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TIVISTELMA

TURUN YLIOPISTO

Kasvatustieteiden tiedekunta

Opettajankoulutuslaitos ja Oppimisen ja opetuksen tutkimuskeskus
Oppimisen, opetuksen ja oppimisymparistdjen tutkimuksen tohtoriohjelma

BOGLARKA BREZOVSZKY: ADAPTIIVISEN LUKUKASITTEEN TUKEMINEN OPPIMISPELIN AVULLA

Taman vaitoskirjatutkimuksen tavoitteena oli tutkia, miten oppimispelid voisi kdyttdd joustavan ja
adaptiivisen lukukasitteen kehityksen tukemisessa. Vaitoskirja koostuu viidesta osatutkimuksesta, jotka
kasittelevat Number Navigation pelin (NNG) kehittdmista, testaamista sekd pelin vaikutuksia
adaptiiviseen lukukasitteeseen ja muihin alakoulun oppilaille tarkeisiin matemaattisiin taitoihin ja
tietoihin. Tutkimuksissa kaytetaan erilaisia menetelmia ja tarkastellaan erilaisia tutkimuskysymyksia
pelin kehittdmisen ja testaamisen eri vaiheissa. Keskeisend punaisena lankana on kuitenkin se, miten
pelimekaniikka ja matemaattinen sisdltd ovat yhteydessa toisiinsa ja miten pelin avulla toteutettu
harjoittelu on yhteydessa oppimistuloksiin.

Tutkimuksessa 1 testattiin NNG:n ensimmadisen prototyypin toimivuutta kayttdjien kokemusten
nakokulmasta ja tutkittiin niitd peliprosesseja, joiden voi olettaa tukevan adaptiivisen lukukasite
kehittymista. Pelia tutkittiin kahden pelitilanteen avulla. Ensimmaisessa 11-vuotias oppilas pelasi pelia
yksinddn ja toisessa 9- ja 1l-vuotiaan oppilaat pelasivat pelid yhdessa. Tutkimusaineisto koostui
pelisessioiden videoinneista, tietokoneen ruudunkaappauksen tallennuksesta sekd pelikokemusta
kartoittaneesta avoimesta haastattelusta. Tulokset osoittivat, ettd jo pelin varhainen prototyyppi sai
aikaan aktiivista sitoutumista testaamaan erilaisia lukujen ja operaatioiden suhteita ja yhdistelmia seka
keskustelemaan niistd. Tulokset viittasivat siihen, ettd NNG:n pelaaminen voi herdttda sellaista
matemaattista ajattelua ja ongelmanratkaisua, jonka oletettiin edistavan oppilaiden adaptiivista
lukukasitetta.

Tutkimus 2 koostui kolmesta osatutkimuksesta (5.luokkalaiset, n = 55, yliopisto-opiskelijat, n = 55 ja
6.luokkalaiset, n = 22) ja sen tavoitteena oli kehittaa ja testata aritmeettisten lausekkeiden tuottamisen
tehtavaa, joka on kyna-paperi-tehtdva, jolla mitataan adaptiivista lukukasitettd. Tassd tutkimuksessa
tutkittiin seka yksilollisia eroja aritmeettisten lausekkeiden tuottamistehtdvdssa ettd adaptiivisen
lukukdsitteen ja muiden matemaattisten taitojen valistd yhteyttd. Tulokset osoittivat yksilollisten
erojen olevan samanlaisia eri otoksissa ja ikdryhmissa. Adaptiivisen lukukasitteen taso oli yhteydessa
aritmeettiseen sujuvuuteen ja kasitteelliseen aritmeettiseen tietoon. Tulosten mukaan aritmeettisten
lausekkeiden tuottamisen tehtdvalla pystyttiin tunnistamaan, kuinka osallistujat tunnistavat
mahdollisuuksia kayttaa lukujen eri ominaisuuksia aritmeettisessa ongelmanratkaisussa, mita voidaan
pitaa adaptiivisen lukukasitteen indikaattorina.



Tutkimus 3 oli ensimmainen vyritys tutkia NNG:n vaikutuksia ja pelisuorituksen ja adaptiivisen
lukukasitteen yhteytta. Tutkimuksessa oli kvasi-kokeellinen alku- ja loppumittausasetelma. Osallistujat
olivat 11 paria kuudesluokkalaisia oppilaita (11 tyttod, ikd 11-13 vuotta) yhdesta luokasta, joka pelasi
NNG-pelia 7 viikkoa. Tulokset osoittivat osallistujien adaptiivisen lukukdsitteen ja aritmeettisen
sujuvuuden kehittyneen. Pelisuoriutuminen ennusti oppilaiden lukukdsitteen monioperationaalista
aspektia loppumittauksessa.

Tutkimus 4 on yksityiskohtainen kuvaus NNG:n taustalla olevista pelin suunnitteluperiaatteista
teorioihin ja aikaisempiin NNG:td kayttdneisiin pilottitutkimuksiin (tutkimukset 1 ja 2) perustuen.
Taman tutkimuksen jalkeen lopullinen NNG-prototyyppi suunniteltiin tutkimukseen 5.

Pilotti- ja kehitysvaiheiden jdlkeen tutkimus 5 kohdistui NNG:n vaikutusten tutkimiseen
luuokkahuoneessa ja isommalla otoksella ja useilla luokka-asteilla. Tutkimus 5:ss& tutkittiin, miten
NNG:Ild harjoittelu vaikuttaa alakoululaisten adaptiiviseen lukukasitteeseen, sujuvuuteen ja esi-
algebraa koskevaan tietoon eri luokka-asteilla, seka kuinka oppilaiden pelisuoritus NNG:ssa vaikuttaa
matemaattisiin  oppimistuloksiin.  Alku- ja loppumittauksellinen satunnaistettu koe- ja
kontrolliryhméakokeilu oli tutkimuksen design. Koeryhma pelasi NNG-pelia 10 viikon ajan matematiikan
tunneilla ja kontrolliryhma osallistui normaaliin matematiikan opetukseen. Tulokset osoittivat
koeryhmdn kehittyneen merkitsevasti paremmin kaikissa matemaattisissa testeissa  kuin
kontrolliryhma. Pelisuoriutuminen oli yhteydessd koeryhman loppumittaustuloksiin  myds
alkumittauksen pisteiden ja luokkatason kontrolloinnin jalkeen. Lisdksi tulokset osoittivat, ettda NNG
kehittda lukukasitteen eri aspekteja, aritmeettista sujuvuutta ja esi-algebrallisia tietoja eri tavalla eri
luokka-asteilla.

Kaiken kaikkiaan taman vaitoskirjan 16ydokset osoittavat, ettd NNG voi tarjota alakouluikaisille
tehokkaita ja uusia mahdollisuuksia harjoitella joustavia matemaattisia taitoja ja niihin liittyvaa
adaptiivista, joustavaa lukukasitettd. Peliympéristd mahdollisti suuren harjoitusmaaran avoimilla
tehtavilla ja lukuisilla erilaisilla luku-operaatio-yhdistelmilld, mikda on tavallisesti vaikeasti
saavutettavissa tyypillisessa matematiikan opetuksessa luokkahuoneessa. Vaitdskirjan tulokset antavat
empiiristd tukea teoreettiselle mallille adaptiivisesta lukukasitteestd joustavan aritmeettisen
osaamisen osatekijana. Lisdksi vaitoskirjatutkimuksissa kehitettiin uusi, skaalautuva mittari ja uusi
harjoittelumuoto adaptiiviselle lukukasitteelle. Tulokset korostavat iteratiivisen design-prosessin
merkitystd oppimispelien kehittdmisessa niin, ettd kasvatuksellinen oppimissisaltd ja pelimekaniikka
integroidaan, mittaamiskysymykset ratkaistaan ja mahdollistetaan harjoittelu pelissa.



ABSTRACT

UNIVERSITY OF TURKU

Faculty of Education

Department of Teacher Education and Centre for Research on Learning and Instruction
Doctoral Programme on Learning, Teaching and Learning Environments Research

BOGLARKA BREZOVSZKY: USING GAME-BASED LEARNING TO ENHANCE ADAPTIVE NUMBER
KNOWLEDGE

The aim of this dissertation was to explore how game-based learning can be used to develop primary
school students’ adaptive number knowledge. The dissertation comprises five studies that explore the
Number Navigation Game’s (NNG) development, testing and effects in enhancing primary school
students’ adaptive number knowledge and related mathematical skills and knowledge. The studies use
different methodologies and ask varying questions through the process of development and testing of
the NNG. However, as a common thread, each study explores the relationship between game
mechanics and mathematical content, and the relationship between game-based training and learning-
outcome measures.

Study | tested the NNG’s first working prototype from a user experience point of view and investigated
instances of gaming processes which may support the development of adaptive number knowledge.
The game was tested in two sessions, with one student (age 11) playing individually and two students
(ages 9 and 11) using the game collaboratively. Data were collected using video-recorded observations,
gameplay screen capture and open-ended interview questions regarding the game experience. Results
showed that already, the NNG prototype triggered players’ active engagement with different number
combinations and numerical relations as well as reflection and discussion about these numerical
relations. This suggested that gameplay with the NNG could trigger the type of mathematical thinking
and problem solving which was expected to help enhance students’ development of adaptive number
knowledge.

Study Il comprised three sub-studies (fifth-graders, n = 55; university students, n = 55; and sixth-graders,
n = 22) and aimed to develop and test the Arithmetic Production Task, a paper-and-pencil measure of
adaptive number knowledge. Individual differences in the Arithmetic Production Task and the relation
between adaptive number knowledge and other mathematical skills and knowledge were explored.
Results showed similar patterns of individual differences across the different samples and age groups.
Adaptive number knowledge was found to be related to arithmetic fluency and conceptual knowledge
of arithmetic. Results suggest that the Arithmetic Production Task was able to capture how participants
recognise opportunities to use numerical features in their arithmetic problem solving, which can be
used as an indicator of their adaptive number knowledge.

Study Il was the first attempt to test the NNG’s effects and examine the relationship between game
performance and adaptive number knowledge. The study used a quasi-experimental pre-test/post-test
design. Participants were 11 pairs of sixth-grade students (11 females, age range: 11-13) from one
classroom who played the NNG over a seven-week period. Results showed improvement in



participants’ performance in adaptive number knowledge and math fluency. Game performance was
found to be a predictor of students’ post-test performance on the multi-operational aspect of adaptive
number knowledge.

Study IV provides a detailed overview of game design decisions in the NNG, which are based on theory
and the results from previous pilot studies using the NNG (Studies | and Ill). Another game-development
phase followed Study IV, resulting in the final NNG prototype used in Study V.

After the initial pilot and development stages, Study V aimed to test the NNG’s effects in the classroom
and on a larger scale across different grade levels. Study V explored how training with the NNG affects
the development of primary school students’ adaptive number knowledge, arithmetic fluency and pre-
algebra knowledge at different grade levels; and how students’ performance on the NNG affects the
development of the mathematical learning outcomes. A pre-test/post-test randomised control design
was used, in which the experimental group played the NNG for 10 weeks during math class, and the
control group received regular math instruction. Results showed significant overall improvement in the
experimental group compared with the control group on all measured mathematical learning
outcomes. Game performance was related to the experimental group’s post-test scores even after
controlling for pre-test scores and grade. Additionally, results showed that the NNG develops different
aspects of adaptive number knowledge, math fluency and pre-algebra knowledge across grade levels.

