongly defining (parts of) their
formulas (e.g. a line), students got confused when defining conditionals
statements, iteration commands, and general solutions (11 students).

4.3 GeoGebra files

Similar to our analysis of the student workbooks, we commenced with an
inventory of the hand-in rates for the GeoGebra files. We considered handing
in a paragraph as providing all the necessary files containing the exercises
of said paragraph. We again distinguished between (1) none, (2) 1 to 3
paragraphs, (3) 4 to 6 paragraphs, and (4) all paragraphs. These individual
hand-in rates can be found in Figure 4.8.

The individual rates are not satisfactory, since on average 50% (10 stu-
dents) did not manage to hand in a file per paragraph and we expected to
see similar rates to those of the workbook. Furthermore, our average is be-
low that of a similar experiment (on average 67% of students) which adds to
this statement [45] Again, this may be subject to students working together
with their partner(s) in one file. As such, the group hand-in rates are also
displayed in Figure 4.8. Here we observed that 5 out of 9 groups managed
to hand in all paragraphs, which is not much better than the individual
rates. We thus stand by our previous statement that the hand-in rates for
these files is not satisfactory. From the student interviews, we might find
explanations for these low hand-in rates.

Next, we have the results of our assessment of all GeoGebra files asso-
ciated with a paragraph. These can be found in Figure 4.6. From these
results, we can see that the first paragraph did not pose many problems for
the participants (10 students with score ’Good’). However, in paragraphs 2
and 3 we noticed a slight decrease in scores. Paragraph 4 saw a recovery in
scores, after which in the remaining paragraphs scores were rather stable.
After paragraph 4 no student scored an ’Inadequate’ anymore, indicating
that no big mistakes were made.

4.3.1 Encountered issues

In order to partly explain the scores that were given at the beginning of this
section, it is again necessary to elucidate common mistakes that students
made during the exercises in GeoGebra. Mistakes that were made regarding
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Figure 4.8: Hand-in rates GeoGebra files per paragraph for individual stu-
dents (left) and groups (right)
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Figure 4.9: Student scores GeoGebra files per paragraph

AT and generalisation skills, consisted of lack of object formation that could
help within exercises (10 students), stating unnecessary parts in their files
(4 students), a wrong or missing iteration command (4 students), a wrong
or missing macro (3 students), incorrect use of syntax (3 students), and a
wrong or missing conditional statement (2 students). Furthermore, we also
identified one other mistake that is less related to AT or generalisation. This
mistake consisted of miscalculating (parts of) formulas (3 students), as we
have also seen within Section 4.2.1.
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Figure 4.10: Observed mistakes from students based on their GGB files

4.4 Student interviews

For the interviews, we managed to interview 19 out of 20 students. It was
preferable to have interviewed all of these students twice, once in lesson 3
and a second time in lesson 4. In Figure 4.11 the rates of how many times
students were interviewed are displayed. We managed to interview half of
the students twice (11 students). Considering that in a similar experiment
80% of the students was interviewed, we are satisfied with having interviewed
95% of the students.

However, we did notice that it was difficult to engage all students within
the conversation. Additionally, we observed that students were holding back
with tapping into answers of other students and giving extensive answers.
This resulted in less variable and detailed answers.

Furthermore, during the interviews in lesson 4, it emerged that a major-
ity of the groups (6 out of 9 groups) did not make it past chapter 5. This
meant that we were limited in asking questions about iteration and the use
of macros, which were important parts of paragraphs 5 to 7.

After the interviews had taken place, we transcribed the interviews with
help of other researchers. Next, we started coding these transcriptions using
the codebook in Appendix B. In the following subsections, we will elucidate
on what can be observed from these codes and accompanied student quotes.

