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Abstract

The usage of digital media, especially tablet apps, is currently a major concern in educa-
tional settings. A controversial discussion is also taking place in relation to mathematics
education at primary schools. While on the one hand there are empirical findings on help-
ful isolated examples and related subject-didactic potentials of digital media, on the other
hand numerous apps are criticized. Systematic analyses of the app stores inventory are
rare, however. This article therefore deals with the analysis of the app store’s inventory
of mathematics apps available for primary school use. Using the German app market as
an example, 227 apps were analyzed. The results show that those apps are mainly located
in the content-related area of numbers and operations, while process-related competen-
cies and subject-didactic potentials of digital media are largely neglected. Moreover, apps
focus on unstructured forms of practising fluent calculation. All in all, only a fragment of
mathematics learning at primary schools is addressed, with frequently no consideration
of subject-didactic potentials in mathematics apps, making the need for development of
subject-didactically based mathematics apps obvious.

Keywords Apps - Inventory analysis - Mathematics education - Primary school - Digital
media

1 Introduction

Since the availability of the first computers in the 1980s, the use of digital media in the
educational context has been critically discussed (Freudenthal, 1981; Clements, 2002).
Although digital media have not (yet) reached schools to the extent that is widely assumed
(Drijvers, 2019), the discussion about the use of digital media is currently a central topic of
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educational policy, scientific and social debate in all areas of education — also in relation to
mathematics education in primary schools.

Although there is currently no broad use of digital media in (mathematics) lessons in
most countries around the world (Mullis et al., 2020), recent studies point to learning effects
(Aspiranti & Larwin, 2021; Drijvers & Sinclair, 2023; Hillmayr et al., 2020; Steenbergen-
Hu & Cooper, 2013) and potentials of digital media across all school levels (Bullock et al.,
2017; Moyer-Packenham & Westenskow, 2016; Walter, 2018). Additionally, Nikolopoulou.
et al. (2021) demonstrated that primary school teachers tend to be more aware of the poten-
tials of digital media than teachers at other educational institutions. In view of such highly
promising data, the use of digital media — when embedded appropriately in the classroom
— is being encouraged from many different sides. In specific fields of mathematics educa-
tion, the usage of digital media is highly developed. A substantial body of research has
demonstrated how digital media can support both procedural and conceptual understanding
processes through digital technologies. For instance, digital technologies have been shown
to facilitate the learning of geometry (Turgut et al., 2022; Sinclair & Patterson, 2018) and
statistics (Ben-Zvi, 2000; Noll et al., 2022) in secondary education. Yet, in other fields,
especially in learning arithmetic at the primary level, the quality of available digital learning
opportunities has been and continues to be sharply criticized due to the frequently observed
one-sided focus on calculation procedures rather than understanding (Bednorz & Bruhn,
2023; Kim et al., 2021; Krauthausen, 2013; Larkin, 2015; Namukasa et al., 2016).

Since schools (not only) in Germany are currently supported with considerable funds by
education policy to improve the digital infrastructure especially by providing tablet com-
puters, tablet apps' for teaching mathematics are recently of particular interest in practice
and research. Consequently, it is a central goal of mathematics education to design and
select mathematics apps on the basis of subject didactic standards (Moyer-Packenham et
al., 2015). The literature provides a number of (valuable) contributions dedicated to the
analysis of individual apps or a manageable number of apps, highlighting possible uses and
limitations (including Larkin et al., 2019). However, there is a lack of a more wide-ranging
current analysis that comparatively examines not only single apps but as many potentially
available mathematics apps as possible to contribute to a more systematic view of app store
inventories. Although such an inventory analysis is postulated by many researchers (Calder,
2015; Trouche et al., 2012; Walter, 2018), there seems to be hardly any current research at
present. However, research of this kind seems necessary to provide teachers and research-
ers an evaluative overview to select apps and to identify gaps that could be addressed by
researchers (Larkin & Milford, 2018). In addition, the majority of existing evaluation tools
“are not considered adequate to help teachers and parents to evaluate the pedagogical affor-
dances of educational apps correctly and easily” (Papadakis, 2021, p. 18).

Based on the framework for primary school mathematics in Germany derived from the
Standards of the NCTM (NCTM, 2000), this study provides an example of how the inven-
tory of maths apps for primary schools can be evaluated. Using the German apps market as
an example, this study describes the design and results of an inventory analysis of N=227
maths apps for primary schools found there. In particular, it is demonstrated to what extent
maths apps consider curricular frameworks, learning phases, and subject didactic potentials
of digital media. Thoughts on generalization beyond the German example and a critical dis-

! This study concentrates on tablet apps, which have become predominant over other types of apps such as
web apps or smartphone apps, at least in the context of daily school activities in Germany.
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cussion concludes the article, in which consequences for research and practice are derived
and limitations are described.

2 Theoretical Background
2.1 Curricular Goals in Mathematics Education - Facilitated by Digital Media?

The central task of mathematics education in primary school is to support learners in acquir-
ing basic competencies for further learning. When it comes to the question of which compe-
tencies these are in detail, curricula have been formulated in the vast majority of states. This
study gives exemplary insights with regard to the German context, but since tablet apps are
accessible in every country and the platforms, on which these apps can be used, are mostly
global platforms, the insights from our study have a high international relevance.

For mathematics learning in Germany, the so-called Bildungsstandards (KMK, 2022;
eng.: educational standards) are currently the guiding standards. They differentiate between
content-related competencies on the one hand and process-related competencies on the
other. While the five content-related competencies (numbers and operations; measurement;
spatiality and form; data and chance; patterns, structures, functional relationship) define
what should be learned, the process-related competencies (reasoning mathematically, solv-
ing problems mathematically, representing mathematically, working with mathematical
objects and tools; communicating mathematically, modeling mathematically) address the
question of how to learn.

It is postulated that the promotion of content- and process-related competencies should
be integrated. Accordingly, the learning should be designed in such a way that the work is
not exclusively content-related, for example, by focusing only on the rapid determination
of correct solutions. Rather, it entails more than just such surface knowledge, as the under-
standing of mathematical subjects is provided for by means of different in-depth ways of
working, which are linked to the process-related competencies. For example, the compre-
hension-based teaching of multiplication can be designed in such a way that the focus of the
lesson is not solely on the expeditious and accurate execution of tasks. Alternatively, math-
ematical problem-solving can be encouraged by prompting students to identify as many
or all tasks with a specific result (e.g., 24). Prompting students to justify their solutions
encourages mathematical reasoning. Similarly, the appropriate use of enactive and iconic
representations that show the core of multiplication as thinking in bundled groups (Gotze &
Baiker, 2021) can facilitate mathematical communication. Figure 1 shows the interplay of
content-related and process-related competencies.

Since the Bildungsstandards proclaimed by German educational authorities have their
roots in the Standards of the NCTM (as described in their Principles and Standards, National
Council of Teachers of Mathematics, 2000), clearly recognizable coherences can be identi-
fied. Five Content Standards are named there, (Number & Operations, Algebra, Geometry,
Measurement and Data Analysis & Probability), to which the German Bildungsstandards
are recognizably very closely aligned. Furthermore, five Process Standards are described,
which are named as follows: Problem Solving, Reasoning & Proof, Communication, Con-
nections, Representation. Even if the latter terms differ slightly in some cases, there is a
great correspondence in terms of content. For example, the NCTM process standard Con-
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Learning mathematics in primary school

process-related competencies
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Fig. 1 Areas of competencies of the KMK educational standards (KMK, 2022; translated by the authors)

nections refers to recognition and application of mathematics in contexts outside of math-
ematics, which is very close to the process-related competence modeling mathematically of
the Bildungsstandards. Although the NCTM standards have been the subject of controversy
(Hekimoglu & Sloan, 2005), they have had a considerable impact on educational standards
globally, including countries such as Canada (Kilpatrick, 2014) and Germany. It is reason-
able to posit that the analyses conducted in this study, based on the German Bildungsstan-
dards, are of relevance in international educational contexts.