Overall, the present dissertation’s findings show that the NNG can provide efficient and novel training
opportunities for developing primary school students’ adaptive number knowledge and related
mathematical skills and knowledge. The game-based format allowed for a large amount of open-ended
practice with various number-operation combinations, which usually is difficult to achieve in regular
mathematics classrooms. The dissertation’s results provide empirical evidence for the theoretical
model of adaptive number knowledge as a component of adaptivity with arithmetic. Additionally, a
new and scalable measurement and novel training of adaptive number knowledge were developed.
The results also highlight the importance of an iterative design process in educational game
development, with the following guiding principles: integration of educational content and game
features, measurement questions and application of training.
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USING GAME-BASED LEARNING TO ENHANCE ADAPTIVE NUMBER KNOWLEDGE

1. INTRODUCTION

Play and games are fundamental to our lives. We can create a story with its own set of rules and goals,
and we learn to experiment with these different roles without fear. It is perhaps imagination that makes
games so powerful in shaping the development of our thinking and learning as humans. The importance
of play has been acknowledged over many different disciplines (for a review, see Sutton-Smith, 1997),
and playful learning or learning by experimentation is considered to be fundamental in early cognitive
development (Pellegrini, 2009; Piaget, 1952; Rogers & Sawyers, 1988). During play, we are free to
construct rules and experiment with different outcomes in a safe environment. Immersion in the
imaginary world of play can result in deeper engagement with the task at hand and, thus, a deeper form
of learning (e.g., Csikszentmihalyi, 1991). These long-standing theoretical propositions have been
tested and revised in many empirical studies over the years (for an overview, see Fisher, Hirsh-Pasek,
Golinkoff, Singer & Berk, 2010; llgaz, Hassinger-Das, Hirsh-Pasek & Golinkoff, 2018), and the use of
games and playful learning became a widespread recommendation in policy documents and curricula
across various academic disciplines and age groups (e.g., Finnish National Agency for Education, 2014;
OECD 2010, 2018).

With technological advancements, learning through experimentation and play was adopted into the
digital context, and nowadays, the term game-based learning often is associated with the use of digital
games that aim to produce some form of learning. Due to the affordances of technology and the long-
standing traditions of using games and play for educational purposes, digital game-based learning
became very popular in a short period of time. However, after the initial excitement, it is now clear that
games do not represent a magic bullet. While most reviews find that game-based learning can be
associated with greater learning gains compared with more traditional instruction methods, the
difference is usually small (Boyle et al., 2016; Hainey, Connolly, Boyle, Wilson & Razak, 2016; Hays,
2005; Wouters, van Nimwegen, van Oostendorp & van der Spek, 2013; Young et al., 2012).

The explanation for this discrepancy between the potential of game-based learning and the lack of
strong empirical results that would substantiate these claims is usually two-fold. First, despite the
affordances of technology to provide new methods to interact with educational content, most
technology-supported applications are still used only as alternative content-delivery methods (Bray &
Tangney, 2017). In the specific domain of game-based learning, this means that learning content is
often not delivered through gameplay, but that the gameplay is used as an incentive to make students
interact with educational content (Devlin, 2011; Habgood & Ainsworth, 2011; Habgood, 2007). This can
create frustration and disappointment, and can explain why game-based learning is not found to be
more motivating for students than traditional instructional methods (Wouters et al., 2013), as well as
why most game-based interventions are only marginally effective (Hainey et al., 2016; Hays, 2005;
Wouters et al., 2013). Second, a disconnect often exists between the type of skills and knowledge
practised within the context of a game-based learning environment and the means and methods of
measuring expected learning outcomes (All, Nufiez Castellar & Van Looy, 2014, 2015, 2016).
Measurement problems, such as using standardised tests to measure the outcomes of complex game-
based training effects, relying solely on game-performance measures, overuse of quasi-experimental
designs and a lack of large-scale randomised studies are often raised as problems that make the
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estimation of game-based learning’s real effects difficult (All et al.,2014, 2016; Connolly, Boyle, Hainey
& Boyle, 2012; de Freitas & Oliver, 2006; Wouters et al., 2013; Young et al., 2012).

Thus, to make use of the potential affordance of games for educational purposes, it is important to
design the interaction of learning content and game features carefully and implement appropriate
measures that can capture different aspects of intended learning outcomes. Achieving this balance
requires an iterative process of design and testing, with game and learning interacting at the centre (All
et al., 2015; Vanden Abeele et al., 2012). However, in reality, this is rarely done, and most attempts to
use game-based learning for educational purposes remain very limited in scope. To achieve coherence
among game features, educational content and assessment, it is important to examine how game-
based learning can be used to provide a new method of interaction with the learning content that was
unavailable or difficult to achieve in a different format, as well as how to measure this novel type of
knowledge within and outside the game context.

For example, in the domain of mathematics, flexibility and adaptivity with arithmetic are strongly
highlighted curricular objectives in many countries, but research shows that direct teaching of
strategies in the classroom doesn’t lead to flexible and adaptive problem solving in new contexts and
tasks (Hickendorff, 2018). Therefore, it is both theoretically and practically relevant to explore how
game-based learning can be used to develop flexibility and adaptivity with arithmetic that are
transferable to novel tasks.

Flexibility and adaptivity with arithmetic problem solving are often operationalised in terms of a large
repertoire of problem-solving strategies and the ability to select appropriate strategies for a given
problem (Heinze, Star & Verschaffel, 2009; Verschaffel, Luwel, Torbeyns & Van Dooren, 2009).
Developing flexibility and adaptivity with arithmetic can be challenging because: 1) even if students
have a large repertoire of strategies, they often fail to notice opportunities to apply them in practice
(Canobi, Reeve & Pattison, 2003), and 2) a strategy’s efficiency or appropriateness is very subjective
and context-dependent (Heinze et al., 2009; Threlfall, 2002, 2009). Thus, training should include
attempts to strengthen students’ underlying understanding of numerical relations, which are expected
to help identify opportunities when using alternative solutions can make problem-solving more
efficient (Baroody, 2003; Lehtinen, Hannula-Sormunen, McMullen & Gruber, 2017; Verschaffel et al.,
2009).

Adaptive number knowledge is a component of adaptivity with arithmetic and is characterised by a
well-connected representation of numerical characteristics and relations (McMullen et al., 2017).
Strengthening students’ adaptive number knowledge requires an extended amount of practising with
different combinations of numbers and operations, solving arithmetic problems in multiple ways and
reflecting on solutions and their underlying arithmetical relations (Baroody, 2003; Heinze et al., 2009).
Regular instruction offers limited opportunities for this type of extended practice, but game-based
learning’s affordances can be ideal for incorporating a large amount of practice with open-ended
arithmetic problems. Additionally, the game’s rules and goals can provide a meaningful context to
trigger students’ engagement in looking for alternative solutions, as well as their reflection on these
solutions.
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The present dissertation aimed to explore, through a series of different methods and cycles of
development and testing, how game-based learning can be used to trigger the type of open-ended
mathematical practice that is considered foundational in developing adaptivity with arithmetic problem
solving, but which is difficult to achieve in the regular school context. The dissertation consists of five
studies that show interactions among learning content, assessment and game design during the cyclical
development and testing of the Number Navigation Game (NNG).

1.1 Game-based learning: definitions and terminology

There is a large variety of games or game-based learning environments that use different genres and
design principles, and target a wide variety of learning outcomes, such as skills, conceptual
understanding, motivation, behaviour, etc. (for a review, see Boyle et al., 2016; Connolly et al., 2012;
Hays, 2005). This variation makes it challenging to provide one definition of game-based learning.
Usually, it is agreed that rules, goals and some quantifiable outcomes are the basic, necessary
components of game-based learning environments (Salen & Zimmerman, 2003), but many other
features — e.g., competition, challenge, exploration and fantasy — arguably are necessary to call a game
a game (Whitton, 2010), especially when it comes to digital games. The present dissertation does not
intend to go into detailed discussions about the definition of games in general, but will assume that the
following are necessary features to consider when referring to a digital game: well-defined goals and
rules, interactivity, challenge and feedback. This criteria set is common in many definitions that
different authors have provided in this domain (e.g., Hays, 2005; Salen & Zimmerman, 2003; Wouters
et al., 2013)

Apart from issues related to the definition of game-based learning, extensive debate has been sparked
regarding terminology usage. Common terms in extant literature include: serious games, instructional
games, learning games and computer games (Hays, 2005; Plass, Homer & Kinzer, 2015; Squire, 2008;
Tobias & Fletcher, 2012). Sometimes these terms are used to differentiate constructs, sometimes
overlap exists and sometimes different terms are used to describe the same construct (Boyle et al.,
2016; Breuer & Bente, 2010; Crookall, 2010; Wouters et al., 2013). In the common practice of
educational research, the terms educational digital games, game-based learning environments and
serious games are often used interchangeably (Boyle et al., 2016), and they mostly refer to the same
type of learning environment, which uses technology in a game-based format to support learning.

As the present dissertation describes a process of developing and testing the NNG game-based learning
environment, it was important that the terminology used be inclusive enough and able to describe the
NNG at all stages of development, including simple prototypes. Thus, the term game-based learning
environment (for specific training) and game-based learning (for the domain in general) were selected.
In the present dissertation, the term game-based learning environment refers to a digital game
developed specifically with intended educational purposes in mind (Boyle et al., 2016; Plass et al., 2015;
Torbeyns, Lehtinen & Elen, 2015; Wouters et al., 2013). The term digital (as in digital game-based
learning) is assumed to be understood and has been omitted throughout the dissertation for reasons
of parsimony.

1.2 Development and assessment in game-based learning
Overall, reviews and meta-analyses suggest that game-based learning can be more effective than
traditional instruction methods (Cheung & Slavin, 2013; Clark, Tanner-Smith & Killingsworth, 2016;
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Connolly et al., 2012; Hainey et al., 2016; Hays, 2005; Kebritchi & Hirumi, 2008; Wouters & van
Oostendorp, 2013; Wouters et al., 2013). However, these effects are usually small and questionable for
the following reasons: large variations in study designs and control types used; lack of stable
terminology, which elicits wide variation in the game-based interventions used; and a lack of large-
scale, randomised studies, eliciting difficulties in conducting proper meta-analyses. Recommendations
from different reviews and meta-analyses on how to overcome these problems include: developing
terminology consistency and systematic criteria for categorising game-based learning environments;
more longitudinal, large-scale, randomised, controlled studies; and alignment of learning outcomes,
game mechanics and outcome measures (e.g., Connolly et al., 2012; Hainey et al., 2016; Hays, 2005;
Kebritchi & Hirumi, 2008; Wouters et al., 2013). For an overview of the main findings and conclusions
from some recently published major reviews and meta-analyses in the field of game-based learning,
see Appendix 1.

On the other hand, the domain of game-based learning is large, and variation is to be expected. Thus,
raising more specific questions regarding the relationship between specific game features and learning
content, rather than questions regarding overall efficiency, can be more meaningful (Wouters et al.,
2013; Young et al., 2012). This shift places design decisions at the centre of research and explores how
efficiency can be conceptualised and measured in different contexts. For example, in their review of
technology usage in mathematics education, Bray and Tangney (2017) propose that besides cognitive,
motivational or behavioural gains, the efficiency of using technology can also be defined by the extent
to which technology usage transforms how students interact with educational content or provides new
methods of training that were impossible in other contexts. Adopting this perspective in the specific
domain of game-based learning places emphasis on the design process and the extent to which
gameplay can offer players a new method of interacting with the intended educational content.