4.4.1 Strategies regarding algorithmic thinking

We will first look at the subcodes of the code ’Algorithmic thinking’. We
noticed that the subcode with the most quotations was ’steps’, in which stu-
dents express thoughts about algorithms or step-by-step procedures. This
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Figure 4.11: Rates showing how many times students were interviewed

manifested itself mainly through talking about the translation of step-by-
step procedures that were necessary within the workbook, to the implemen-
tation of equivalent computational steps in GeoGebra. We observed that 7
students acknowledged the benefit of using step-by-step procedures.

”Normally when I am stuck and I go through the steps calmly,
I do get out, so yes the steps do help.” (Student11, lesson 4)

"It does make you think more about what you are doing, because
normally I don’t think very much about the steps and now you
really have to write it down.” (Student2, lesson 3)

Two students mentioned that by doing the steps on paper (or an online
document) first, a better understanding of how to transfer steps to GeoGebra
was established.

”Once I write it down on paper, I know what the formula is I
need to put in and I think about what... How does the program
read the formula? And then I just fill that in.” (Student16, lesson
3)

"I think it is easier to put it (the steps) in a Word document
first. Then it is easier to read it again. [...| In GeoGebra, it
is sometimes not clear to me if I am doing it right” (Student§,
lesson 3)

Furthermore, 5 students were able to explain their usage of conditional state-
ments to handle special cases within GeoGebra.

"So if x(A) equals x(B)... So if they are underneath each other...
Then you do this formula, then x is just x(A), so it is a straight

40



line up-down from x(A). And if that is not the case, so if they are
not above each other, then we can just use the normal formula,”
(Student6, lesson 3)

Two students also mentioned the similarity of conditional statements within
GeoGebra to other programming languages, mainly touching upon the dif-
ference in syntax that is needed to get it working.

”"What you use for that (handling special case) is actually very
similar to what you do in most programming languages with
conditionals. And then it’s worded a bit differently, but actually
it’s very similar. [...] The first time you learn it, it’s all new
and then we went from Javascript to PHP and then you notice
that it is more a matter of translating than learning something
completely new.” (Studentl, lesson 3)

Similarly, 3 students explained that object formation in GeoGebra was not
that different from other programming languages and that already having
this knowledge made it easier to define variables and functions in GeoGebra.

”No, it is actually a bit the same. Written slightly differently,
but we have the fundamentals basically.” (Student9, lesson 3)

Lastly, although we were limited in asking questions concerning the use of
iteration commands, 3 students noted that it was rather straightforward to
use these commands, and did not encounter noteworthy problems.

4.4.2 Problem solving techniques

During the lessons, students showed several strategies and techniques to
solve problems. These were captured under the code problem solving. We
will start with the subcode generalisation since this was one of the most im-
portant skills throughout the lessons. Next, we will explore other techniques
that emerged throughout the exercises.

4.4.2.1 Generalisation

During all chapters, students started with working on a solution to a specific
problem. Next, they generalized this solution to make it suitable for all
instances of the particular problem. Throughout the interviews, 7 students
mentioned that they did not encounter any problems with transitioning
from a specific to a general solution. Two of those students responded that
through the course Mathematics D, they already got in contact with the
concept of generalisation, which made it easier for them.

”1 always get problems like this in Maths D, where first you get
a question about how to solve it and then they generalise it so
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that you have to describe it in maths for every scenario, so to
speak. So I just did that a bit intuitively and it went well, in a
way.” (Student 14, lesson 3)

Furthermore, one student remarked that the prior programming knowledge
of the class might have some influence on the understanding of generalisa-
tion.

7 Of course, we have had computer science for quite a long time,
so we can really skip the first step, because we already know that
this is the same as using a variable in JavaScript.” (Student9,
lesson 3)

Another student mentioned that looking at things from a general per-
spective was something that was already ingrained in the way she was think-
ing, which made the transition intuitive for her.