2.2 Types of Practice

In addition to the consideration of content- and process-related competencies, successful
learning processes must also take the phases of the learning process into account. An in
Germany established structure for assigning mathematical learning activities to phases is
provided by the concept of productive practicing (Winter, 1984; Wittmann, 2021). Here,
practicing is subdivided into four different types of practice, which result from the degree
of structuring and from the degree of abstraction. This differentiated view, which is dis-
cussed in a wide range of German literature, is not as prevalent in the international literature.
However, it aligns with the internationally recognized basic belief that students should first
develop basic understanding before training their calculation skills (Kilpatrick et al., 2001).
For this reason, the evaluation of the possible learning section allocation in this study is
summarized here for these two phases.

These forms of practice are necessary in the mathematical learning process and should
be addressed in a balanced way in the classroom. In doing so, the goal is to create an appro-
priate interplay between learning opportunities for understanding and for the automation
of what has been understood. International comparative research, such as the most recent
TIMSS and PISA cycles (Mullis et al., 2020; OECD, 2019), has repeatedly been able to
demonstrate stagnating mathematics competencies among students in numerous countries,
which are in need of improvement at the same time. According to this, the competencies
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described in Fig. 1 do not yet appear to be sufficiently taken into account, especially in the
basic understanding phase.

Due to these results, more education policy initiatives have been launched to promote the
use of digital media in the classroom. This is linked to the goal of increasing the (subject-
related) competencies of students. For example, the strategy Education in the Digital World
(European Commission, 2022) defined competencies to be acquired in a digital world,
which are also to be developed in subject-specific education. In addition to this specification
of competencies, the infrastructural equipment, in particular digital devices, at schools in
Germany was also promoted by means of the so-called Digital Pakt Schule (eng.: Digital
Pact for Schools) with substantial funding in the amount of five billion euros (BMBF, 2016).
The pact consists of schools committing themselves to implementing digital education in
the context of adequate concepts in return for the provision of digital infrastructure.

An increasing availability of digital media can be observed in primary schools. Never-
theless, the availability of hardware (here: tablet computers) is no guarantee for the avail-
ability of didactically adequate software. The quality of available software for teaching
mathematics is repeatedly criticized, among other things, for its non-compliance regard-
ing subject didactic standards and its one-sided focus on calculation procedures instead
of understanding (Bednorz & Bruhn, 2023; Kim et al., 2021; Krauthausen, 2013; Larkin,
2015; Namukasa et al., 2016). Related to this, much of the software seems to focus primar-
ily on the — important, but solely insufficient — final phase of the learning process, whereas
software that seems suitable for investigating mathematical relationships and structures is
hardly reported. In particular, Krauthausen (1991) criticized the German-language inven-
tory of mathematics software for primary schools more than three decades ago, stating that
it neither met the curricular requirements nor the findings of modern learning and cognitive
psychology and illustrated this with examples. The question therefore arises to what extent
this situation has possibly changed.

2.3 Subject Didactic Potentials

In recent years, at least, a variety of studies across school levels have increasingly pointed
to learning effects when using digital media (Aspiranti & Larwin, 2021; Drijvers & Sinclair,
2023; Hillmayr et al., 2020; Steenbergen-Hu & Cooper, 2013). These learning effects are
closely linked to the subject didactic potentials implemented in digital media. This is under-
stood to mean design features of digital media that open up new ways of acquiring concepts
that are not possible with non-digital media (Moyer-Packenham et al., 2016; Walter, 2018).
However, these potentials do need to be appropriately framed in the classroom to be fully
utilized. Examples of potentials include feedback with adaptive character (Reinhold et al.,
2020) or synchronization of representations (Lisarelli, 2023). The latter potential was ana-
lyzed by Walter (2018), for example. He conducted an interview study with N=19 children
who solved addition problems predominantly through counting strategies to investigate how
they use a physical compared to a virtual twenty-frame for number representation up to
20. It was shown that in the case of the virtual twenty frame, which contains multiple rep-
resentations, children tended to use the possibility of adding five counters simultaneously
during the representation process — although this possibility also existed with the physical
equivalent. In this way, it was shown how software can be designed and used, so that new
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ways were revealed not only for automating understood concepts, but also for understand-
ing concepts that are not yet understood.

2.4 Current State of Research - Previous Inventory Analyses

In order to obtain comprehensive overview of the extensive range of software available in
the app stores, it is necessary to examine a larger sample. The central findings of frequently
cited studies are outlined below:

Dubé et al. (2020) examined 90 apps that are suggested for use after entering “math” in
the Apple App Store with focus on basic information (such as the price), the educational
content and the rating by users. For this purpose, they analyzed the app descriptions of the
suggested apps. The authors conclude that the developers do not provide enough informa-
tion about the content of their apps to give teachers a well-founded guideline for the selec-
tion of apps for their teaching. They analyzed the way the suggestions in the App Store are
presented: “Apple needs to be more transparent in how it chooses its top apps and calculates
user ratings and rankings. It seems that apps containing complex visuals or a curriculum
receive higher ratings from users while apps developed by experts receive higher rankings
from Apple” (Dubé et al., 2020, p. 5401).

Highfield and Goodwin (2013) examined N=360 popular apps — meaning frequently
installed and top-rated apps — in the education category of the English-language Apple App
Store. In contrast to Dubé et al. (2020), they did not merely analyze the written descriptions
of the app in the app store, but also categorize the content of the apps. The data show that
there is more software for pre-school and primary school children with comparatively few
apps for secondary school learners. Moreover, only 15% of the apps address curriculum
content for mathematics education. Statements on the dominance of certain content are not
described in the study. Still, the study can prove a clear dominance of apps with an instruc-
tive design (74%). According to the authors, such apps reflect a behavioristic teaching-
learning concept, do not appear to be very suitable for the cognitive activation of students
and are associated with drill-and-practice elements. Furthermore, apps could be identified
that combine instructive design with possibilities to manipulate certain design elements
(11%) or contain only manipulable elements without instruction (10%).

Larkin (2014, 2015) analyzed N= 142 mathematics apps for primary school education to
see to what extent content from the Australian primary school mathematics curriculum is
addressed. He was able to show that the area of Number and Algebra and in particular the
associated sub-area Number and place value (105 apps) dominates, while the other areas
are significantly less frequently included. Thus, Using units of measurement (15 apps) and
Data representation and interpretation (4 apps) are the most frequently represented sub-
areas from the other two areas of Measurement and geometry and Statistics and probability.
In a further focus of analysis, it was examined whether the apps are designed in such a way
that they can develop declarative, procedural, conceptual or a combination of different types
of knowledge. While 44% of the apps address declarative knowledge solely, 30% address
procedural knowledge and 10% conceptual knowledge. Apps that address different or all
knowledge domains are less represented (9% conceptual and procedural; 1% conceptual
and declarative; 5% procedural and declarative; 1% all knowledge domains). These findings
are supported by a study by Namukasa et al. (2016) with a focus on the transition between
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primary and secondary school levels, in which only 4 out of 80 apps were assessed as being
potentially suitable for the development of mathematical concepts.

Furthermore, there are some studies whose findings can only be partially applied to the
current topic. For instance, Drigas and Pappas (2015) review mobile learning applications
for mathematics across all school levels, but they provide only one example from 2010 for
primary school, which is no longer available. Similarly, Green et al. (2014) introduce a cat-
egory system for selecting mobile apps for grades 5 to 12, but they do not analyze the actual
inventory. Moreover, their study does not specifically focus on mathematics as a subject or
on primary schools, which are the main areas of interest in the present study.