This can be achieved by focusing on the interaction between learning content and game features, and
by aiming to integrate the two in the most seamless way possible. Integrated game design means that
learning content is delivered through the gameplay’s basic structure, so that the largest percentage of
students’ interactions with the game equals time spent on tasks with the intended learning content
(Habgood & Ainsworth, 2011; Habgood, 2007; Salen & Zimmerman, 2003; Vanden Abeele et al., 2012).
If educational content and game mechanics are well-integrated, game progress happens through
interaction with relevant learning content, which is expected to produce more engagement with the
task at hand and stronger learning outcomes (Garris, Ahlers & Driskell, 2002; Gunter, Kenny & Vick,
2008; Habgood, 2007; Ke & Abras, 2013; Wilson et al., 2009). On the other hand, highly integrated game
design can also incur costs related to the transfer of learning outcomes, as it is possible for students to
become proficient at solving problems within the context of a specific game-based learning
environment, but cannot connect this learned material with material in the context of the regular
classroom (e.g., Leemkuil & de Jong, 2012; ter Vrugte & de Jong, 2012).

Integration is not a solution in itself, but is an important aspect to consider during the process of
designing game-based learning environments because it can increase educationally relevant time-on-
task during interactions with a game. In addition, game-based learning environments ideally should also
provide opportunities for interactions with learning content that is difficult to include in normal
classroom settings (Bray & Tangney, 2017; Devlin, 2011). This implies that measures should be selected
carefully so that they can capture these novel and often more complex learning outcomes, both within
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and outside the game context (All et al., 2014). Finding balance in the relationship among game design,
learning content and learning outcomes requires continuous iterations of testing and development.
The game design framework that Vanden Abeele and colleagues (2012) suggest integrates these
different aspects and provides a general framework for an iterative educational game design. The
proposed model includes three phases: 1) the concept-design phase, which includes a detailed
definition of learning outcomes and how they can be translated into the game’s context; 2) the game
design phase, which includes creating and testing basic prototypes of the game; and 3) the game-
development phase, which includes the testing of high- and low-fidelity game versions and further
development. These three phases have smaller units, but all parts are related to and rely on each other.
Information is used for continuous development, and a final prototype is created and tested after phase
three. Integrating game features and learning content is at the centre of the process, with testing and
development done by an interdisciplinary team that focuses on the player in all stages.

1.3 Use of game-based learning in mathematics instruction

Interest has grown in the use of game-based learning environments to enhance the teaching of science,
technology, engineering and math (STEM) subjects (Boyle et al., 2016), and this trend is especially
strong in the domain of mathematics (Hainey et al., 2016). Generally, the use of technology in
mathematics education is emphasised strongly in many curricula (NCTM 2014; Finnish National Agency
for Education 2014), as it provides opportunities that can transform mathematics teaching and learning
(Bray & Tangney, 2017). Numerous reviews and meta-analyses have explored the use of technology,
including different forms of game-based learning, in the field of mathematics instruction (e.g., Bray &
Tangney, 2017; Cheung & Slavin, 2013; Li & Ma, 2010; Slavin & Lake, 2008; Young, 2017). Most of these
field-specific reviews mirror the findings from reviews published in the general domain of game-based
learning and show small, but positive, effects of technology-supported instruction over more traditional
instructional methods (Cheung & Slavin, 2013; Li & Ma, 2010; Slavin & Lake, 2008; Young, 2017); a lack
of large-scale randomised studies (Cheung & Slavin, 2013; Li & Ma, 2010; Slavin & Lake, 2008); effect
sizes shaped by the type of technology used and the study’s methodological quality (Young, 2017); and
issues with aligning learning outcomes’ measures with complex learning objectives (Slavin & Lake,
2008).

In a recently published review in the specific domain of game-based learning and math instruction,
Byun and Joung (2018) explored trends in digital game-based learning in K-12 mathematics education,
including 33 studies between 2005 and 2014, out of which 17 were included in a meta-analysis. Like
general reviews’ findings in game-based learning, the results showed moderate effects (Cohen’s d =
0.37) for game-based learning over more traditional methods of mathematics instruction. Findings
regarding general trends are in line with broader reviews’ conclusions on technology-enhanced
mathematics instruction (e.g. Bray & Tangney, 2017; Young, 2017), showing that most game-based
learning environments used were limited in scope and that the game-based format served only as an
alternative content-delivery medium. Most of the game-based learning environments examined used
drill-and-practise, which the authors defined as a ‘gamified version of paper-based worksheets’ (Byun
& Joung, 2018, p. 122). This format limited attainable learning outcomes to the practice of procedural
fluency in regular school math tasks (i.e., numbers and operations, algebra and geometry). Very few
examples exist of game-based learning environments that aim to promote more complex mathematical
skills and knowledge that go beyond routine classroom math practice. Despite technological
affordances, flexible, higher-order arithmetic expertise and mathematical thinking still are rarely
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achieved (Byun & Joung, 2018; Devlin, 2011; Ke, 2008, 2009; Seo & Bryant, 2009). Most game-based
learning environments function in an augmentative (i.e., content delivery), rather than transformative
manner, so that they cannot provide an alternative method of interaction with the mathematical
learning content (Bray & Tagney, 2017; Young, 2017).

A few examples of previously published studies using game-based learning environments that aimed to
promote more complex and deeper-level mathematical skills and knowledge (e.g., Bakker, van den
Heuvel-Panhuizen & Robitzsch, 2015; Habgood & Ainsworth, 2011; Pope & Mangram, 2015; van den
Heuvel-Panhuizen, Kolovou & Robitzsch, 2013) include learning objectives such as number sense
(flexibility with numbers and operations, and an understanding of properties of numbers), pre-algebra
skills (reasoning about relations between quantities) and multiplicative reasoning (understanding of
multiplicative relations and the relationship between multiplication and division). A common feature in
these game-based learning environments is that they aimed to promote students’ reflection on
alternative ways to solve mathematical problems and promote students’ understanding and use of
numerical relations and properties of numbers in their problem solving. Not surprisingly, the type of
game-based learning environments used in the aforementioned studies are very different. In some,
game features are limited and serve rather as a motivational factor (i.e., Bakker et al., 2015; van den
Heuvel-Panhuizen et al., 2013). Conversely, some of the studies focused mainly on design aspects and
the relationship between game features and mathematical content, but not so much on the
relationship between these to outside-game measures of mathematical learning outcomes (Habgood
& Ainsworth, 2011; Pope & Mangram, 2015).

In summary, a need seems to exist for tools that develop higher-level mathematical knowledge, such
as flexibility and adaptivity with arithmetic, which entails understanding numerical relations and the
use of these relations in novel arithmetic contexts (Baroody, 2003; Lehtinen et al., 2017; Nunes,
Dorneles, Lin & Rathgeb-Schnierer, 2016). While the affordances of games offer many opportunities to
develop complex and flexible mathematical learning environments, research shows that a disconnect
exists between theoretical claims and research practice (Bray & Tangney, 2017; Byun & Joung, 2018;
Young, 2017). Most game-based learning environments have limited mathematical learning objectives,
the relationship between game features and mathematical learning content is problematic and
measures of mathematical learning outcomes often are disconnected from the skills and knowledge
practised within game contexts (Bray & Tangney, 2017; Byun & Joung, 2018; Cheung & Slavin, 2013; Li
& Ma, 2010; Slavin & Lake, 2008; Young, 2017). Thus, the present dissertation aimed to develop and
test a game-based learning environment that can be used flexibly to develop both basic arithmetic
fluency, as well as more complex mathematical skills and knowledge, such as adaptive number
knowledge and pre-algebra knowledge. Furthermore, the various studies’ objectives included in this
dissertation were aimed at providing a comprehensive overview of the relationships among game
design, mathematical learning objectives and the measurement aspect of these new types of complex
mathematical learning outcomes.

1.4 Enhancing adaptivity with arithmetic: theoretical considerations in NNG development

Developing adaptive expertise with arithmetic (Hatano & Oura, 2003) represents one of the main
objectives of primary school mathematics instruction (Nunes et al., 2016; NCTM 2014). Within this
framework, researchers of learning and mathematics education have highlighted flexibility and
adaptivity with arithmetic problem solving (Baroody, 2003; Hatano & Oura, 2003). Flexibility can be
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described as the ability to switch between different strategies, and adaptivity refers to the ability to
select the optimal strategy for a given problem (Baroody, 2003; Schneider, Rittle-Johnson & Star, 2011;
Verschaffel et al., 2009).

Within adaptivity with arithmetic, the definition of optimal or efficient problem solving has always been
a central question, as the meanings of optimal and efficient can be very different for various individuals
and can depend largely on the context’s norms or the particular problem’s characteristics (Heinze et
al., 2009; Threlfall, 2009; Verschaffel et al., 2009). Therefore, the focus instead should be placed on
describing the in situ nature of one’s ability to retrieve and develop different solutions for a given
problem while considering a problem’s characteristics and other relevant features (Baroody, 2003;
Threlfall, 2002, 2009; Verschaffel et al., 2009). In the present dissertation, this type of well-connected
knowledge of numerical characteristics and relations between numbers, which underlies adaptivity
with arithmetic, is referred to as adaptive number knowledge. Adaptive number knowledge and
procedural flexibility are both necessary components of adaptivity with arithmetic (McMullen et al.,
2017; Schneider, Rittle-Johnson & Star, 2011; Verschaffel et al., 2009). In other words, having a wide
repertoire of different strategies (procedural flexibility), is needed in order to be optimal and efficient
in arithmetic problem solving, but these strategies will only be actively used if there is also a strong
mental representation of numerical characteristics and relations (adaptive number knowledge) which
makes them available.

To develop this adaptivity with arithmetic problem solving, it is important to provide students with
opportunities to practise solving open-ended mathematical problems in novel and unknown
arithmetical contexts. However, pedagogical recommendations and models for enhancing flexibility
and adaptivity are rare and mostly limited to teaching the use of a few strategies (Heinze et al., 2009;
Verschaffel et al., 2009). This approach is insufficient, as the definition of flexibility and adaptivity with
arithmetic problem solving is open-ended. As a result, ‘efficient strategies’ cannot be directly
instructed, but instead need to be constructed and discovered individually (Threlfall, 2002, 2009) by
practising with numbers and reflecting on what it means to have multiple solutions to the same problem
(Baroody, 2003; Star & Rittle-Johnson, 2008; Verschaffel et al., 2009). It is challenging to provide
practical guidelines on how to achieve this type of mathematical thinking and problem solving in the
larger context of a classroom where little time for individualised instruction is available, and the practice
often supports the development of beliefs and misconceptions regarding the exact nature of
mathematics with one algorithm to find ‘the right solution’ to a problem (Pepin & Rosken-Winter,
2015).

As a general guideline, it is suggested that students should be provided with opportunities that trigger
the exploration of underlying relations between numbers and operations, as practising with different
number-operation combinations can help develop stronger networks of numerical relations and enable
students to notice and use these relations during arithmetic problem solving (Baroody, 2003; Threlfall,
2002, 2009; Verschaffel et al., 2009). Solving arithmetic problems in multiple ways and practising with
various combinations of numbers and operations may help strengthen the mental representation of
the system of natural numbers (Blote, Klein & Beishuizen, 2000; Rittle-Johnson & Star, 2009; Star &
Seifert, 2006). In turn, a well-connected mental representation of the natural number system is
expected to make different numerical characteristics and relations more readily available, enable the
recognition and use of key numbers in arithmetic problem solving and strengthen the tendency to
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notice and make use of different numerical relations during arithmetic problem solving (Sowder, 1992).
A strong mental representation of the system of natural numbers enables, for example, recognising
numbers with many factors or multiples, recognising numbers in equations that are close to other
numbers that are easy to work with, or understanding the base-10 structure and basic arithmetic
principles like associativity or commutativity (Berch, 2005; McMullen et al., 2017).