”T actually found it quite doable... I think that perhaps in gen-
eral, I just think a bit more generally about it, about how it
all fits together. Because yes... that may have something to do
with the way I think. [...] I did not have the feeling that I had
to think about things, they were just answers that I already had
ready, actually.” (Studentl, lesson 3)

She also remarked that this actually resulted in her transitioning from a
general to a specific solution, or skipping the entire specific solution. Four
other students also explained that this happened to them, where one student
also elaborated on that he does not see the need for a specific solution.

"If T have a specific problem, I first look at how I can solve it
in general and then for the specific case... So that’s exactly the

opposite of what we are actually doing now.” (Studentl, lesson
4)

”T don’t think it would have been necessary to do the first part
(specific solution) if we already knew how to do the general part.
I think we already knew how the formulas worked.” (Student?,
lesson 4)

Contrarily, 3 students expressed that they preferred only working with the
specific solution, due to longer formulas that can become unclear to them.

”Then I do not use that whole long formula with a+b you know.
Then I just do that normal formula, and then I just change those
numbers.” (Student4, lesson 4)
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"If you have to do a + b+ x of a and x of b very often, then it
takes a lot of time and you can make mistakes pretty quickly.”
(Student3, lesson 4)

Lastly, some students (3 students) also expressed thought about the benefits
of using generalisation and having a general solution. These mainly consisted
of having an example ready for getting to the general solution, as well as
adaptability and applicability to similar problems.

”Yes, I thought it was nice to start with a specific case, because
then you understand what it is about and what it should look
like in the end.” (Student19, Lesson 3)

”Then you can apply it to any... For example, for a triangle you
can... For any triangle you can find the midpoint of one of those
lines... Always.” (Student8, lesson 3)

4.4.2.2 Other techniques

Although our focus mostly was on generalisation, we also observed that
students elaborated other problem solving techniques. Firstly, one student
noted that during a more challenging task she used decomposition to break
up the problem into more manageable pieces.

”"With that more difficult problem, it was necessary to look at
the steps to see if you could make some progress, because if you
don’t get to the end result, at least you have done some of the
work and put in the effort.” (Studentll, lesson 4)

Furthermore, three students mentioned that they had re-used certain parts
for answers in later paragraphs. This mainly consisted of formulas for lines
and conditional statements.

”T just reused those if-then functions and adjusted them a bit
when necessary” (Student?7, lesson 3)

Lastly, students also seemed to share their experiences in evaluating their
answers within GeoGebra. Six students mentioned that by making use of
visual aspects like dragging points across the screen they were able to check
if their answers were correct.

”See, we can drag these points, the line keeps moving... So with
that, you could sort of check that the general formula works.”
(Student19, lesson 3)
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4.4.3 Difficulties during the lessons

The majority of the students (13 students) that were interviewed explicitly
stated that they did not encounter any problems with the calculus content
during the lessons. Some students (6 students) expressed that they had
some issues with derivatives, conditional statements, iteration and macros.
However, by asking questions to identify the source of these problems it
appeared they did not stem from a lack of knowledge about the topic, but
rather unfamiliarity with the syntax.

”1 found it a bit vague, I didn’t quite understand it. How I
should write it down exactly.” (Student15, lesson 3)

A prevalent topic during the interviews was the students view on the use of
GeoGebra and the difficulties that arose during the use of this tool. Firstly,
a majority of students (13 students) noted that although they did not expe-
rience major problems during the lessons, the use of GeoGebra and getting
familiar with its syntax took some trial and error in the early paragraphs.

"1t is just like any other computer programme. It takes some
time getting used to, but once you spend some time in it, it is
just easy to use.” (Student16, lesson 4)

”In the beginning it was a bit difficult, because we didn’t know
the syntax yet.” (Student8, lesson 3)

These problems with syntax mostly manifested themselves through typos.
The misuse of spaces and brackets, confusing plus and minus signs, and
sudden creation of fractions mainly caused students to struggle within the
GeoGebra environment.