Outhwaite et al. (2023) recently conducted a content analysis and qualitative compara-
tive analysis of math apps for primary school. However, their focus leans more towards
assessing the educational value of apps rather than providing an overview of the existing
apps, especially since only 23 apps were included in their study. Nonetheless, they uncov-
ered interesting findings regarding the content of these 23 apps: 15 were categorized as
practice apps, presumably serving as fluency trainers, and 21 out of 23 apps addressed the
content standard of number representation and relationships. It’s worth noting that these 23
apps were hand-picked and do not represent a larger, comprehensive sample, thus limiting
the generalizability of their findings, though they do offer valuable insights.

On a related note, Shahjad and Mustafa (2022) conducted a systematic literature review
on learning apps covering all subject content and school levels. In terms of mathematics
education, they reference the study by Namukasa et al. (2016) mentioned earlier. From
their analysis, they conclude that there is a vast number of apps available, with the majority
targeting preschoolers, and language being the most frequently addressed content, followed
by mathematics. Drawing from the reviewed studies, they outline a category system for app
evaluation, which, however, lacks a mathematics didactic perspective.

3 Design of the Study
3.1 Research gap and Research Questions

Results of previous studies thus indicate that mathematics software tends to be instructional
in its design, appears to be primarily suitable for the development of declarative and / or
procedural knowledge, and has a focus on arithmetic. However, these undoubtedly valu-
able findings can only be transferred to the current situation for primary school pupils to
a limited extent. They were obtained about a decade ago — this is a long time in view of
the dynamic development of the use of digital media against the background of scientific
and educational policy initiatives (Moyer-Packenham et al., 2015) and requires a current
investigation, especially with regard to the existence of subject didactic potentials of digital
media. Furthermore, the studies examined only English-language teaching software, that
most likely is barely used by German students. Accordingly, no research has been conducted
that examines the extent to which a fit between the software design and the German cur-
riculum can be established.

Based on the outlined research gaps, the following research questions are derived for
this paper:
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RQ1: Which curricular goals are addressed by the currently available mathematics apps in
the German-language app stores?

RQ2: To what extent is basic understanding and fluency practice possible with math apps in
the German-language app stores?

RQ3: To what extent are subject didactic potentials of digital media implemented in math-
ematics apps in the German-language app stores?

3.2 Procedure for Sampling and Process for Analyzing the Apps

To answer the above research questions, apps were analyzed that are suggested for tablet
computers by the search algorithms of the app stores after entering the search items Mathe
Grundschule (eng.: maths primary school). Initially, these terms appear to be notably vague,
particularly in their lack of reference to aspects pertinent to the domain of educational prac-
tice, such as the intended purpose of use (e.g., comprehension, automation, etc.). However,
they were chosen because they could be used as standard keywords by teachers, students
or their parents when searching for apps for primary school mathematics. At the same time,
the use of these unspecific keywords allows for the analysis of a larger number of apps. The
utilization of more specific keywords may have resulted in a smaller number of apps being
analyzed, which would have been contrary to the objective of the study, which was to pro-
vide an overview of the (ideally entire) inventory.

It should be noted that other word combinations or word sequences can of course gen-
erate different search results. In addition, the devices used by different users seem to lead
to varying search results when the same search keywords are entered, as repeated search
queries with a relatively short time gap. In the app stores, the actual search algorithm is not
made transparent.

In total, a comprehensive list containing N=227 apps was generated from numer-
ous searches in August 2022. All apps that appeared after entering the search terms were
included in the sample, so no apps were excluded. The apps were analyzed at their stage
of development at the time. There is no claim to completeness in the analysis of the apps
examined. Instead, the inventory analysis presented here can serve as a foundation for future
updates or international adaptations of analyses.

The analysis is explicitly not aimed at rating the apps and selecting the best app. This
does not seem to be feasible, especially since, in addition to the design elements of apps,
one must also answer questions about their implementation in the classroom in order to fully
benefit from the apps’ potential. In the app stores, however, this is precisely what is often
suggested by the rankings in the individual sections.

Both authors of this paper initially conducted the analysis of the apps independently
according to a previously jointly defined coding manual (Walter & Schwitzer, 2023; exam-
ple categorization see below in section Insights into the rating process). This involved
a total of 6.129 criterion decisions per person (27 categories per app). Subsequently, the
assessments of the apps were compared. After eliminating obvious input errors (e.g., 0 and
1 mixed up in the coding system), 65 criterion decisions remained for which there was a
difference in assessment between the two authors. The resulting Cohen’s Kappa of 0.975
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indicates almost perfect interrater reliability (Landis & Koch, 1977). Apart from individual
cases, the small number of divergent assessments arose in the area of the feasibility of
process-related competencies. Following the independent analyses, discussions were held
to clarify the differing ratings between the authors with regard to individual terms, such as
when an app can be suitable for promoting reasoning mathematically and when it cannot.
These discussions led to a revised assessment, so that each criterion was ultimately deter-
mined by consensus.

3.3 Data Analysis

In order to answer research question 1 (Which curricular goals are addressed by the cur-
rently available mathematics apps in the German-language app stores? ), the apps were
analyzed to determine whether and which of the specific content-related and process-related
competencies they address. References to a content-related competence were considered
to be present if at least one activity or module was available for it. Similarly, relations to a
process-related competence were considered to be given if the tasks to be found in the apps
are connected to a process-related competence. If a corresponding task cannot be found in
the app, it was also analyzed whether it was conceivable to establish references to process-
related competencies through external tasks (e.g., set by the teacher).

To answer research question 2 (To what extent is basic understanding and fluency prac-
tice possible with maths apps in the German-language app stores? ), the first step was to
investigate in which apps tasks are given. As previously described, the observed task types
were categorised for German studies into different forms of productive practice (Walter &
Schwitzer, 2023). These are summarized here under the categories of basic understanding
and fluency practice.

The answer to research question 3 (To what extent are subject didactic potentials of digi-
tal media implemented in mathematics apps in the German-language app stores? ) required
the analysis of the apps with regard to the consideration of subject didactic potentials (e.g.,
synchronization of representations, feedback with adaptive character, etc.) of digital media.
Similarly to the two previous focal points of the analysis, a potential was classified as real-
ized if its occurrence was observed at least once.

The evaluations are therefore based on qualitative judgments that merely address the
existence of the criteria, but not the subject-related quality of the content implementation in
the classroom. As a consequence, the data analysis approach can be characterized as rather
defensive and can result in the evaluations appearing more optimistic than is actually the
case. However, this approach was chosen deliberately, as it goes with the intention of the
study to provide an overview of the design of math apps. Furthermore, data analysis require-
ments aligned with a more offensive approach would also have had to address aspects of
classroom embedding, which, however, depend heavily on teachers’ professional skills in
the use of digital technologies in mathematics lessons, are known to vary greatly, and could
therefore not be considered in this study.

The results from these codings are processed using methods of descriptive statistics by
generating an organizing and summarizing overview of the available data on the individual
research questions. In addition to the described areas of analysis (curricular goals, forms
of productive practice and subject didactic potentials), further data was also collected, for
example on surface features, including reported facts from the app stores on download sta-
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tistics, ratings, etc. as well as qualitative judgements relating to a design reduced to the
essential mathematical core. These data are not discussed in this article due to its focus, but
can be retrieved at https://mappsa.de.

3.4 Insights into the Categorization Process

The following information is provided to facilitate transparency in the categorization pro-
cess, which was conducted using a developed coding manual. This is initially presented and
then applied to two apps from the project database, which represent recognizably different
approaches in terms of content.

The coding manual is structured into three main divisions: analysis areas, analysis
groups, and analysis categories. Each analysis area is divided into analysis groups, which
are themselves divided into analysis categories.

Four analysis areas were defined. In order to focus on them in this article, we will con-
centrate primarily on analysis areas 2 to 4, as these are relevant for the conceptual design
of the apps.

surface characteristics.

content- und process related competencies.
types of practice.

subject didactic potentials.

Ealb el e

The analysis areas are subdivided into analysis groups. For example, the analysis area con-
tent and process-related competencies is divided into the analysis groups content-related
competencies and process-related competencies.