Previous attempts that aimed to enhance flexibility and adaptivity with arithmetic problem solving by
addressing the underlying understanding of numerical relations used external representations of the
number system to promote students’ discovery of their own strategies in mental arithmetic (Heirdsfield
& Cooper, 2004; Heirdsfield, 2011), or prompted reflection on using alternative solutions for the same
problem in solving equations (Blote et al., 2000; Rittle-Johnson & Star, 2009; Star & Seifert, 2006).
However, these attempts were not related directly to developing adaptive number knowledge. The
main challenge when aiming to develop adaptive number knowledge is that the training should be
open-ended and consider individual differences in perceiving different methods’ efficiency to solve
arithmetic problems (Heinze et al., 2009; Threlfall, 2009; Verschaffel et al., 2009). At the same time, the
training also should be structured in a way that promotes reflection on different solutions, as well as a
tendency to look for alternative solutions when solving arithmetic problems (Rittle-Johnson & Star,
2007, 2009; Star & Rittle-Johnson, 2008). In the classroom context, opportunities for this type of
practice are limited, as it necessitates individualised instruction methods and teachers’ scaffolding. The
affordances of game-based learning can help to overcome this limitation by providing students with
more opportunities to train extensively with various number-operation combinations, and the open
nature of tasks can naturally support differentiation that accounts for individual differences (Lehtinen
etal., 2017).

It is expected, that as a result of extensive practice with various number-operation combinations using
the NNG, primary school students will develop their mental representations of the system of natural
numbers. This in turn will enable them to notice and use more of these numerical relations during
arithmetic problem solving. In the long run, this type of practice is expected to help students retrieve
efficient solutions because they have a well-connected mental representation of various numerical
relations available that enables them to consider and evaluate different solution strategies based on
problem characteristics or context.

1.5 Role of different NNG game features in enhancing adaptive number knowledge

To utilise game-based learning’s affordances fully, any training using a game-based learning
environment should aim to transform how students interact with educational content in a way that was
difficult, if not impossible, to achieve by other means (Bray & Tangney, 2017; Young, 2017). The NNG is
a game-based learning environment that aims to improve primary school students’ adaptive number
knowledge by providing opportunities to engage in strategic work with various combinations of
numbers and operations. The NNG uses the 100 square as the external representation of the natural
number system (1-100), and the game narrative uses the metaphor of navigation with a ship on
different landscapes of land and sea (see Figure 1), in which a map represents a basic game unit. The
players’ goal is to collect different raw materials to build a settlement. Navigation is done by
strategically selecting and executing different calculations to move the ship from one number to the
next. Challenge is provided by the following main features of the game: changing landscapes (islands),
harbour and target locations, different game modes (moves or energy) and each map’s difficulty level.
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As the mathematical content is integrated into the game’s core mechanics (Habgood, 2007; Salen &
Zimmerman, 2003), game features serve to trigger mathematically relevant actions. To make progress
with the game, students need to think about various alternative solutions for the same problem and
reflect on their solutions’ efficacy, considering different criteria. They are encouraged to use a wide
variety of different number-operation combinations in their calculations, as well as look for different
numerical relations and key numbers (i.e., numbers with several factors) within the natural number
system. An important aspect of the NNG design is that it makes reflection about alternative arithmetic
solution methods a means of making progress within the game. Using the screenshot of an NNG map
in Figure 1 as an example, the relationship between the basic NNG features and mathematical learning
content is discussed in the following section.

NuMDer NaVGaTion GAMe T I —

Figure 1. Screenshot of a NNG map.

Use of the 100 square. Using external representations of natural numbers can support the development
of number sense and numerical understanding of children (Beishuizen, 1993; Klein, Beishuizen, &
Treffers, 1998; Laski & Siegler, 2014; Siegler & Ramani, 2009; Wilson et al., 2006). While most studies
in this domain explore the use of number line, the affordances of only linear representation might be
limited when the aim is to work with numerical relations. For the NNG the 10 by 10 square was selected
as the representation of the natural number system because it allows for both horizontal (number line)
and vertical (base-10 system) representation and movement within those representations.
Additionally, combining these two into diagonal movements can support decomposing and
recombining numbers in various different ways. The square used in the NNG version tested in the
present dissertation consisted of numbers between 1-100 as this seems most suitable for the target
population: primary school students with a basic understanding of the base-10 system and skills to
perform multi-digit mental arithmetic. However, the grid structure could in principle also accommodate
other base structures (e.g., base-12) or larger numbers (1-10.000) for older or more skilled players.
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Landscapes and harbour-target location. Each map’s layout is different, including islands’ sizes and
shapes. Numbers that islands cover become unavailable to players, so each map provides a different
set of numbers for players to work with, increasing variability in using different combinations of
numbers and operations. In Figure 1, the starting number (harbour) is No. 14, and the goal number
(target) is No. 57. Depending on the island layout within the map, where harbours and targets are
placed becomes an important design decision, as players will use a combination of different numbers
and operations between these two values.

Different game modes. Two main game modes are provided that aim to add more variability in players’
use of numbers and operations, as they require adopting different ‘optimal strategies’ to make
progress. If the game is in the ‘moves mode’, the player needs to reach the target using the least
number of moves (operations) possible. In Figure 1, for example, 14 + 43 =57 would be a good solution
in the ‘moves mode’, as it only requires one move. If the game is in the ‘energy mode’, the player needs
to reduce the magnitude of the sum of numbers used in calculations. In Figure 1, for example, 14 * 4 =
56;56 +1 =57 (4 + 1 =5 energy points) could be a good option. As the example shows, the moves mode
mainly aims to trigger the use of addition and subtraction with larger two-digit numbers, while the
energy mode aims for more complex numerical combinations that use all four arithmetic operations.
This adds further variation in students’ use of different numbers and operations, prompting reflection
on the efficiency of applying different strategies while considering the different game modes’ rules.

Additional features. Movement in the game is always two-ways between two numbers: one indicating
the harbour and one where the material is picked up before returning to the harbour. At the start this
can be useful to generate awareness of the reverse nature of operations but can also facilitate players
to look for alternative trajectories between two numbers. In order to prevent that players develop a
habit of mechanical repetition of the reverse operations on the way back, the game introduces pirates
after the first few maps. The pirates appear on specific numbers that were used in calculations on the
way to the target material making it impossible to take the same route on the way back. This feature
makes players redirect their trajectories thus promoting further variation in the use of numbers and
operations.

In developing students’ flexibility and adaptivity with arithmetic problem solving, it is challenging that
these skills cannot be instructed or practised directly (Threlfall, 2009; Verschaffel et al., 2009). Research
shows that even if students have a large repertoire of solution strategies, they often fail to notice
instances when switching between methods would be useful, and they fail to apply these in practice
(Blote et al., 2000). The design of the NNG training aims to guide students into considering alternative
solutions to the same problem and reflect on what an efficient problem-solving method would look
like, given the characteristics of a context (i.e., game mode, map layout, etc.). From a mathematical
perspective, an important aspect of the overall NNG design is that making progress in the game and
executing equations require mentally executing, reflecting on, comparing and rejecting several other
mental calculations. While the NNG overall is a flexible and open-ended environment, specific game
rules and goals provide a meaningful context in which students have to look for and make use of
different solutions during gameplay.

Overall, the tested game versions had 64 maps in which players needed to collect materials and return
them to the harbour four times within each map. This, in combination with the aforementioned game
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features, offered ample opportunities for students to practise arithmetic problem solving in a flexible
and adaptive manner. Such practising is expected to trigger recognition and use of numerical
characteristics and relations, as well as enable efficient problem-solving strategies in mental arithmetic
within and outside of the game context.

2. AIMS

Practical guidelines on training flexibility and adaptivity with arithmetic problem solving are rare, mostly
due to the subjective and context-dependent nature of the complex mathematical skills and knowledge
required (Threlfall, 2009; Verschaffel et el., 2009). Accordingly, any training in this domain should be
open-ended and flexible enough to account for this intra- and inter-individual variability, but also be
applicable to classroom practice. Game-based learning provides affordances that could be used to
create ample opportunities for training with numbers and operations in an open-ended and flexible
environment that can be applicable in classroom practice. However, using this type of media also elicits
some inherent questions regarding design decisions, measurement, the integration of game features
and learning content, and training applicability. Therefore, the present dissertation aimed to:

1) Operationalise adaptive number knowledge within a game-based learning environment and
design a game for primary school students targeted primarily at developing adaptive number
knowledge.

2) Operationalise adaptive number knowledge outside the game-based learning environment and
show effects outside the game’s context.

3) Examine how different features of the game can contribute to the development of students’
adaptive number knowledge and related arithmetical skills and knowledge.

4) Provide empirical evidence for the effects of the NNG training in developing primary school
students’ adaptive number knowledge and related mathematical skills and knowledge, first in
controlled settings and later when included in classroom practice.

To accomplish these aims the present work comprises five sub-studies that represent a continuous
circle of testing and development. Figure 2 is based on the guidelines of Vanden Abeele and colleagues
(2012) and provides an overview of the NNG iterative design process in light of the five publications.
The main aim throughout these studies always was to base design decisions on both available empirical
evidence and theoretical background and to find methods within the NNG context that support
students’ mathematically relevant engagement with the game in the most organic way.

Study | aimed to explore an early NNG prototype from a usability perspective focusing on the
relationship of game features and the mathematical learning content. Study Il comprised a series of
pilot studies that aimed to develop and validate measures of adaptive number knowledge outside the
game context. Study lll was the first small-scale pilot study that used a second NNG prototype that
aimed to focus on the relationship between students’ game performance and the development of their
mathematical learning outcomes. Findings from Studies |, Il and 11l were used to develop the NNG and
in-game and paper-and-pencil measurements of adaptive number knowledge. Study IV is placed at the
centre of Figure 2 because it describes in detail the different stages of game development, both from
practical and theoretical perspectives. Finally, Study V was a large-scale, randomised, controlled study
using a final NNG prototype on three grade levels, aiming to test the effects of the NNG in developing
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primary school students’ adaptive number knowledge and related mathematical skills and knowledge
such as arithmetic fluency and pre-algebra knowledge. Additionally, Study V aimed to explore the
relation between game performance and these math-learning outcomes when the NNG is used in a
naturalistic classroom setting.

CONCEPT
DESIGN
Study V Study |
Large-scale testing Navigat: Piloting & usability testing
& application in the v\\,“‘be‘ Batio,, Gy of the NNG
classroom 'bp
Study IV
Design
Document
Study 11l 4 e Study Il
Prototype testing %pl‘iy \N\e'é% Piloting paper-pencil
NNG game performance © Number Kn© measures of learning

& math learning outcomes outcomes

Figure 2. Iterative development and design of the NNG. Adapted from the P-Ill framework (Vanden
Abeele et al., 2012, p. 83).