7T think just like everyone else, I still make those really stupid
mistakes with pluses and minuses now and again. That I just
forget a plus or minus and then I sit there for an hour staring at
it like "why doesn’t it work? What have I done wrong?’ But then
it turns out that I just confused a plus and a minus somewhere
and then it is all just fine.” (Studentl, lesson 4)

Another student mentioned that such tiny mistakes or typos could result in
their files not working properly,

”You just need to make sure you don’t make any typing mistakes.
So that... Because one mistake makes the whole... Makes
everything not work.” (Student16, lesson 3)

Moreover, some students (4 students) also experienced some frustrations
while working with GeoGebra. The cause of this frustration was because of
putting in long formulas, or the in their eyes lack of correspondence between
what to write down in the workbook and what to put into GeoGebra.
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”Sometimes it takes longer to put it in the program itself than
it does to sort of figure out how to do it.” (Student4, lesson 3)

Furthermore, one student mentioned that some functionalities of GeoGe-
bra did not work that well for him regarding function alteration. He also
mentioned that at some point, a panel that was part of GeoGebra vanished
which he could not retrieve. Another student demonstrated that using the
English version of the software interfered with the workbook, which was in
Dutch. This resulted in a difference of the ’ALS-DAN-ANDERS’ command
which was used for conditional statements.

Contrary to these issues, five students also acknowledged some benefits
of using GeoGebra which mainly touched upon the usefulness of the visual-
isation that GeoGebra offers. Furthermore, another student noted that he
preferred the use of GeoGebra over his graphic calculator.

”1 think it is a useful programme in itself, because then of course...
If you fill in a formula... It’s easier to visualise.” (Student2, les-
son )

”1 prefer GeoGebra over like a graphic calculator, because it is
just easier put in that way.” (Student6, lesson )
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Chapter 5

Discussion

Within this chapter, we will first summarize the main findings from the pre-
vious chapter. Furthermore, we will discuss and interpret our results to aid
in answering our research questions. Furthermore, we will also elaborate
on the implications of these results and linking them to existing literature.
Lastly, we will discuss the limitations of our research, and give recommen-
dations for future works.

5.1 Summary of results

Firstly, the results from the pre- and post-test indicated that students ini-
tially already performed quite well on several computational tasks concern-
ing algorithmic thinking, evaluation, repetition structures and pattern recog-
nition. Scores between pre- and post-test developed positively or stayed
rather stable. Especially a question about algorithmic thinking and eval-
uation saw a stark increase in positive scores. However, when students
were confronted with questions that asked to apply their acquired GeoGe-
bra knowledge to new situations they seemed to struggle significantly more.
Looking at the data from the workbooks, we found that students mainly
struggled in the early paragraphs. This was mainly due to students strug-
gling to come up with well-formed formulas and conditional statements. We
observed that these mistakes with conditional statements were not due to
a lack of understanding about handling special cases, but rather a conse-
quence of wrongfully defining formulas for e.g. lines. Apart from these
difficulties, we noticed that students were adequate in solving calculus tasks
that involved the use of algorithmic thinking and generalisation skills in the
workbook, which were reflected in higher scores as the lessons progressed.
From the analysis of the GeoGebra files, we observed that students were
adequate in performing the exercises within GeoGebra. However, similarly
to the workbooks, students mainly made mistakes with defining mathemati-
cally correct formulas. This resulted in chain-reactions within the files where
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e.g. conditional statements would be incorrect. A last interesting finding
was the lack of object formation that would contribute to help students with
conciseness in their files.

We also analysed the hand-in rates for the workbooks and GeoGebra files.
Especially for the GeoGebra files, we saw disappointing individual hand-in
rates. We acknowledged that students often work together in one file and
hand it in, and as such we also checked the group hand-in rates. Looking at
a similar experiment [45] we noticed that the individual rates for handing
in the workbooks was satisfactory (65% opposed to 67%). However, for
the GeoGebra files we observed that the hand-in rates were not satisfactory
(50% opposed to 67%). Additionally, the group hand-in rates for these files
resulted in only 55% of groups handing in their files which still was not
satisfactory.