An analysis group is then subdivided into analysis categories. In relation to the analysis
group content-related competencies, an analysis category is formed for each of the five
content-related competencies, for example numbers and operations. In this analysis cate-
gory, it is coded whether the content-related competence of numbers and operations is taken
into account in the app being analyzed (code: 1) or not (code: 0). Across the entire coding
manual, 27 analysis categories were formed in this way, subsumed under the analysis focal
points and analysis category groups.

Subsequently, the analysis group is divided into analysis categories. With regard to the
analysis group content-related competencies, an analysis category is established for each
of the five content-related competencies, such as numbers and operations. In this analysis
category, it is coded whether the content-related competence of numbers and operations
is incorporated into the app under analysis (code: /) or not (code: 0). In total, 27 analysis
categories were created in this manner, encompassing the analysis focal points and analysis
category groups.

The coding manual provides a detailed description of each category group and instruc-
tions on how to utilize them. Potential characteristics are then identified and described in
each category, accompanied by a brief explanation in plain text. For each analysis category,
an anchor example from the app inventory of the project database is provided, elucidating
the rationale behind the selection of this anchor app and its corresponding code. A translated
excerpt of this coding manual can be found in the appendix of this article. The complete
version can be accessed on the project website at https://mappsa.de.
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The use of the coding manual is now illustrated by example through the analysis of
two apps. The first app is Math Land: Basic Arithmetic (Didactoons Games, 2022), which
is gamified and embedded in a pirate adventure. The objective of the game is to navigate
islands with a controllable character and collect primarily coins and binoculars. The bin-
oculars are necessary to unlock additional islands. In order to collect binoculars, mental
arithmetic tasks must be practiced. In the first exercise level (represented in the game by the
first island in the game), addition and subtraction tasks in the number range up to 12 must
be calculated mentally. The tasks are presented on coin bags (as shown in Fig. 2), although
no direct link between this illustration and the arithmetic task appears to be recognizable.
Additionally, various solutions are presented on the bags, and the child must tap the correct
one as quickly as possible within a given time in order to receive the binoculars as a reward.

,Math Land: Basic Arithmetic* was coded as [ in the category group content-related
competencies (see the relevant section of the coding manual in the appendix) in the category
NO (numbers and operations), as arithmetic content as described in the anchor example is
recognizably present here. In contrast, the category SF (spatiality and form) was coded as 0,
as the app contains only arithmetic tasks and there are no task types that could be assigned
to the content-related competence spatiality and form.

The coding of process-related competencies is slightly more differentiated. For all five
analysis categories in this analysis group, it is first analyzed whether a process-related com-
petence is explicitly addressed in the app. This is exemplified by tasks in the app that explic-
itly require children to demonstrate competence in this area, such as the anchor example for
code 2 of category P (problem solving) in the coding manual excerpt in the appendix, in
which children are instructed to complete a problem-solving task. In the event that such an
explicit instruction is not discernible within the app, an analysis is conducted to ascertain
whether, from the perspective of the coders, the app could be utilized in a teaching scenario
wherein the targeted competence could be imparted (implicit connection, code 7). In numer-
ous instances, this is indicated by accompanying materials or the coders are able to discern
such references based on their expertise in mathematics education. In the event that this is
not identifiable, the reference to the examined process-related competence is coded as nei-
ther explicitly nor implicitly recognizable (code 0).

In the example provided, Math Land: Basic Arithmetic, this connection could not be
identified in category P (problem solving) as detailed in the appendix. In this instance, the

Fig.2 Screenshot of the app
Math Land: Basic Arithmetic
(Didactoons Games, 2022)
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children are required to solve basic arithmetic tasks at most. Therefore, the objective is to
practice arithmetic skills. There is no task in which they are required to find a creative strat-
egy to solve the problem. They are not asked to do this at any point. Consequently, Math
Land: Basic Arithmetic was coded in category P with 0.

The TouchTimes app (Sinclair, 2021, Fig. 3) provides a different approach to developing
an understanding of operations. “Children first create, with the fingers of one hand, some
form of unit, and then - through one or more taps of the other hand - create a ‘unit of units’,
‘a product’” (Sinclair, 2021). The aforementioned example, depicted in Fig. 3, illustrates
this process. Initially, the child touches the left half of the tablet screen with three fingers,
resulting in the appearance of three differently colored dots. Subsequently, the child touches
the right half of the screen with two fingers of the other hand. Simultaneously, images of
the group of dots created on the left appear under each of the two fingers. This process is
dynamic, whereby the app responds immediately to changes in the finger touches on both
sides. As a consequence, not only the dot pattern displayed altered, but also the matching
symbolic notation that appears at the top centre of the screen.

TouchTimes was coded with 7 in the process-related competence category P (problem
solving), in contrast to Math Land: Basic Arithmetic (see excerpt from the coding manual).
Although the children are not explicitly asked to be creative and solve a mathematical prob-
lem, so that code 2 was not used, they can be asked to identify as many different repre-
sentations and thus factorizations as possible for a given product (e.g., 12). This is also
encouraged in the app’s accompanying text. In a corresponding teaching scenario, it would
be conceivable to address problem solving with the TouchTimes app. In this scenario, the
coding with / would be used.

TouchTimes is also representative of another coding example. In the excerpt of the cod-
ing manual in the appendix, the category SR (Synchronized and linked representations) is
shown for the analysis group subject didactic potentials. This is defined as follows in the
coding manual: “Enactive, iconic and symbolic representations are related to each other in
such a way that changes to one representation automatically result in changes to the other
representations.” In this instance, the coding options are 0 (not included) or / (included). As
previously stated, the representations of the individual objects on the left and the grouped
objects on the right of the screen react dynamically to each other, as do the symbolically

Fig. 3 Screenshot of the app
Touch Times (Sinclair, 2021)
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represented notation at the top center of the screen. Consequently, TouchTimes was coded 1
in the SR category (Synchronized and linked representations).

4 Results
4.1 Curricular Goals

The findings on the consideration of curricular goals based on the German primary school
curriculum goals in mathematics apps in the German-language app stores are presented
below. The explanations serve to answer research question 1 by first looking at the content-
related and then the process-related competencies.

With regard to the content-related competencies addressed in mathematics apps, 92.5%
of the apps have at least one task in the content area of numbers and operations. In contrast,
this is the case for 21.1% of the apps in the area of spatiality and form, 20.3% in the area of
measurement, and 3.1% in the area of data and chance. 7.5% of the apps address the area
of patterns, structures and functional relationship (see Table 1) at least once. Furthermore,
74% of the analyzed apps have a connection to a single content-related competence, 10% to
two of these competencies, 16% to three or more content-related competencies.

With regard to the consideration of process-related competencies, the following results
can be noted: 223 of the 227 apps analyzed (98.2%) do not have any explicit relationships
to the promotion of process-related competencies in the tasks presented. However, 12.3% of
the apps seem appropriate to be used by the teacher to address reasoning and communicat-
ing mathematically, 10.6% might be used to represent mathematically, 7.9% might be used
to solve problems mathematically and only one app might be used to model mathematically
(see Table 2). 28 of the 227 apps analyzed implicitly address more than one process-related
competence.

The data thus show two things: On the one hand, as also found in Larkin (2014, 2015)
and Highfield and Goodwin (2013), there seems to be a clear dominance of apps with a
content-related focus on numbers and operations, while the other content-related competen-
cies are noticeably less frequently the subject of mathematics apps. In contrast, addressing
process-related competencies is explicitly provided in very few cases through correspond-
ing tasks in the app. With some apps, however, process-related competencies might also be
promoted if the teacher provides a suitable framework for the lesson, even if this is not made
explicit in the app.