3. METHODS

The present dissertation consists of five studies related to the process of testing and developing the
NNG. More qualitative and explorative methods were used at the beginning of the work for
developmental purposes, then more quantitative methods by the end of the work for testing purposes.
Study | used multiple sources of qualitative data collection (video-recording, screen capture and
interviews) to test a basic NNG version and different intended game features. This was followed by a
set of pilot studies in which paper-and-pencil measures of adaptive number knowledge were refined
and tested across different samples and age groups (Study 1), with the first NNG prototype’s effects
tested using a quasi-experimental design (Study Ill). Study IV provides an overview of the NNG
development process and includes a detailed practical description of the final NNG prototype tested in
Study V. Study V used a large-scale, randomised, experimental design and tested the final NNG
prototype’s effects in developing primary school students’ adaptive number knowledge and related
mathematical skills through a 10-week-long intervention in a naturalistic classroom setting. The
following section provides an overview of the different methods, samples and procedures used in these
studies. Table 1 presents a complete overview of methods used.
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3.1 Research context

All five studies were conducted at the Centre for Research on Learning and Instruction within the
Department of Teacher Education at the University of Turku in Finland. The studies were conducted as
part of a larger project related to the Number Navigation Game that included game development,
motivational aspects and mathematical learning outcomes. The present dissertation focused mainly on
mathematical learning outcomes related to NNG. Motivational aspects have been presented in the
dissertation of Rodriguez-Aflecht (2018). Studies within the present dissertation were conducted as
part of the Academy of Finland CUMA project (PI: Professor Erno Lehtinen) and as part of the Academy
of Finland’s DECIN project (PI: Associate Professor Minna Hannula-Sormunen). In addition, the present
doctoral work was funded (January 2014 to November 2017) through the Doctoral Programme on
Learning, Teaching and Learning Environments Research (OPPI) doctoral programme in the University
of Turku Graduate School.

3.2 Ethical considerations

Participation was voluntary in all studies, with participants and their parents’ consent obtained from all
participants whose data were used in the present set of studies. The University of Turku’s ethical
guidelines were followed in all studies. In Study |, due to the video data’s sensitive nature, special care
was taken to protect subjects’ anonymity. In Studies Il and lll, parents’ and students’ consent were
obtained before starting the sub-studies. In sub-study Ilb, the university students were asked to fill out
a consent form. In Study V, special attention was given to informing all parties (students, parents, school
authorities and teachers) on the study’s details. The teachers distributed consent forms to parents via
their children, who returned them. If students or parents did not agree to participate, students were
free to do some other activity during testing or participate in the study’s activities as part of their regular
schoolwork. All the data from students who did not provide parental consent were destroyed before
any analyses were conducted. Gameplay and measurement data, and any information revealing the
students’ identities, were never stored in the same place. Data analyses were conducted by different
people than data coding, and only after the data were anonymised. For ethical reasons, after the post-
test, the control group in Study V also received the NNG and used the game as part of its math classes
for six weeks so that these students were not denied any potentially beneficial effects from playing the
NNG.

3.3 Participants

All participants came from the southwest region of Finland and were attending primary school or higher
education in the Finnish language. A detailed description of participants can be found in Table 1. Study
| was a case study using pairs of players (9 and 11 years old) and one individual player (11 years old) to
test the NNG. Study Il comprised three sub-studies and used different participants. Study lla used
students from third to fifth grades, Study llb used university students, and Study llc used sixth-grade
students from one classroom. Gender distribution was equal in the samples of primary school students,
but females were overrepresented in the sample of university students. Study Il used the same sample
as Study llc. Study V used a sample of 1,168 primary school students from fourth to sixth grades, with
an equal gender distribution.

3.4 Instruments
For better reliability and validity, it is suggested that learning outcomes related to game-based training
be measured using a combination of different methods and measurement types, such as game-based
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and paper-and-pencil measures, near- and far-transfer tasks, and standardised tests (All et al., 2014,
2016; Cheung & Slavin, 2013; Slavin & Lake, 2008). In the present dissertation, the main learning
outcome, adaptive number knowledge, was measured with the Arithmetic Production Task, developed
for these studies’ purposes. As it was expected that students’ adaptive number knowledge would be
related to their general arithmetic fluency and pre-algebra knowledge (McMullen et al., 2017), these
additional learning outcomes were measured with a combination of standardised and self-constructed
tests. Finally, in addition to the paper-and-pencil measures, game-log data were used to extract
measures for players’ game performance.

3.4.1 Adaptive number knowledge

Different versions of the Arithmetic Production Task were used to measure participants’ adaptive
number knowledge. The task was developed continuously and slightly modified throughout Studies I,
Il and V to achieve better reliability and validity. However, the main task in each version was the same:
to calculate a given target number by combining a set of four to five given numbers and four arithmetic
operations in as many ways as possible within a limited amount of time.

The task’s objective was to provide an estimate of participants’ adaptive number knowledge by
measuring their ability to notice and use different numerical relations in their solutions. The method of
scoring solutions in answers was developed and validated mainly in Study Il. Participants’ solutions were
scored on two criteria: 1) total number of correct solutions that matched the instructions, and 2) total
number of multi-operational solutions (that use multiple steps and different arithmetic operations in
the equations). These criteria were considered to be the quantitative and qualitative aspects of
adaptive number knowledge and were treated as separate variables in all studies that used the
Arithmetic Production Task.

In the small-scale pilot studies (Studies Il and Ill), participants’ answers were coded directly on these
two criteria. For reliability reasons, in the large-scale intervention (Study V), participants’ answers were
transcribed in spreadsheets, and Excel macros were written to extract participants’ scores on each item
based on these two aspects.

The number of items and the numbers used in each item, as well as the time given to solve each item,
were modified slightly throughout the studies to achieve higher reliability. Usually, four to five items
were used, except for the Study V post-test, which used eight items to achieve better reliability. For
Study V, during both the pre- and post-tests, a practice item was used with the same timing, but easy
combinations and the opportunity to ask clarification questions after completing it. The time allowed
to solve an item was between 60 and 90 seconds. Appendix 2 shows an example item from the
Arithmetic Production Task. Appendix 3 provides an overview of the items used in Studies Il, lll and V,
as well as the items’ timing and the Arithmetic Production Task’s reliability (correct solutions and multi-
operational solutions) in these studies.

3.4.2 Related mathematical measures

Arithmetic fluency. As basic arithmetic fluency is foundational to developing adaptive and flexible
arithmetic problem-solving skills. The Woodcock-Johnson Math Fluency sub-test was used to measure
students’ basic math fluency in Study Il (lic) and Study V (McGrew, LaForte & Schrank, 2014). The
Woodcock-Johnson IV Test of Achievement is a widely used, standardised and reliable measure with
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high-to-excellent reliability scores reported (Villarreal, 2015). The test comprises two pages with a total
of 160 items in which students complete as many arithmetic problems (simple addition, subtraction
and multiplication) as they can in three minutes, with increasing difficulty as the test progresses. Final
scores comprised the total number of correct answers (each correct answer was worth one point).

Pre-algebra knowledge. In Study V, a measure of pre-algebra knowledge was used as a far-transfer
measure of the type of relational thinking and complex, multi-step mental work with arithmetic
relations that can be foundational to algebraic thinking. The task comprised short-answer and multiple-
choice questions on solving equations, such as 12+ =11 + 15, with six multiple-choice questions in
the pre-test and six more-difficult multiple-choice questions and six fill-in questions in the post-test.
The list of items for the two time points is provided in Appendix 4. On both time points, students had
eight minutes to answer all questions. Each correct item was worth one point, so the maximum pre-
test score was six, while the maximum post-test score was twelve. Cronbach’s alpha reliability values
for the pre-algebra knowledge test were .73 for the pre-test and .88 for the post-test.

Knowledge of arithmetic concepts. A multiple-choice test of students' conceptual knowledge of
arithmetic operations and properties was administered (Study Il). The test contained eight items
measuring students' knowledge of order of operations, commutativity, associativity and conceptual
understanding of multiplication. Cronbach's alpha was .70.

3.4.3 Game performance

Like adaptive number knowledge, the measuring method for participants’ game performance was
continuously refined and developed throughout the studies. The NNG version in Study | did not include
a game log data-save option yet, but the transcripts of players’ equations served as guidance in
developing one. The NNG version in Study Il had the first version of the game log save feature, which
could produce time-stamped event logs of each equation that players made, providing information
regarding the map played and signalling when material was picked up. A map was considered the basic
game unit both in Studies Ill and V. There were 64 maps in total and players needed to pick up and
return four raw materials to complete a map.

Game log data in Study V was already able to provide rich and reliable information on players’ progress
in the game. As the learning content seemed to be supported by the game mechanics, it was
hypothesised that the number of maps completed can be a good indicator of game performance, as
players need to gather four raw materials to complete a map, so they needed to be engaged with the
game’s mathematically relevant aspects during their time spent on task. Thus, the total number of maps
completed was considered to be a measure of game performance in Studies lll and V.

Students ran the NNG in Studies Ill and V on pen drives and the log data was also saved and stored on
these pen drives. The data were saved in .txt format and transported to Excel, where macros were
developed to summarise players’ information and the summarised information was then used for
regular statistical analyses together with data from the paper-and-pencil measures of mathematical
learning outcomes.
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4. OVERVIEW OF STUDIES

4.1 Study |

Brezovszky, B., Lehtinen, E., McMullen, J., Rodriguez, G. & Veermans, K. (2013). Training flexible and
adaptive arithmetic problem-solving skills through exploration with numbers: The development of
Number Navigation game. In 7th European Conference on Game-Based Learning, ECGBL 2013 (Vol. 2,
pp. 626—634).

The aim of Study | was to explore the first working prototype game version of the NNG from a user-
experience perspective and conceptualise adaptive number knowledge within the game’s context.
More precisely, the study aimed to capture the type of game action that can be associated with
students’ active engagement in working with different number combinations and numerical relations,
which was expected to be foundational in the development of their adaptive number knowledge. Study
| focused on the following questions: 1) what kind of game patterns can be noticed during gameplay,
and 2) what is the relationship between different game features and mathematical problem-solving
patterns?

A trial game version was tested in two sessions, with one student playing individually (age 11) and two
students (ages 9 and 11) playing the game collaboratively. Data were collected using video-recorded
observations, screen capture of gameplay and open-ended interview questions regarding the game
experience. The prototype game version consisted of three maps and had no built-in rule or reward
system. Instead, the play sessions served as a mock-up test for three different scoring modes and other
game features. The transcript of players’ equations, synchronised with their video-recorded
observations during gameplay, comprised the principal source of data for analyses and was extended
with post-game interviews. Both play sessions lasted around 1.5 hours each, including instructions and
interview questions.

Results showed that this prototype NNG version already was able to trigger players’ active engagement
with various different number combinations and numerical relations as players executed roughly 200
mental calculations, from which around 35% were unique (in which calculations were not repeated).
Data showed examples of players’ own discoveries related to numerical relations within the game’s
context, such as recognising the usefulness of creating equations using the numbers 9 and 11 to move
diagonally in the 100 square, substituting addition with multiplication to arrive at faster solutions and
recognising the reverse nature of operations. The use of multiplication and division was less frequent
in players’ equations, but introducing certain game rules (i.e., minimum energy scoring mode)
successfully could trigger the use of a larger variety of numbers and operations. The layout of a map
(i.e., placements of starting and finishing numbers combined with the placement of islands) proved to
be important in defining the amount of reflection and planning during gameplay and the amount of
variation in players’ use of numbers. Data showed many instances of complex planning using multiple
steps in equations. During pair play, players used discussions and tended to evaluate various alternative
solutions’ efficiency out loud before making moves.