Lastly, from the interviews we were able to observe student strategies
regarding algorithmic thinking and generalisation, as well as their experi-
ences with GeoGebra. Having interviewed 19 of 20 students at least once,
we noticed that students were capable of expressing thoughts about the use
of steps, conditional statements and the benefits of generalisation. Further-
more, students communicated that they welcomed the visualisation aspect
that GeoGebra offered, after overcoming the initial hurdles of getting famil-
iar with the syntax.

5.2 Triangulation and interpretation

Our objective for this thesis was to answer the following research question
and respective subquestions:

MRQ: What characterises the use of algorithmic thinking and generalisation
skills by 16-17 year old secondary school students after a 5-lesson calcu-
lus course that focused on the use of the mathematical tool GeoGebra?

SRQ1: In which data sources is algorithmic thinking and generalisation ap-
parent?

SRQ2: What are the learning outcomes of students regarding algorithmic think-
ing and generalisation skills after a 5-lesson calculus course that fo-
cused on the use of the mathematical tool GeoGebra?

SRQ3: What challenges did students encounter during the learning process?

In the following subsections, we will interpret our results and make an effort
in answering these research questions.
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5.2.1 Evaluation of data sources

Regarding our first sub-question, we focus on the different assessment meth-
ods that have been used throughout the lesson series. With the results of
our analysis, we observed that all data sources were able to capture the use
of AT and generalisation skills in their own way.

In the pre- and post-test, AT was mainly employed through questions
requiring construction and evaluation of algorithms. We could then analyse
these answers to capture and evaluate the use of AT. Furthermore, through
the analysis of workbooks and GeoGebra files, we were able to capture stu-
dent performance with tasks that required students to translate steps in the
workbook to computational steps in GeoGebra, use logical structures such as
conditional statements, and generalise from specific to general solutions. In
combination with student interviews in which we could ask students about
their experiences and strategies in solving these tasks, we were able to come
up with statements regarding the use of AT and generalisation.

Additionally, we would like to add that by using a variety of data sources,
it enabled us to triangulate our data to discover patterns that initially may
not have been exposed by only analyzing a single data source. This is in ac-
cordance with Grover [23], who noted that finding comprehensive statements
about computational thinking skills development needs multiple, differing
assessment methods. Using these methods on a standalone basis would not
suffice in giving grounded statements. For example, quotes from the in-
terviews would serve no foundation for statements without being able to
connect them to actions within GeoGebra or workbooks. Furthermore, we
would like to add that apart from the pre- and post-test, the assessment
methods that were used were made exclusively for this particular course.
Although it was able to capture the usage of AT and generalisation for this
course, does not guarantee that these methods also are adequate for other
activities regarding AT and generalisation skills.

5.2.2 Learning outcomes

In relation to our second sub-question, we observed that students were suc-
cessful in solving the problems that required the employment of AT and
generalisation skills within the workbook and GeoGebra. Students showed
to be capable of constructing algorithms within the GeoGebra environment,
from procedures that were created in the workbook. Additionally, during
the interviews students were able to correctly explain their actions regarding
setting up procedures and the use of logical structures. Remarkably, we no-
ticed that students who made mistakes within the workbook, often corrected
these mistakes when handing in the accompanied GeoGebra file. This shows
that students learned to correctly evaluate their own algorithms within Ge-
oGebra. This is an interesting finding since students initially scored rather
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poorly on evaluating algorithms in the pre-test, whereas these scores sig-
nificantly increased in the post-test. A possible explanation could be that
students were able to validate their answers through the visualisation aspect
that GeoGebra offers. In the literature, researchers stress the importance
of visualisation as a way to support the use of AT in students that struggle
with it [2, 20].