Table 1 C;)nsi((iier ationof N=227 apps included not included
content-related competencies in
mathematics apps (N=227) Hn) hin) H(r) h(n)

content- numbers and 210 92.5% 17 7.5%

related operations

competencies spatiality and form 48 21.1% 179  78.9%
measurement 46 20.3% 181  79.7%
data and chance 7 3.1% 220 96.9%
patterns, struc- 17 7.5% 210  92.5%
tures, functional
relationship

@ Springer



D. Walter, U. Schwatzer

Table 2 Consideration of process-related competencies in mathematics apps (N=227)

N=227 apps explicitly implicitly not included
included included
H(n) h(n) Hm)  hn) H(m)  hn)
process-related  reasoning mathematically 0 0.0% 28 123% 199 87.7%
competencies  communicating mathematically 0 0.0% 28 123% 199 87.7%
solve problems mathematically 1 0.4% 18 7.9% 208 91.6%
representing mathematically 3 1.3% 24 10.6% 200 88.1%
modelling mathematically 1 04% O 0.0% 226 99.6%
Table 3 Consideration of differ- N=210 apps with given tasks included not included
ent forms of productive practice Hn) hn)  H(n) hin)

in mathematics apps
forms of practice primarily addresses 115 54.8% 95  45.2%

basic understanding
primarily addresses 183  87.1% 27 12.9%
fluency practice

4.2 Types of Practice

The data below on the forms of productive practice refer to those N=210 of the total of 227
apps that contain tasks (either completely or in parts), so that an allocation of the apps to
different forms of practice can be made. The data serve to answer research question 2.

54.8% of the apps analyzed have at least one material-based task sequence with differ-
ent levels of structuring. The quality of the visualization was not measured. Nevertheless,
they could possibly be suitable for stimulating basic understanding. In comparison, formal,
purely symbolically notated, structured and unstructured forms of exercises are the most
common. These apps, which tend to address fluency practice, are found in 87.1% of the
sample (see Table 3). Consequently, it appears that software designed to facilitate the final
phase of the learning process, which is typically marked by the practice of fluency, is cur-
rently the dominant approach.

4.3 Subject Didactic Potentials

The availability of subject didactic potentials of digital media can be seen as an indicator for
substantial mathematics apps. The data associated with research question 3 are concerned
with the question of the extent to which subject didactic potentials of digital media are
included in mathematics apps.

79% of the apps include none of the analyzed subject didactic potentials. These apps can
mainly be seen as pure digital duplicates of existing learning materials (e.g., work materials,
worksheets) with no further benefits.

Table 4 also shows that in 11.5% of the apps synchronous and linked representations, in
14.1% the structuring of representations, in 10.1% the potential of fitting action on material
and mental actions, in 7.0% the outsourcing of calculations, and in 6.6% each the multi-
touch technology and the potential of informative feedback can be identified. Accordingly,
subject didactic potentials of digital media seem to be taken into account in mathematics
apps only in a few cases.
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Table 4 Consideration of subject  pr—577 apps included not included

didactic potentials of digital

media in mathematics apps - - - H(n) hin) H(n) _hin)
Subject  synchronized and linked 26 11.5% 201 88.5%
didactic representations

poten-  gtructuring of 32 14.1% 195  85.9%
tials of  representations
digital g petween action on 23 10.1% 204 89.9%
media .
material
and mental action
outsourcing of 16 7.0% 211 93.0%
calculations
multi-touch technology 15 6.6% 212 93.4%
informative feedback 15 6.6% 212 93.4%

5 Discussion

The presented study analyzed 227 apps that are currently available in the German App
Stores for use in primary school mathematics lessons, employing a criteria-based approach.
Essentially, the results of the inventory analysis can be summarized as follows:

® Dominance of the area of numbers and operations: With regard to content-related com-
petencies, a clear dominance of the area of numbers and operations can be observed.
For other competence areas, activities or task modules can only rarely be found.

e [Extensive neglect of process-related competencies: Barely any app contains tasks in
the activities or task modules that explicitly include the development of process-related
competencies. However, in some cases this might be achieved through adequate exter-
nal stimuli.

® Dominance of practice activities, that focus on fluent calculation: The apps examined
have activities or task modules that primarily include formal forms of practice. The
investigation of mathematical relationships and basic understanding is only intended in
approximately half of the apps.

e [Extensive neglect of subject didactic potentials: The presence of subject didactic poten-
tials of digital media in apps can be considered as an indicator of an adequate app. How-
ever, the implementation of subject didactic potentials could be demonstrated rather
sporadically.

Consequently, it can be deduced that the current inventory of mathematics apps for primary
school does not adequately encompass all relevant content- and process-related competen-
cies, as well as types of practices. There are too many unaddressed content areas that still
require digitally supported learning opportunities. In addition, there seems to be a (too)
strong focus on fluency and pure drill, while indispensable offers for the development of
basic understanding or structural connections can be expanded. The opportunities pro-
vided by digital media are often not taken into account in the design of mathematics apps,
especially since subject didactic potentials are rarely realized. Nevertheless, based on the
inventory analysis, some apps were identified that incorporate subject didactic potentials of
digital media.
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Naturally, the 227 apps analyzed were identified through searches for Mathe Grund-
schule (primary school maths) in the German app stores. Some of these apps, primarily
focusing on subject didactic potentials, were developed by German mathematics education
experts in German language and may not be easily found in comparable international search
results. However, international studies suggest that similar albeit slightly shifted results are
plausible. As demonstrated, German curricular criteria closely align with international stan-
dards. These criteria seem applicable not only within the German-speaking context but also
internationally, provided they are suitably contextualized.

In this sense, the inventory analysis of the German app stores provides valuable indica-
tions for necessary research and development work, not only for Germany It was shown that
specific content areas and intended uses dominate, while the stimulation of process-related
competencies and subject didactic potentials of digital media are largely neglected. Future
app developments should fill these gaps and teachers should consider how to compensate
missing process-related aspects. For example, they could combine the app usage with teach-
ing methods, where students compare and discuss their ideas and results. This could be a
way to compensate the lack of stimuli for discursive classroom discussions in the majority
of the apps (Selter & Walter, 2020).

In order to demonstrate new possibilities of digital media for the understanding of math-
ematics, subject didactic potentials in particular should be addressed more strongly. Of
course, with regard to the implementation of subject didactic potentials of digital media, it
is by no means true that the more, the better’ The authors are not convinced that the pres-
ence of several potentials would automatically lead to higher learning success for learners.
Numerous apps can be found that only provide some potentials, but can be recommended
without reservation from the authors’ point of view, if they are used in a way that is appro-
priate for the learning level. Accordingly, the research-based analysis of existing apps and
the development of new apps should not be carried out exclusively with a ‘checklist charac-
ter’ along the proposed analysis focal areas.

This article showed how apps are currently designed in the light of curricular goals, for
which purposes they could be suitable and which subject didactic potentials are included.
However, this approach is also associated with limitations. The existence of certain contents
and potentials can be regarded as a necessary condition for successful digitally supported
mathematics teaching. However, this alone is not sufficient. The present analysis cannot
show how the potential inherent in the apps is framed, whether it is thus effective in the
classroom and how it is utilized. That can be analyzed in qualitative approaches as it was
done, e.g., in Walter (2018).

From a methodological point of view, it should also be mentioned that this exemplary
inventory analysis of the German app stores is based on qualitative judgements by the
authors of this paper. Such assessments are certainly subjective and can — even with the
same coding manual — lead to different results, although there is almost perfect intercoder
reliability here. However, there were several clarification discussions among the authors on
individual terms (e.g., when can an app (not) support problem solving? ). People working in
mathematics education with other background experience might judge differently.

Finally, the apps were examined to see whether the competence areas formulated in the
educational standards — reflecting a close affinity between the German standards and those
based on the NCTM standards internationally — were taken into account at all. A compe-
tency area was considered to be taken into account if at least one activity or task module
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was present in an app. However, this analysis does not provide any indication of the extent
to which the content is addressed in each case. In some apps, for example, it was found
that competencies in the content areas of numbers and operations as well as spatiality and
form were addressed, although far more learning opportunities were found for numbers
and operations. We assume that an analysis that also records the relative proportion of the
consideration of different content areas will find an even stronger dominance of the content
area of numbers and operations.