These results suggested that this basic game version already was able to promote the desired
mathematically relevant game action in the NNG. Additionally, results showed that taking extra care in
planning the layout of each map and using different scoring modes in the game were essential to
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triggering players’ exploration and reflection within the game. The results of this exploratory pilot study
were used to develop a more complex prototype game version that was tested in Study IIl.

4.2 Study Il

McMullen, J., Brezovszky, B., Rodriguez-Aflecht, G., Pongsakdi, N., Hannula-Sormunen, M. M. &
Lehtinen, E. (2016). Adaptive number knowledge: Exploring the foundations of adaptivity with whole-
number arithmetic. Learning and Individual Differences, 47, 172-181.
https://doi.org/10.1016/j.lindif.2016.02.007

Two common issues in game-based learning are related to: 1) matching the learning content within the
game context (Devlin, 2011; Young et al., 2012), and 2) finding relevant measures for learning outcomes
(All et al., 2016). It is often the case that complex learning outcomes are measured with standardised
test packages or regular school tasks that are very far from the game’s intended learning objectives.
Therefore, while Study | aimed to focus on the first issue, Study Il aimed to conceptualise how adaptive
number knowledge can be measured in a paper-and-pencil format that can be used flexibly with
different age groups and applied on a large scale. Study Il focused on the following questions: What
type of individual differences can be observed in primary school students and adults’ adaptive number
knowledge, and how is adaptive number knowledge related to other mathematical skills and
knowledge?

Thus, three sub-studies were conducted that examined elementary school students and adults’
responses on slightly different versions of the Arithmetic Production Task (measuring adaptive number
knowledge). The task’s objective was to calculate a target number by combining four or five given
numbers and the four arithmetic operations in as many ways as possible in a limited amount of time.
Participants in the three sub-studies were third-, fourth- and fifth-graders (Study lla; n = 55), university
students (Study llb; n=55) and sixth-graders (Study lic; n= 22 — the same participants used in Study Ill).
Participants’ responses were coded based on the number of their correct and multi-operational
solutions, and these responses were explored across the dense (items with many numerical relations)
and sparse (items with fewer and more complex relations) items on the Arithmetic Production Task.

Results from both Study Ila (elementary school students) and Ilb (university students) showed the
following four clusters based on students’ correct and multi-operational responses on the dense and
sparse items: 1) the low group provided just a few correct and a few multi-operational solutions; 2) the
simple group provided quite many correct solutions, but few multi-operational solutions; 3) the
complex group had a more equal proportion of correct and multi-operational solutions, especially on
the sparse items; and 4) the high group had both many correct and many multi-operational solutions.
The same clusters could be distinguished in the sample of third- to fifth-graders and among university
students. In Study llc (sixth-graders), adaptive number knowledge was found to be related to arithmetic
fluency and conceptual knowledge in arithmetic.

Together, this set of studies represented the first attempt to develop an instrument for measuring
adaptive number knowledge that does not rely on the strategy-choice model and which can be applied
on a large scale. The individual differences found in participants’ responses across the different age
groups and samples suggest that the Arithmetic Production Task was able to capture how participants
recognise opportunities to use numerical features in their arithmetic problem solving, which can be
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used as an indicator of their adaptive number knowledge. Based on these results, the Arithmetic
Production Task was refined and developed further, and administered on a larger scale in Study V as a
main outcome measure of the NNG training.

4.3 Study Il

Brezovszky, B., Rodriguez-Aflecht, G., McMullen, J., Veermans, K., Pongsakdi, N., Hannula-Sormunen,
M. M. & Lehtinen, E. (2015). Developing adaptive number knowledge with the number navigation
game-based learning environment. In J. Torbeyns, E. Lehtinen & J. Elen (Eds.), Describing and
Studying Domain-Specific Serious Games (pp. 155-170). Cham: Springer International Publishing.
https://doi.org/10.1007/978-3-319-20276-1_10

Study Ill represented the first attempt to test the effects of the NNG on the development of primary
school students’ adaptive number knowledge after the initial stage of piloting and development
(Studies I and 1l). The NNG version used in this study included 64 maps, the two basic scoring modes
integrated into the game mechanics, and logged players’ game data. Study Ill focused on the following
question: How is game performance in NNG related to the development of primary school students’
adaptive number knowledge?

Participants were sixth-grade students broken down into 11 pairs (11 females; age range: 11-13) from
one classroom who played the NNG for seven weeks. One play session lasted an entire class period
once a week. Each play session took place during students’ regular math classes. Students’ adaptive
number knowledge was measured during pre- and post-tests, and students’ solutions were scored
based on the two aspects described in Study Il (correct and multi-operational solutions). Math fluency
was used as a control measure. Game performance was measured as the total number of maps
completed during the seven weeks training with the NNG.

Results showed an improvement in participants’ performance in their correct solutions (d = 1.50), multi-
operational solutions (d = .55) and math fluency (d = .46). Game performance was found to be a
predictor of students’ post-test performance on the multi-operational aspect of adaptive number
knowledge. This relation was not found for the number of correct solutions or for math fluency. The
unique relationship found between students’ game performance and their development in noticing
complex numerical relations in their arithmetic problem solving suggests that training with the NNG
promoted aspects of the type of mathematical thinking that is necessary in the development of
adaptive number knowledge.

Players’ log data from Study Ill, as well as data from field observations and video-recorded observations
of gameplay that were collected, but not reported, in Study Ill, were used to finalise the challenge-
reward system and other specific changes in the NNG. This process of game development and a
comprehensive overview of the theoretical foundations and practical design decisions of the NNG are
described in Study IV. Piloting from Studies I-1ll and game development described in Study IV were used
to create a final prototype of the NNG, which was tested on a larger scale in Study V.

4.4 Study IV
Lehtinen, E., Brezovszky, B., Rodriguez-Aflecht, G., Lehtinen, H., Hannula-Sormunen, M. M.,
McMullen, J., Pongsakdi, N., Veermans, K. & Jaakkola, T. (2015). Number Navigation Game (NNG):
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Design Principles and Game Description. In J. Torbeyns, E. Lehtinen & J. Elen (Eds.), Describing and
Studying Domain-Specific Serious Games (pp. 45-61). Cham: Springer International Publishing.
https://doi.org/10.1007/978-3-319-20276-1_4

Study IV describes the theoretical background and specific design decisions implemented in the NNG,
which aims to trigger students’ active engagement in working with different combinations of numbers
and operations. This practice was intended to develop students’ recognition and use of numerical
characteristics and relations that, in turn, were expected to lead to increased adaptivity with arithmetic
problem solving.

Study IV presents in detail the overview of the following aspects of the NNG: NNG structure (64 maps
and four challenge levels), players’ progress, practical examples of the two main scoring modes, game
story (building settlements and gathering raw materials), reward system, customisation options and log
data. Specific examples of these design decisions described in Study IV are: 1) using the idea of
navigation to translate the type of relational thinking needed for the development of adaptive number
knowledge; 2) using maps as the main unit of progress in the game; 3) using the 100 square as an
external representation of the natural number system, which supports navigation in different directions
(horizontal, vertical and diagonal) when performing mental calculations; 4) open-ended game design
with no single correct solution to support exploration and reflection; 5) progressive level design to
create a game that can benefit players from different age groups and skill levels; 6) adding game rules
and challenges to trigger more variability in players’ use of number-operation combinations (i.e., use
of islands to make certain numbers unavailable, minimum moves and minimum energy scoring mode,
pirates redirecting players’ routes, etc.); 7) an encouraging reward system that supports reflection (i.e.,
players need to reach certain benchmarks for progress, but they are not punished for insufficient
performance, as maps are always replayable). The Appendix from Study IV provides a hands-on example
of the different issues that came up during Studies | and Ill and the solutions that were implemented in
the final prototype used in Study V.

Overall, Study IV provides a detailed overview of game design decisions in the NNG that are based on
theory and the results from previous pilot studies using the NNG (Studies | and Ill). Additionally, Study
IV provided a practical description of the structure and development of the NNG. Due to strict
publishing standards and space limitations in peer-reviewed journals, longer, more practical
descriptions of educational game design processes and decisions rarely are published. Study IV is
intended to be used as a guide and point of reference for anyone planning to use NNG in research or
practice.

4.5 Study V

Brezovszky, B., McMullen, J., Veermans, K, Hannula-Sormunen, M., Rodriguez-Aflecht, G, Pongsakdi,
N., Laakkonen, E. & Lehtinen, E. (2019). Effects of a Mathematics Game-Based Learning Environment
on Primary School Students’ Adaptive Number Knowledge. Computers & Education.

After the initial piloting phase, Study V aimed to test the NNG’s effectiveness on a large scale in the
naturalistic classroom setting. As no previous training or measure of adaptive number knowledge
existed that could be applied without additional support and on a large scale, it was an important
objective in Study V to test the effects of the NNG in a context that is very close to regular classroom
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teaching. Study Il showed that adaptive number knowledge was related to primary school students’
arithmetic fluency and pre-algebra knowledge (in grade six), and Study Il showed a relationship
between sixth graders’ NNG game performance and their achievement on the multi-operational aspect
of the Arithmetic Production Task. Thus, Study V aimed to explore these findings on a large scale and
across three different grade levels. Study V focused on the following question: how does training with
the NNG affect the development of primary school students’ adaptive number knowledge, arithmetic
fluency and pre-algebra knowledge in different grade levels; and does students’ performance on the
NNG affect the development of mathematical learning outcomes?

Study V used a pre-test/post-test randomised control design in which classrooms were randomly
assigned either experimental or control conditions. The experimental group played the NNG for 10
weeks during math class, two to three times a week, with an average of four hours of time spent on
task altogether. Teachers were provided with detailed guidelines and support regarding the game and
the intervention and in order to maintain ecological validity, they were free to design the specifics of
the play sessions. The control group participated in regular math classes during these 10 weeks.
Measures of adaptive number knowledge, math fluency and pre-algebra knowledge were administered
during the pre- and post-tests. Game performance was measured as the total number of maps
completed.

Results showed significant overall improvement in the experimental group compared with the control
group on all measured mathematical learning outcomes. More practice with the game was associated
with better mathematical learning outcomes, and game performance was related to the experimental
groups’ post-test scores, even after controlling for pre-test scores and grade. Grade-level analyses
revealed differences between the mathematical learning outcomes in different grades. In grade four,
results showed an improvement on the number of correct solutions of adaptive number knowledge
task and on math fluency; in grade five there was an improvement in both the number of correct and
number of multi-operational solution; and in grade six there was an improvement in students’ pre-
algebra knowledge. These results suggest that the NNG game design was flexible enough to support
the development of different types of mathematical skills and knowledge across the three grades.