Concerning generalisation, we observed that students were able to gen-
eralize from a specific to a general solution. Furthermore, in the interviews
students were able to express ideas about the benefits of generalisation,
such as the applicability of solutions to new situations. Some students al-
ready showed a good understanding of generalisation since they often did
not require a specific solution. In our view, this can be attributed to the
background of the participants, who already have prior knowledge in pro-
gramming which makes them familiar with the use of variables. Moreover,
some students followed a mathematics course in which they already got in
contact with generalisation. This also could have made the tasks of this
lesson series more intuitive.

Lastly, we observed that students were able to come up with general
plans of action when confronted with more challenging tasks. This mainly
showed through the last paragraph of the workbook and the post-test specific
questions. Especially during the last paragraph, students were confronted
with new a new (mathematical) topic, while still tapping into the acquired
basics of programming in GeoGebra. Although students struggled slightly
with becoming concrete, we still consider this outcome as beneficial. This
transfer of GeoGebra knowledge to different contexts is considered an impor-
tant part of learning since it shows a good understanding of the relevance of
their knowledge [5]. This transfer could be related to generalisation since it
is considered as transferring knowledge from a specific setting to another one
as was emphasised by Dumitrascu [18]. Overall, we conclude that student
learning outcomes consist of (1) successfully constructing and evaluating al-
gorithms while using logical structures within GeoGebra, (2) generalising
specific solutions into general solutions which apply to every instance of the
problem and (3) the ability to transfer knowledge of GeoGebra to more chal-
lenging problems. In our view, these outcomes are satisfactory considering
that they line up with the goals of the course.

5.2.3 Challenges during the learning process

During the course, we noticed that students did not encounter major chal-
lenges. We did notice some difficulties in the first 3 paragraphs of the course
which was apparent from the workbooks. These paragraphs concerned defin-
ing lines, perpendicular lines, medians and centres of gravity. The second
part (paragraphs 4 to 6) concerned tangents and derivatives of standard
functions. In this part we did not encounter any 'Inadequate’ scores any-
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more. This suggests that students were more adequate with content related
to derivatives and tangents. We acknowledge that it is difficult to determine
if this relative switch in content is the cause of better scores later on, since
students did not discuss any significant difficulties about the content during
the interviews.

However, students expressed that they were affected by the initial unfa-
miliarity with the syntax of GeoGebra. Nonetheless, within the GeoGebra
files we rarely encountered syntax that did not make sense. This can again
be attributed to the prior programming knowledge of the students. This
was also observed from the interviews, in which students noted that e.g.
conditional statements mostly coincided with other programming languages
and as such were easier to get familiar with. From a paper by van Borkulo
et al. [45], which carried out the same calculus course at another school,
it became apparent that students struggled significantly more with these
logical structures. In their research, students did not have prior experience
with programming. Research has shown that students benefit from having
prior programming experience, and often perform better than those who
have none when introduced to new languages or syntax [24, 31]. In our
view, this explains the difference between these two groups of students, and
our low number of syntax mistakes within the GeoGebra files.

Within the workbooks, students mainly struggled to come up with gen-
eral solutions. However, they did not mention these difficulties during the
interviews. This is remarkable, but also explainable through another chal-
lenge that students encountered and has lead to the majority of mistakes
within the workbooks and GeoGebra. This challenge was the miscalcula-
tion of formulas, which stems from a misunderstanding of the mathematical
content. We observed that mistakes of this kind resulted in a chain reaction
of mistakes throughout the exercises since e.g. parts of the general solution
were used within the definition of the conditional statements. It remains
unclear why students made these mistakes while also acknowledging no dif-
ficulties with the calculus content of the course. A possible explanation for
this could be the fact that the workbooks were designed to be used with pen
and paper. Students however filled in the workbooks within text editors,
which takes away this pen and paper aspect. Interestingly the results from
van Borkulo et al, showed that students made fewer mistakes concerning
formulas [45]. Contrarily to the participants of our research, the students
in their research were able to make use of physical workbooks. This finding
suggests that the use of pen and paper to come up with steps and formulas
is more beneficial than using (online) text editors.