Finally, it’s important to mention that comparable results can only be extrapolated from
an international analysis of the current scenario. Nonetheless, the international studies ref-
erenced do imply a certain level of similarity. It would be intriguing to investigate whether a
scrutiny of global app stores, with analysis criteria slightly adjusted for international appli-
cability, could validate or even reinforce these findings.

6 Appendix

Analysis area content- und process related competencies

Analysis group content-related competencies

The app is evaluated for its alignment with the content-related competencies outlined in the 2022 KMK
Bildungsstandards (numbers and operations, spatiality and form, measurement, data and chance, as well
as patterns, structures, and functional relationships). A detailed description of the five areas of competen-
cies is not provided here. Depending on its design, an app may reference several areas of competencies.
For the purposes of coding, it is not necessary for a competence area to be the primary focus of the app; it
is sufficient for it to be included at least once.

Category: NO — content related competence numbers und operations

Code Name Description Anchor examples

0 not included The app is not related to the -
competence area numbers and
operations.

1 included The application contains at least Conni Rechnen 1-100
one reference to the competence (Mappsa-ID A066)
area numbers and operations. (App-Store)

The app contains (exclu-
sively) arithmetic content:
Numbers 1-100 (number
representation in tens and
ones), addition and subtrac-
tion tasks up to 20, 50 or
100, as well as multiplication
tasks. It clearly addresses the
competence area numbers

and operations.
Category: SF — content related competence spatiality and form.
Code Name Description Anchor examples
0 not included The app is not related to the -
competence area spatiality and
form.
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Analysis area content- und process related competencies

Analysis group content-related competencies

The app is evaluated for its alignment with the content-related competencies outlined in the 2022 KMK
Bildungsstandards (numbers and operations, spatiality and form, measurement, data and chance, as well
as patterns, structures, and functional relationships). A detailed description of the five areas of competen-
cies is not provided here. Depending on its design, an app may reference several areas of competencies.
For the purposes of coding, it is not necessary for a competence area to be the primary focus of the app; it
is sufficient for it to be included at least once.

1 included The application contains at least Conni Mathe 2. Klasse
one reference to the competence (Mappsa-ID A001)
area spatiality and form. (App-Store)

Although the focus is on
other content, there is a
task module that could be
assigned to the competence
area of spatiality and form:
In the Geometry exercise,
the number of banana boxes
(cube building in oblique
view with partially hidden
elements) is to be determined
using mental geometry.

Analysis group process-related competencies

The app is evaluated for its alignment with the process-related areas of competencies outlined in the 2022
KMK Bildungsstandards (solve problems mathematically, communicating mathematically, reasoning
mathematically, modeling mathematically, and representing mathematically). A detailed description of the
areas of competence is not provided here. Depending on its design, an app may reference several areas
of competencies. For the purposes of coding, it is not necessary for a competence area to be the primary
focus of the app; it is sufficient for it to be included at least once.

When coding, a distinction is made between three cases. Firstly, it is possible that the app contains
explicit prompts or suggestions related to a specific process competence area. For instance, if learners are
encouraged or asked to justify their approaches, this could be interpreted as an explicit prompt related to
the competence area of ‘reasoning mathematically’. Similarly, if learners are asked to examine the inter-
connectedness of representations, this could be seen as an explicit prompt related to the competence area
of representing mathematically. In addition, these explicit stimuli may be absent, but the manner in which
the task is set is arranged in such a way that stimuli or suggestions for a process-related competence area
can be implicitly created by the teacher. Finally, an app can also have neither explicitly nor implicitly
recognizable references to competence areas.

Category: P — process-related competenceproblem solving.
Code Name Description Anchor examples

0 not included The app is not related -
to the competence area
problem solving.
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Analysis group process-related competencies

The app is evaluated for its alignment with the process-related areas of competencies outlined in the 2022
KMK Bildungsstandards (solve problems mathematically, communicating mathematically, reasoning
mathematically, modeling mathematically, and representing mathematically). A detailed description of the
areas of competence is not provided here. Depending on its design, an app may reference several areas

of competencies. For the purposes of coding, it is not necessary for a competence area to be the primary
focus of the app; it is sufficient for it to be included at least once.

When coding, a distinction is made between three cases. Firstly, it is possible that the app contains
explicit prompts or suggestions related to a specific process competence area. For instance, if learners are
encouraged or asked to justify their approaches, this could be interpreted as an explicit prompt related to
the competence area of ‘reasoning mathematically’. Similarly, if learners are asked to examine the inter-
connectedness of representations, this could be seen as an explicit prompt related to the competence area
of representing mathematically. In addition, these explicit stimuli may be absent, but the manner in which
the task is set is arranged in such a way that stimuli or suggestions for a process-related competence area
can be implicitly created by the teacher. Finally, an app can also have neither explicitly nor implicitly
recognizable references to competence areas.

1 implicitly included The app does not make ~ Rechendreieck (Mappsa-ID A010)
any references to the (App-Store)
competence area of No tasks are set in the app. There are
problem solving. How-  also no explicit references to process-

ever, references can be related competencies formulated

made through the use of  within the app. However, the app’s

impulses and tasks set by accompanying information states that

a teacher. “problem-structured exercises can be
worked on properly”, which implicitly
addresses the process-related compe-
tence of problem solving. However,
the app is also suitable as a digital
tool for representing problem-solving
processes and talking about them with
other children, comparing and evaluat-
ing calculation strategies. This also
implicitly addresses representing math-
ematically, communicating mathemati-
cally and reasoning mathematically in
a suitable classroom setting.

2 explicitly included The application contains ~ Sachrechnen 2.0 (Mappsa-ID A013)
at least one reference (App-Store)
to the competence area ~ The app presents problem tasks in
,problem solving®. real-life contexts that are to be solved

explicitly in modeling processes.
This addresses the competence areas
of problem solving and modeling
mathematically.

(-]
Analysis areapotentials of digital media
Analysis groupsubject didactic potentials

Digital media can have potentials that can support mathematics learning in particular. The following six
subject didactic potentials were identified as categories.

(-]

Category: SR — subject didcatic potential synchronized and linked representations
Enactive, iconic and symbolic representations are related to each other in such a way that changes to one
representation automatically result in changes to the other representations.

Code Name Description Anchor examples
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Analysis group process-related competencies

The app is evaluated for its alignment with the process-related areas of competencies outlined in the 2022
KMK Bildungsstandards (solve problems mathematically, communicating mathematically, reasoning
mathematically, modeling mathematically, and representing mathematically). A detailed description of the
areas of competence is not provided here. Depending on its design, an app may reference several areas

of competencies. For the purposes of coding, it is not necessary for a competence area to be the primary
focus of the app; it is sufficient for it to be included at least once.

When coding, a distinction is made between three cases. Firstly, it is possible that the app contains
explicit prompts or suggestions related to a specific process competence area. For instance, if learners are
encouraged or asked to justify their approaches, this could be interpreted as an explicit prompt related to
the competence area of ‘reasoning mathematically’. Similarly, if learners are asked to examine the inter-
connectedness of representations, this could be seen as an explicit prompt related to the competence area
of representing mathematically. In addition, these explicit stimuli may be absent, but the manner in which
the task is set is arranged in such a way that stimuli or suggestions for a process-related competence area
can be implicitly created by the teacher. Finally, an app can also have neither explicitly nor implicitly
recognizable references to competence areas.

0 not included There is no activity/ -
task module in which the
potential synchronized and
linked representations is
implemented.

1 included At least one activity/task Malrechnen (Mappsa-1D A121)

module is included in which  (App-Store)

the potential synchronized With this app, it is possible to ma-

and linked representations is  nipulate different representations

implemented. (point field, number line, symbolic
notations) of a multiplication or
division task in a linked manner.
Changes in one representation are
transferred synchronously to the
other representations.