Based on the results of Study V it seems that the core game design and added features can support
players’ extended practice and reflection with different combinations of numbers and operations in an
organic way and possible learning outcomes can be noticed even in a far-transfer task like pre-algebra
knowledge. Additionally, these results provide evidence regarding the ecological validity of the NNG
and the Arithmetic Production Task, both of which were used successfully in the context of small-scale,
controlled pilot studies (Studies Il and Ill) and as part of everyday classroom practice on a large scale
(Study V).
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5. MAIN FINDINGS AND DISCUSSION

The main aim of this dissertation was to develop a novel, game-based method for training primary
school students’ adaptivity with arithmetic problem solving, which is difficult to achieve in the context
of regular mathematics instruction (Hickendorff, 2018). For this reason, the NNG game-based learning
environment was developed around a game logic that integrates gameplay and learning content. The
aim was to provide students with a large amount of arithmetic practice while solving open-ended
problems that also trigger reflection on (the efficiency of) their solutions. The development and testing
of the game also required deepening the understanding of the nature of knowledge underlying flexible
and adaptive arithmetic skills and the development of novel methods for measuring adaptive number
knowledge outside the game context. Overall, results show that the game-based training provided a
novel type of practice that strengthens the underlying numerical connections and number relations,
with an emphasis on different outcomes in different grade levels. The NNG can be used successfully to
enhance relatively complex mathematical learning outcomes, such as adaptive number knowledge, but
also other mathematical skills and knowledge that are part of traditional classroom practice (i.e., basic
arithmetic fluency and pre-algebra knowledge).

Results from Study | showed that the core game mechanics and basic representation of the number
system used in the NNG were efficient in promoting mathematical thinking and problem solving. Even
with the basic structure of the game used in Study |, students performed many arithmetic calculations.
This basic game structure prompted students to look for alternative solutions to problems and
triggered reflection on solutions. In the context of regular mathematics instruction, it is difficult to
provide students with many opportunities with this type of reflective strategic work of solving
arithmetic problems in multiple ways. Thus, strengthening students’ tendencies to look for patterns
and alternative solutions is not only important in the development of their adaptive number
knowledge, but also may support breaking students’ frequent belief regarding the nature of classroom
mathematics that tend to seek one correct answer to a problem (Pepin & Résken-Winter, 2015). Results
indicated that mathematical content was an integral part of the gameplay as players progressed in the
game by interacting with mathematically relevant problems (Devlin, 2011; Habgood & Ainsworth,
2011).

As one of the aims of this dissertation was to show the effects of the NNG on adaptive number
knowledge, it was important to develop and validate measures of adaptive number knowledge.
Previous measures of adaptivity and flexibility required either individual qualitative assessment (Bl&te
et al., 2000; Blote, van der Burg & Klein, 2001; Reed, Stevenson, Broens-Paffen, Kirschner & Jolles,
2015), which affects their usability, or relied extensively on the use of specific problem-solving
strategies (Torbeyns, de Smedt, Stassens, Ghesquiére & Verschaffel, 2009), which affect their validity.
The Arithmetic Production Task, developed and validated mainly in Study Il, operationalises adaptive
number knowledge by the amount and quality of students’ recognition and use of numerical
characteristics and relations in their arithmetic problem solving, representing the first attempt to
measure adaptive number knowledge on a larger scale. Results grounded adaptive number knowledge
as a necessary component of adaptivity with arithmetic, and showed that the Arithmetic Production
Task could capture both quantitative and qualitative aspects of adaptive number knowledge across
various samples and age groups. Study II’s findings provided a framework to develop the game-based
training and the measurements of expected learning outcomes further.
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Study I built on the findings from Studies | and Il and combined them into a first test of NNG’s effects
on developing sixth-grade students’ adaptive number knowledge and math fluency. Results showed
substantial improvement based on pre-test and post-test scores in measured mathematical learning
outcomes and a relation between game performance and students’ performance on the multi-
operational aspect of the Arithmetic Production Task. These results suggested that in sixth grade, when
procedural fluency with arithmetic is relatively well-established, gameplay with NNG was more likely to
strengthen students’ ability to look for and use more complex numerical relations in their arithmetic
problem solving. These findings are in line with those of Study Il regarding the relationship found
between students’ adaptive number knowledge and knowledge of arithmetic concepts in sixth grade
and the unique effects from gameplay with NNG on sixth-grade students’ pre-algebra knowledge that
was found in Study V.

Study V concentrated on questions similar to those in Study Ill, using a further-developed game version
(presented in Study V), but extended both the scope (fourth to sixth grades) and the size of the study
to naturalistic classroom settings using a pre-test/post-test randomised control design that allowed for
more generalizable and reliable conclusions regarding NNG’s effects on adaptive number knowledge
and related arithmetical skills in the classroom. In line with Studies Il and Ill, Study V showed
performance improvement between pre- and post-test scores on all measured mathematical learning
outcomes (i.e., adaptive number knowledge, math fluency and pre-algebra knowledge) after the 10-
week training period with the NNG. Additionally, the results showed that the NNG develops different
aspects of adaptive number knowledge, math fluency and pre-algebra knowledge across grade levels.
These findings also provide valuable information regarding possible developmental trajectories in
adaptive number knowledge, suggesting that teachers can use the NNG to support these
developmental trajectories in everyday classroom practice. The relationship between game
performance and adaptive number knowledge found in Study Il was also found in Study V. Although
this relationship in Study Il was found only in the case of multi-operational aspects of adaptive number
knowledge, Study V showed a relationship between game performance and all measured mathematical
learning outcomes. This suggests that the sample in Study Il probably was too small to be able to detect
possible relations.

5.1 Theoretical and methodological implications
This dissertation’s theoretical implications are related to game-based learning environments’ design
principles on one hand and to theoretical explanations of adaptivity with arithmetic on the other hand.

Many suggestions and guidelines have been proposed regarding the development of game-based
learning environments, but different training methods require different considerations, depending on
the learning objective and the technology type used. Therefore, it is difficult to provide standard
guidelines. However, investing resources toward integrating educational content into game mechanics
can be considered a general guiding principle in educational game design (All et al., 2016; Devlin, 2011;
Habgood, 2007; Vanden Abeele et al., 2012; Young et al., 2012). How well the content is integrated
into the game, which game features would trigger expected behaviour or cognitive work, and how
players interact with the relevant features are foundational questions. It is not the game itself, but its
design that determines the efficiency of game-based learning (All et al., 2016; Bray & Tangney, 2017).
The design and development process should be iterative and multidisciplinary, and decisions should be
based on theory and empirical results (Vanden Abeele et al., 2012). This dissertation’s findings provide
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evidence of the value of this iterative design process. The five studies presented in this dissertation
followed the aforementioned general guidelines. While game design decisions were only in focus in
Studies | and IV, each study considered questions related to the relationship between core game
features and how they promote the type of mathematical thinking and problem solving necessary to
develop adaptive number knowledge. Progress in the NNG happens by interacting with the
mathematical content. Players have the freedom to choose different solutions, but are also provided
with structure (game modes and rules) that facilitates reflection on their solutions. Such thinking and
problem solving describe the fundamental type of mathematically relevant behaviour that happens
while using the NNG and that was expected to develop students’ adaptive number knowledge.

As results of reviews show, interventions using drill-and-practice type of game-based learning
environments in mathematics produce limited results (Byun & Joung, 2018; Ke, 2009). In the present
dissertation, gameplay with the NNG was associated with higher mathematical learning gains across
different studies and across different samples. Integrating learning content into game mechanics in the
case of the NNG was successful in terms of transferring learning gains not only to novel tasks to measure
advanced adaptive number knowledge, but also to more regular school tasks. This can be explained by
the theoretical proposition that integrating the mathematical content and gameplay can lead to higher
chances for players to interact with the mathematically relevant learning content which practice leads
to better learning outcomes (Habgood, 2007; Habgood & Ainsworth, 2011; Ke, 2008). The concept of
adaptive number knowledge was operationalized not only outside the game context (outcome
measures) but also within the NNG as mathematically relevant player behaviour (i.e., variation in
number-operation use, reflection and comparison of alternative solutions to a problem). Through the
cycles of game development the definition of mathematically relevant player behaviour was constantly
redefined which also allowed the fine-tuning of game features (goals, rules, story, rewards) intended
to support the desired behaviour. Additionally, as gameplay was not used and an incentive, players
were not forced to stop the game flow to ‘do the math’. This might have helped attain stronger learning
outcomes by reducing frustration and increasing engagement with the game.

The lack of transfer in extant studies of game-based learning often is associated with students’
difficulties in connecting skills and knowledge practised within the game context to everyday (school)
tasks (ter Vrugte & de Jong, 2012; Wouters & van Oostendorp, 2013), but the reason also could be
connected to the mismatch between measures of learning outcomes and the desired learning aims (All
et al., 2016). To solve this problem, using a combination of different alternative measures is often
suggested (All et al., 2014, 2016; Cheung & Slavin, 2013). The present set of studies combined multiple
measures and methods of measuring expected mathematical learning outcomes. More qualitative
study designs were used in the piloting and development phase, followed by more quantitative
approaches in the testing phase. Study designs were selected by considering the specific research
questions and stages of development of the NNG. Learning outcomes were measured both directly by
game-log data and also with multiple paper-and-pencil measures. A variety of paper-pencil measures
were selected to cover different aspects of the mathematical learning outcomes. Thus, paper-and-
pencil tasks included close (Arithmetic Production Task) and far (pre-algebra knowledge test) transfer
tasks and standardised measures related to general mathematical school practice (arithmetic fluency
task). This dissertation’s results strongly support the use of multiple measures in studies on the effects
of game-based learning (e.g., the differential effects across grades in Study V).

35



Boglarka Brezovszky

From the perspective of research on adaptivity and flexibility with arithmetic problem solving, the
present dissertation provides the first attempt to validate adaptive number knowledge as a component
of adaptivity with arithmetic problem solving. Results of both empirical studies (Hickendorff, 2018;
Torbeyns, Hickendorff & Verschaffel, 2017; Blote et al., 2001) and theoretical works (Heinze et al., 2009;
Threlfall, 2002, 2009; Verschaffel et al., 2009) in the domain of adaptivity and flexibility with arithmetic
show that in spite of the emphasis of developing this type of mathematical proficiency, in reality
students mostly use standard, single algorithms even when explicitly instructed to look for alternative
solutions (Hickendorff, 2018). Additionally, using ‘clever’ or ‘alternative’ solutions is often not
associated with higher problem-solving accuracy (Hickendorff, 2018). Therefore, apart from practicing
different problem solving strategies there is also a need for the training of additional skills that would
allow transfer, and especially to increase students’ tendency to consider alternative solution methods
to a problem. Under the umbrella of adaptive expertise, the dissertation proposed that adaptivity with
arithmetic has procedural flexibility and adaptive number knowledge as two necessary components.

By introducing adaptive number knowledge as a component of adaptivity with arithmetic the present
dissertation aimed to broaden the focus of adaptivity and flexibility with arithmetic and explore the
underlying mechanism that might enhance students’ tendencies to consider and use different solutions
when solving arithmetic problems. It was hypothesized that having a higher number of complex
numerical relations readily available would enable students to look for alternative solutions for a
problem. In turn, this could lead to more flexibility in switching between these solutions and adaptivity
in selecting efficient solutions considering problem characteristics and the given context, without
relying on a limited set of strategies that are problem-specific. The similar structure of individual
differences found in different age groups of elementary school students and adults’ adaptive number
knowledge suggest that the Arithmetic Production Task can reliably capture participants’ adaptive
number knowledge. Results of the dissertation showed consistently that aspects of adaptive number
knowledge can be enhanced (Study Il and V) as students were able to retrieve a larger number (correct
solutions) and also more complex (multi-operational solutions) solutions for a given problem as
measured by the Arithmetic Production Task.