5.2.4 Characterization

Ultimately, how can the use of algorithmic thinking and generalisation skills
by students be characterized after the course? In our opinion, we can con-
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clude that the course itself is very suitable to bring students in contact with
concepts of calculus in a refreshing manner. Students welcomed the use
of GeoGebra and our findings show that students were adequate in solving
the problems in the workbooks and GeoGebra using algorithmic thinking
and generalisation skills. Students showed that they were able to generalise
from specific to general solutions, translate step-by-step procedures into al-
gorithms within GeoGebra, use logical structures to handle special cases,
and evaluate algorithms using visualisation features of GeoGebra. Another
characteristic was the ability of students to transfer their acquired GeoGe-
bra knowledge to new, more challenging situations. These findings coincide
with literature on abilities that can be associated with algorithmic think-
ing [11, 19, 29] and generalisation [18, 41].

Throughout the course, students did not encounter major hurdles while
familiarizing themselves with the digital environment GeoGebra and its syn-
tax. Through prior knowledge of programming, students expressed that they
did not struggle with defining variables and using logical structures, which
was reflected in the GeoGebra files. In the case where mistakes were made re-
garding e.g. conditional statements, we observed that they did not originate
from a misunderstanding of the concept itself, but rather an accumulation
of mistakes in defining mathematically correct formulas. Remarkably, in the
interviews students overwhelmingly expressed that they did not encounter
problems with the calculus content. We believe that this contradiction and
the mathematical mistakes could be attributed to the absence of a physical
workbook. Research has shown students who type certain science-related
content in a digital environment are more likely to get cognitively over-
loaded than students who write using pen and paper [1]. They acknowledge
that because of this, students show “less knowledge, less terminological ac-
curacy, and, above all, less understanding of the interconnection between
listed information.”.

5.3 Limitations

One of the main limitations of our research was the special circumstance in
which the course was held. Due to the COVID-19 pandemic, students were
required to follow the course from their homes. Research shows that this
form of online education is not for everybody [8, 30]. Some students simply
prefer a classroom setting where a teacher is nearby to help with problems
and to keep them motivated to study. Furthermore, online courses usually
require proper design of materials and a thorough selection of students. For
the design of this course, these unfortunate circumstances were not taken
into account which in our view resulted in students being less engaged in
the course. This was mainly reflected in the disappointing individual hand-
in rates for the workbooks and GeoGebra files, which significantly shrunk
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usable data for our analysis.

Furthermore, another limitation was the small number of participants
in this research. Our target audience covers a larger number, while also
differentiating between levels of prior knowledge. Although the findings in
our study are backed up by our analysis, and mostly coincide with findings
from a similar paper on the implementation of this course [45], we acknowl-
edge that the generalizability of these findings could be compromised. This
also relates to the previously mentioned limitation, since the circumstances
under which this research has taken place were different from teaching pre-
pandemic.

Lastly, we would like to address a limitation related to one of our assess-
ment methods. Although the interviews proved to be fruitful, we observed
that conducting interviews in a group setting undermined the potential for
deeper insights due to longer speaking times for certain students. Further-
more, a complication that can occur during the analysis is researcher bias
while interpreting the data [16], whereas with one-on-one interviews this is
less likely. However, we are aware of the time-consuming aspect of doing
individual interviews which was one of the main consideration in opting for
group interviews for this research. Nonetheless, we think that addressing
this limitation is needed, since we observed that some students who got
interviewed were not able to fully express their experiences, strategies and
challenges over the course of the lesson series.