Acknowledgements We want to thank the reviewers for their helpful comments. Furthermore, we would also
like thank our colleagues from the working groups for the critical and constructive feedback on our article.

Authors Contributions Daniel Walter is assistant professor for mathematics education at the Institute for
Development and Research in Mathematics Education in Dortmund, Germany, since October 2023. His
research focuses on the subject-related use of digital media in primary schools and universities. Ulrich
Schwitzer is a mathematics educator who works as a postdoctoral researcher at the University of Duisburg-
Essen, Germany. His work includes developing digitally supported learning environments to foster primary
school children in mathematics.

Funding Open Access funding enabled and organized by Projekt DEAL. The authors declare that no funds,
grants, or other support were received during the preparation of thismanuscript.
Open Access funding enabled and organized by Projekt DEAL.

Data availability Data will be made available on a reasonable request.
Declarations
Conflict of interest No potential conflict of interest was reported by the authors.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party material in this article are

@ Springer



Mathematics Apps Under the Magnifying Glass — An Analysis of the...

included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material.
If material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aspiranti, K. B., & Larwin, K. H. (2021). Investigating the effects of Tablet-based Math interventions: A
Meta-analysis. International Journal of Technology in Education and Science, 5(4), 629-647. https://
doi.org/10.46328/ijtes.266

Bednorz, D., & Bruhn, S. (2023). Influence of primary students’ self-regulated learning profiles on their
rating of a technology-enhanced learning environment for mathematics. Frontiers in Psychology, 14,
1074371. https://doi.org/10.3389/fpsyg.2023.1074371

Ben-Zvi, D. (2000). Toward understanding the role of Technological Tools in Statistical Learning. Math-
ematical Thinking and Learning, 2(1-2), 127-155. https://doi.org/10.1207/S15327833MTL0202_6

Bullock, E. P., Shumway, J. F., Watts, C. M., & Moyer-Packenham, P. S. (2017). Affordance Access matters:
Preschool Children’s Learning progressions while interacting with touch-screen Mathematics apps.
Technology Knowledge and Learning, 22(3), 485-511. https://doi.org/10.1007/s10758-017-9312-5

Bundesministerium fiir Bildung und Forschung [Federal Ministry of Education and Research] (2016). Bil-
dungsoffensive fiir die digitale Wissensgesellschaft [Education offensive for the digital knowledge soci-
ety]. https://www.bmbf.de/files/Bildungsoffensive fuer die digitale Wissensgesellschaft.pdf

Calder, N. (2015). Apps: Appropriate, Applicable, and Appealing? In T. Lowrie & R. Jorgensen (Eds.),
Digital Games and Mathematics Learning (pp. 233-250). Springer Netherlands. https://doi.
org/10.1007/978-94-017-9517-3_12

Clements, D. H. (2002). Computers in early Childhood Mathematics. Contemporary Issues in Early Child-
hood, 3(2), 160—181. https://doi.org/10.2304/ciec.2002.3.2.2

Didactoons Games, S. L. (2022). Math Land: Basic Arithmetic. Times Tables Games for kids (02.28.003, Jul
26, 2022) [i0OS Mobile App]. https://apps.apple.com/us/app/math-land-basic-arithmetic/id1304367299

Drigas, A., & Pappas, M. (2015). A review of Mobile Learning Applications for Mathematics. International
Journal of Interactive Mobile Technologies (iJIM), 9(3). https://doi.org/10.3991/ijim.v9i3.4420

Drijvers, P. (2019). Head in the clouds, feet on the ground — A realistic view on using digital tools in math-
ematics education. In A. Biichter, M. Glade, R. Herold-Blasius, M. Klinger, F. Schacht, & P. Scherer
(Hrsg.), Vielfiltige Zugdnge zum Mathematikunterricht (S. 163—176). Springer Fachmedien Wiesbaden.
https://doi.org/10.1007/978-3-658-24292-3 12

Drijvers, P., & Sinclair, N. (2023). The role of digital technologies in mathematics education: Purposes and
perspectives. ZDM — Mathematics Education. https://doi.org/10.1007/s11858-023-01535-x

Dubé¢, A. K., Kacmaz, G., Wen, R., Alam, S. S., & Xu, C. (2020). Identifying quality educational apps: Les-
sons from ‘top’ mathematics apps in the Apple App store. Edu- cation and Information Technologies,
25(6), 5389—-5404. https://doi.org/10.1007/s10639-020-10234-z

European Commission (2016). Fostering the creative use of new technologies. https://national-policies.
eacea.ec.europa.eu/youthwiki/chapters/germany/87-fostering-the-creative-use-of-new-technologies

Freudenthal, H. (1981). Major problems of mathematics education. Educational Studies in Mathematics,
12(2), 133-150. https://doi.org/10.1007/BF00305618

Gotze, D., & Baiker, A. (2021). Language-responsive support for multiplicative thinking as unitizing: Results
of an intervention study in the second grade. ZDM — Mathematics Education, 53(2), 263-275. https://
doi.org/10.1007/s11858-020-01206-1

Green, L. S., Hechter, R. P., Tysinger, P. D., & Chassereau, K. D. (2014). Mobile app selection for 5th through
12th grade science: The development of the MASS rubric. Computers & Education, 75, 65-71. https://
doi.org/10.1016/j.compedu.2014.02.007

Hekimoglu, S., & Sloan, M. (2005). A compendium of views on the NCTM standards. The Mathematics
Educator, 15(1), 35-43.

Highfield, K., & Goodwin, K. (2013). Apps for mathematics learning: A review of ‘educational” apps from
the iTunes app store. In V. Steinle, L. Ball, & C. Bardini (Eds.), Proceedings of the 36th annual confer-
ence of the Mathematics Education Research Group of Australasia (pp. 378-385). MERGA.

Hillmayr, D., Ziernwald, L., Reinhold, F., Hofer, S. I., & Reiss, K. M. (2020). The potential of digital tools
to enhance mathematics and science learning in secondary schools: A context-specific meta-analysis.
Computers & Education, 153, 103897. https://doi.org/10.1016/j.compedu.2020.103897

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.46328/ijtes.266
https://doi.org/10.46328/ijtes.266
https://doi.org/10.3389/fpsyg.2023.1074371
https://doi.org/10.1207/S15327833MTL0202_6
https://doi.org/10.1007/s10758-017-9312-5
https://www.bmbf.de/files/Bildungsoffensive_fuer_die_digitale_Wissensgesellschaft.pdf
https://doi.org/10.1007/978-94-017-9517-3_12
https://doi.org/10.1007/978-94-017-9517-3_12
https://doi.org/10.2304/ciec.2002.3.2.2
https://apps.apple.com/us/app/math-land-basic-arithmetic/id1304367299
https://doi.org/10.3991/ijim.v9i3.4420
https://doi.org/10.1007/978-3-658-24292-3_12
https://doi.org/10.1007/s11858-023-01535-x
https://doi.org/10.1007/s10639-020-10234-z
https://national-policies.eacea.ec.europa.eu/youthwiki/chapters/germany/87-fostering-the-creative-use-of-new-technologies
https://national-policies.eacea.ec.europa.eu/youthwiki/chapters/germany/87-fostering-the-creative-use-of-new-technologies
https://doi.org/10.1007/BF00305618
https://doi.org/10.1007/s11858-020-01206-1
https://doi.org/10.1007/s11858-020-01206-1
https://doi.org/10.1016/j.compedu.2014.02.007
https://doi.org/10.1016/j.compedu.2014.02.007
https://doi.org/10.1016/j.compedu.2020.103897

D. Walter, U. Schwatzer

Kilpatrick, J. (2014). Mathematics Education in the United States and Canada. In A. Karp & G. Schubring
(Eds.), Handbook on the History of Mathematics Education (pp. 323-334). Springer New York. https://
doi.org/10.1007/978-1-4614-9155-2

Kilpatrick, J., Swafford, J., & Findell, B. (2001). Adding it up: Helping children learn mathematics. National
Academies.