However, in the context of the present dissertation the relationship of adaptive number knowledge and
of general flexibility and adaptivity with arithmetic problem solving remains on a theoretical level. The
Arithmetic Production Task was not compared to previously used tests of adaptivity and flexibility with
arithmetic as most of these tests focus on the use or lack of certain pre-define ‘optimal solutions’ for a
problem which did not align with the open-ended, in-situ definition of adaptive number knowledge
used in the present dissertation. Conversely, open-ended tests which explore solution methods in detail
would not have allowed scalability, which was needed in the context of this dissertation. Thus, finding
suitable measures, and validating the concept of adaptive number knowledge and exploring the exact
mechanism in developing flexibility and adaptivity with arithmetic trough strengthening adaptive
number knowledge remains a task for future research.

The iterative cycles of developing and testing the NNG and measures of adaptive number knowledge
elicited a refined theoretical description of the notion of adaptive number knowledge in the present
dissertation. The theoretical description hypothesised adaptive number knowledge as a construct
represented by the relations between the mental networks of natural numbers and arithmetical
operations, which allow for the use of flexible and adaptive arithmetical strategies. The present
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dissertation’s empirical results support this hypothesised theoretical model. Extensive practice with
various combinations of numbers and operations resulted in improvement on paper-and-pencil tasks
that measured adaptive number knowledge. Additionally, the effects from gameplay also translated
into improvements in mechanical arithmetic fluency and far-transfer tasks, such as pre-algebra
knowledge.

5.2 Practical implications

The efficiency of using technology for educational purposes can be defined by the extent to which the
affordances of technology can transform the ways in which students interact with the desired
educational content (Bray & Tangney, 2017). Traditionally, training that aims to strengthen students’
understanding and representation of numerical characteristics and relations mainly has used skilled
teacher support, one-on-one guidance and scaffolding (e.g., Heirdsfield, 2011). While this method can
be very effective, it also requires considerable effort and time from teachers, which are not always
available. The NNG represents the first attempt to strengthen adaptive number knowledge, using a
game-based format that can be applied in classroom settings alongside regular instructional methods.
It seems that the NNG can be applied flexibly at different grade levels to primary school mathematics
instruction as it can have positive effects on basic arithmetic fluency in lower grades and progressively
on more complex mathematical skills and knowledge such as adaptive number knowledge and pre-
algebra knowledge. This can provide valuable practical help for teachers when they aim to extend their
regular classroom practice.

The Arithmetic Production Task developed within the present dissertation’s larger context also provides
practical solutions for measuring adaptive number knowledge on a large scale and over different age
groups. The Arithmetic Production Task is a novel and flexible method of measuring aspects of
adaptivity with arithmetic that was not available before. This can have practical effects both in research
practice and classroom assessment.

The results from Studies | and Il were used to develop the NNG version used in Study Ill, and based on
Study Ill's results, the final prototype used in Study V was developed. While an iterative process of game
development often is highlighted as a desirable standard, due to a lack of funding or other practical
issues, it is rarely done in research practice (Mayo, 2009). The current dissertation is an important
addition to the field, as it describes these iterative cycles of NNG testing and development, and shows
not only this iterative approach’s benefits, but also how design and evaluation can mutually inform
each other during these cycles. Future research and developmental work in the game-based learning
domain could make use of the iterative desigh model proposed, for example, by Vanden Abeele and
collegues (2012) and the practical implementation of this method presented in the current dissertation.

5.3 Limitations and future studies

One of the present dissertation’s general limitations is its lack of recognition the value of qualitative
data. While rich qualitative data were collected in Studies | and Il (i.e., multiple sources of video data,
interview and field notes) and were used to inform the game’s development, such data were used only
on an anecdotal level in Study | and were not reported at all in Study Ill. Much of the qualitative data
collected in this early phase were used to analyse and understand patterns found in quantitative data
and for game-development purposes. However, including more detailed descriptions of the role of the
qualitative data would have shown the triangulation of data in pilot studies more clearly and could have
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strengthened the manuscripts. Unfortunately, current standards and practices in science make it
difficult to include this kind of often-valuable information in publications.

Regarding the development of the concept of adaptive number knowledge and measures of adaptive
number knowledge, main shortcomings are related to comparing different task versions. As shown in
Appendix 3, the Arithmetic Production Task details varied across the different studies and sub-studies
both in terms of items and each item’s timing. While this is inherent to developing and testing new
instruments and was done to improve reliability and validity (which was achieved toward the last few
implementations of the measurement; see Appendix 3), this variation also raises questions regarding
the direct comparison of results from the different studies and sub-studies. Furthermore, scoring of the
Arithmetic Production Task is limited to the numbers of correct and number of multi-operational
solutions in the present dissertation. However, related studies show (see McMullen et al., 2017) that
different considerations can also be used when scoring the items. Specifically, using more aspects in
scoring the Arithmetic Production Task could allow for drawing more complex conclusions regarding
the nature of adaptive number knowledge that were impossible in the present dissertation’s context.

Measurement methods could also be developed further in relation to players’ game performance,
which was measured through the total number of maps completed. While this is a reliable measure of
students’ actual time spent on task, it is also rather crude and does not reveal qualitative differences in
students’ gameplay. Rich data are available both in terms of log data and Arithmetic Production Task
transcripts. Thus, future studies could make use of data-mining techniques to explore different and
more-detailed indicators of game performance in combination with additional aspects of adaptive
number knowledge. This should help in understanding various player behaviours and strategies, and
developing the conceptualisation and measurement of adaptive number knowledge. Additionally,
grade level is a crude separator for examining the effects of NNG training on different mathematical
learning outcomes. For example, future studies could look at prior knowledge in combination with more
detailed game-performance analysis as determinants for mathematical development.

Regarding study design, certain limitations are connected to using a quasi-experimental design for
testing the first NNG prototype, as well as to the implementation of NNG training in the classroom and
on a large scale. While using a quasi-experimental design was an efficient method for pilot testing, the
lack of a control group and the use of a convenience sample strictly limited Study Il results’
generalisability. Additionally, students used the NNG in pairs in Study Ill, but the small sample size did
not allow for the use of statistical methods that could account for the nested data structure.

In the last NNG testing phase (Study V), it was important to implement the training on a large scale and
in the context of regular classroom teaching. Thus, the Finnish teachers, who are accustomed to a large
level of autonomy, did not receive strict guidelines for implementation, but merely general guidelines
regarding the amount, place and frequency of play sessions using the NNG. While this decision created
a more ecologically valid setting, a lack of information about the game’s implementation in different
classrooms limits opportunities to draw conclusions relevant for practical use of games in mathematics
classrooms. A large sample size and the randomised design aimed to control this unknown variation in
the implementation. Log files show that in terms of time spent on task, on average, no large differences
existed between classes in the experimental group. Comparisons of individual vs. pair gameplay also
did not reveal major differences, which shows that the game is rather robust against implementation
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variation. More data could have been collected (i.e., journals, questionnaires, interviews and
observations) from teachers regarding the implementation of the NNG in their classroom practice and
teachers’ roles during the play sessions (i.e., amount of scaffolding, making explicit connections with
the everyday math curriculum). Collecting these additional sources of data could have provided richer
information regarding implementation fidelity and, more importantly, information regarding the actual
application process of the NNG in the regular classroom practice. Future studies should focus more on
the teacher’s role and on the method of NNG implementation in curricula and classroom practice, as
studies show that game-based learning yields significantly higher efficiency when the added benefits of
teachers’ support are considered (Hays, 2005; Wouters & van Oostendorp, 2013).

Other limitations are connected to the design of the different NNG versions used in the dissertation.
While the game versions tested became more and more complex in terms of game-like elements, such
as the story and the relationship between the reward system and the game’s progress, or visual design,
these developments still were limited. The game versions used in the present dissertation are all
prototypes and not final products intended for everyday application by the larger public. This could
have affected the development of the measured mathematical learning outcomes in the present
dissertation. Evidence indicates that changes in game design over the different versions of the NNG
affect players’ game experience (Bui et al., 2018). Thus, an objective for future studies could be to
investigate in more depth how different game design decisions (e.g., adding more game-like elements)
affect gameplay and the game experience, and how these aspects affect mathematical learning
outcomes.

5.4 Conclusions

Findings from the present dissertation show that the NNG can provide efficient and novel training
opportunities for developing primary school students’ adaptive number knowledge and related
mathematical skills and knowledge. Results suggest that choosing the game-based format for this
training was meaningful, as it allowed for a large amount of open-ended practice with various number-
operation combinations, which usually is difficult to achieve in a regular mathematics classroom.
Results of this dissertation provide empirical evidence for the theoretical model of adaptive number
knowledge as a component of adaptivity with arithmetic. Additionally, a new and scalable
measurement tool and a novel training on adaptive number knowledge were developed. From the
perspective of educational game design, the results highlight the importance of iterations with the
following central aspects to consider during the process: the relationship between game features and
educational content, in-game and outside-game measures of learning outcomes, and the application of
game-based training in everyday classroom practice.
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Appendix 3.

List of items, timing, and Cronbach's alpha () reliability scores of the different versions of the Arithmetic Production Task

(correct solutions and multi-operational solutions) used in Study I, Ill and V.

Study Given numbers Target Seconds/item Correct (¢) Multi-op. ()
lla (grade 3-5) 2,4,8,12,32 16
1,2,3,5,30 59
3,456 63 60 .56 .51
2,4,8,10 22
I1b (adults) 2,4,8,12,32 16
1,2,3,5,30 59
120, 180, 3, 5, 30 12 60 68 49
6,5,4,3 126
lic (grade 6) 2,4,8,12,32 16
1,2,3,5,30 59
248,10 2 90 .55 .67
3,4,5,6 63
11l pre-test (grade 6) Same as llc - - - -
11l post-test (grade 6) 2,4,6,16,24 12
1,2,4,5,40 79
3,5,30,120,180 12 90 74 72
3,4,5,6 126
V pre-test (grade 4-6)  1,2,3,4 (example item) 6
2,4,8,12,32 16
1,2,3,5,30 59 90 .70 .63
2,4,6,16,24 12
3,5,30,120,180 12
V post-test (grade 4-6) 1,2,3,4 (example item) 6
2,3,9,15,36 18
1,2,6,14,42 8
2,4,6,16,48 24
1,2,3,30,36 14 90 86 80
2,6,8,32,54 18
3,4,5,6 7
2,3,6,10,18 38
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Appendix 4.

List of items used in the pre-algebra knowledge test in Study V

Instructions:

48

Pre-test A: Choose which number goes in the empty space so that both sides of the equals

sign will be the same.
Post-test A: same as for pre-test

Post-test B: Write the number in the empty space so that both sides of the equals sign (

=) will be the same.

[tems Pre-test Post-test
A A B
12+ =11+15 __ :2+12=15+11 12+__ =11+15
a) 16 a) 16
1 b) 5 b) 40
c) 15 c) 28
d) 14 d) 14
6-___ =2-15 6-___ +6= 2-18 6-_ =2-15
a) 5 a) 5
2 b) 24 b) 12
c) 6 c) 6
d 4 d 4
-8 =2-16 __ -8 =96:2 _ .8=2-16
a) 3 a) 3
3 b) 2 b) 2
c) 4 c) 4
d) 16 d 6
54-48 =18: 54 -36 =6-___ 54-48 = 18:
a) 48 a) 2
4 b) 6 b) 3
c 3 c) 4
d) 2 d 5
_ :7=6:3 _:7=15:5 7=6
a) 8 a) 18
5 b) 14 b) 21
c 21 c) 35
d 7 d) 14
27-__ =50:2 31-__ =58:2 27-__ = 50:2
a) 2 a) 3
6 b) 7 b) 7
c) 5 c 5
d 0 d) 2
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