5.4 Future work

For future endeavours, research might focus on the role of the teacher
throughout the course. Although in our research the teacher had familiarity
with both teaching mathematics and computer science, in future implemen-
tations this might not be the case. It was beyond the scope of this thesis
to investigate the role of the teacher, but the challenge in the future is to
train and guide teachers in addressing CT during their lessons while also
supporting students in acquiring and using skills related to CT.
Furthermore, another interesting topic for future research could be the
impact of plugged versus unplugged learning on algorithmic thinking skills
development. Within our research, we found that students almost entirely
did all the exercises within a digital environment, albeit a text editor or
GeoGebra. It would be interesting to contrast the results of students that
worked out steps on paper, which was the goal of the workbook in our
research, and students that worked out steps within a digital environment.
Similarly, research into the differences in employment of algorithmic thinking
and generalisation skills between groups that have had prior experience in
programming to those who have none could also be an interesting topic.
This indirectly suggests that research into this topic should be done on a
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larger scale, which follows from one of the limitations of our research.

Lastly, it would be beneficial for the field to not only characterize the
use of algorithmic thinking and generalisation skills but also investigate the
development of these skills. This requires adequate assessment tools, of
which the designed pre- and post-test functions as a good starting point.
Furthermore, interviews that are more artefact-based and held one-on-one
could also aid in catching this development [10].
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Chapter 6

Conclusion

Incorporating computational thinking within STEAM education has re-
ceived increased attention over the last decade. Computational thinking is
still an ill-defined construct, which complicates the assessment of usage and
development of associated elements. In this thesis, we tried to characterize
the use of two elements of CT, algorithmic thinking and generalisation, after
a b-lesson calculus course that revolved around the use of the mathematical
tool GeoGebra.

This thesis has shown that GeoGebra can be employed as a tool to
provide students with calculus content in a refreshing manner, while also
touching upon aspects of CT. Analysis of pre- and post-tests, student work
in workbooks and GeoGebra, and mini-interviews with students demon-
strated that students welcomed the use of GeoGebra and were adequate in
solving tasks that required the use of algorithmic thinking and generalisa-
tion skills, such as constructing and evaluating algorithms from solutions
that were acquired through generalisation. Although students needed time
to familiarize themselves with the syntax and digital environment, they did
not encounter major challenges regarding algorithmic thinking and gener-
alisation. Findings showed that the majority of mistakes that were made
during the course were due to mathematical shortcomings.

For future research, the role and training of teachers in leading these
kinds of courses could be investigated to provide insight into their posi-
tion as a means to stimulate the usage and development of skills related to
CT. Furthermore, larger-scaled experiments could focus on the differences
in algorithmic thinking skills development between plugged and unplugged
activities, and the contrast between groups that have prior knowledge in
programming in comparison to those who have none. Lastly, rather than
only characterizing the usage of algorithmic and generalisation skills, by in-
vestigating and developing better assessment methods we might also gain
insight into how these skills develop over time during similar integration
efforts.
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Appendix A

Links to content, raw data
and analysis results

Workbook and pre-/post-tests

Pre- and post-test:
https://docs.google.com/document/d/1FIdWwWzLmzAlpKLUvr9tdtrGT8bZyZ-4cUrB3wlqZhY/
edit?usp=sharing

Workbook:
https://docs.google.com/document/d/1CnpW-M2TdwOooRVDKi3QyTMJaDvII3Z1/
edit?usp=sharing&ouid=117080045490976004325&rtpof=true&sd=true

Raw data/analysis results

Pre- and post-test:
https://docs.google.com/document/d/1xizJziLhxNFvM27z0LevZESDBbGNkQxzwbcddeM2ucs/
edit?usp=sharing

Workbooks:
https://docs.google.com/document/d/1agEwWRLIKL1tsbN6rxeui EOHcAtKhGqxHE98ddOnJPc/
edit?usp=sharing

GeoGebra files:
https://docs.google.com/document/d/1jnmVYRjO1B1LAD jKmKWB5fFWjoCU37MyGbVQRZbzZ0w/
edit?usp=sharing

Interview transcriptions:

https://docs.google.com/document/d/1yhd8hycxIympzgQmTrRGbygDAu7K jFBFmFQVNMKOg6E/
edit?usp=sharing
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