Kim, J., Gilbert, J., Yu, Q., & Gale, C. (2021). Measures Matter: A Meta-analysis of the effects of Educational
apps on Preschool to Grade 3 children’s literacy and Math skills. AERA Open, 7, 233285842110041.
https://doi.org/10.1177/23328584211004183

KMK - Konferenz der Kultusminister der Lander der Bundesrepublik Deutschland [Conference of the
Ministers of Education and Cultural Affairs of the Laender of the Federal Republic of Germany].
(2022). Bildungsstandards fiir das Fach Mathematik Primarbereich [Educational standards for
the subject mathematics at primary level]. https://www.kmk.org/fileadmin/veroeffentlichungen
beschluesse/2022/2022_06_23-Bista-Primarbereich-Mathe.pdf

Krauthausen, G. (1991). Software Im Mathematikunterricht: Eine Betrachtung Aus Fachdidaktischer Sicht
[Software in mathematics education: A view from the perspective of subject didactics]. Computer Bil-
dung/Schulpraxis, Heft 5/6, 36-41.

Krauthausen, G. (2013). Digital tools in elementary mathematics education. In: J. Novotna & H. Moraova
(Eds.), Tasks and tools in elementary mathematics. Proceedings of the International Symposium Ele-
mentary Maths Teaching (SEMT 13) (pp. 33-44). Charles University, Faculty of Education.

Landis, J. R., & Koch, G. G. (1977). The measurement of Observer Agreement for Categorical Data. Biomet-
rics, 33, 159. https://doi.org/10.2307/2529310

Larkin, K. (2014). iPad apps that promote mathematical knowledge? Yes, they exist! APMC, 19(2), 28-32.

Larkin, K. (2015). An App! An App! My Kingdom for An App: An 18-Month Quest to Determine
Whether Apps Support Mathematical Knowledge Building. In T. Lowrie & R. Jorgensen (Hrsg.),
Digital Games and Mathematics Learning (Bd. 4, S. 251-276). Springer Netherlands. https://doi.
org/10.1007/978-94-017-9517-3 13

Larkin, K., & Milford, T. (2018). Mathematics Apps—Stormy with the Weather Clearing: Using Cluster
Analysis to Enhance App Use in Mathematics Classrooms. In N. Calder, K. Larkin, & N. Sinclair
(Eds.), Using Mobile Technologies in the Teaching and Learning of Mathematics (pp. 11-30). Springer
International Publishing. https://doi.org/10.1007/978-3-319-90179-4 2

Larkin, K., Kortenkamp, U., Ladel, S., & Etzold, H. (2019). Using the ACAT Framework to evaluate the
design of two geometry apps: An exploratory study. Digital Experiences in Mathematics Education,
5(1), 59-92. https://doi.org/10.1007/s40751-018-0045-4

Lisarelli, G. (2023). Transition tasks for Building bridges between Dynamic Digital representations and
cartesian graphs of functions. Digital Experiences in Mathematics Education. https://doi.org/10.1007/
s40751-022-00121-2

Moyer-Packenham, P., & Westenskow, A. (2016). Revisiting the effects and affordances of virtual manipula-
tives for mathematics learning. In K. Terry, & A. Cheney (Eds.), Utilizing virtual and personal learning
environments for optimal learning (pp. 186-215). Information Science Reference.

Moyer-Packenham, P. S., Shumway, J. E., Bullock, E., Tucker, S. 1., Anderson-Pence, K. L., Westenskow,
A., Boyer-Thurgood, J., Maahs-Fladung, C., Symanzik, J., Mahamane, S., Macdonald, B., & Jordan,
K. (2015). Young Children’s Learning Performance and Efficiency when using virtual manipulative
mathematics iPad apps. Journal of Computers in Mathematics and Science Teaching, 34(1), 41-69.

Mullis, I. V. S., Martin, M. O., Foy, P., Kelly, D. L., & Fishbein, B. (2020). TIMSS 2019 International Results
in Mathematics and Science. Retrieved from Boston College, TIMSS & PIRLS International Study
Center  website:  https://timss2019.org/reports/wp-content/themes/timssandpirls/download-center/
TIMSS-2019-International-Results-in-Mathematics-and-Science.pdf

Namukasa, I. K., Gadanidis, G., Sarina, V., Scucuglia, S., & Aryee, K. (2016). Selection of Apps for Teaching
Difficult Mathematics Topics: An Instrument to Evaluate Touch-Screen Tablet and Smartphone Math-
ematics Apps. In P. S. Moyer-Packenham (Ed.), International Perspectives on Teaching and Learning
Mathematics with Virtual Manipulatives (pp. 275-300). Springer International Publishing. https://doi.
org/10.1007/978-3-319-32718-1_12

National Council of Teachers of Mathematics (Eds.). (2000). Principles and standards for school mathemat-
ics. National Council of Teachers of Mathematics.

Nikolopoulou, K., Gialamas, V., Lavidas, K., & Komis, V. (2021). Teachers’ readiness to adopt Mobile
Learning in classrooms: A study in Greece. Technology Knowledge and Learning, 26(1), 53—77. https://
doi.org/10.1007/s10758-020-09453-7

Noll, J., Schnell, S., Gould, R., & Makar, K. (2022). New ways of interacting with data, context, and chance
in statistical modeling processes. Mathematical Thinking and Learning, 24(4), 331-335. https://doi.org
/10.1080/10986065.2021.1922855

@ Springer


https://doi.org/10.1007/978-1-4614-9155-2
https://doi.org/10.1007/978-1-4614-9155-2
https://doi.org/10.1177/23328584211004183
https://www.kmk.org/fileadmin/veroeffentlichungen_beschluesse/2022/2022_06_23-Bista-Primarbereich-Mathe.pdf
https://www.kmk.org/fileadmin/veroeffentlichungen_beschluesse/2022/2022_06_23-Bista-Primarbereich-Mathe.pdf
https://doi.org/10.2307/2529310
https://doi.org/10.1007/978-94-017-9517-3_13
https://doi.org/10.1007/978-94-017-9517-3_13
https://doi.org/10.1007/978-3-319-90179-4_2
https://doi.org/10.1007/s40751-018-0045-4
https://doi.org/10.1007/s40751-022-00121-2
https://doi.org/10.1007/s40751-022-00121-2
http://2019.org/reports/wp-content/themes/timssandpirls/download-center/TIMSS-2019-International-Results-in-Mathematics-and-Science.pdf
http://2019.org/reports/wp-content/themes/timssandpirls/download-center/TIMSS-2019-International-Results-in-Mathematics-and-Science.pdf
https://doi.org/10.1007/978-3-319-32718-1_12
https://doi.org/10.1007/978-3-319-32718-1_12
https://doi.org/10.1007/s10758-020-09453-7
https://doi.org/10.1007/s10758-020-09453-7
https://doi.org/10.1080/10986065.2021.1922855
https://doi.org/10.1080/10986065.2021.1922855

Mathematics Apps Under the Magnifying Glass — An Analysis of the...

OECD. (2019). PISA 2018 results (volume 1): What students know and can do, PISA. OECD Publishing.
https://doi.org/10.1787/5f07c¢754-en

Outhwaite, L. A., Early, E., Herodotou, C., & Van Herwegen, J. (2023). Understanding how educational
maths apps can enhance learning: A content analysis and qualitative comparative analysis. British Jour-
nal of Educational Technology, 54(5), 1292—1313. https://doi.org/10.1111/bjet.13339

Papadakis, S. (2021). Tools for evaluating educational apps for young children: A systematic review of
the literature. Interactive Technology and Smart Education, 18(1), 18-49. https://doi.org/10.1108/
ITSE-08-2020-0127

Reinhold, F., Hoch, S., Werner, B., Richter-Gebert, J., & Reiss, K. (2020). Learning fractions with and with-
out educational technology: What matters for high-achieving and low-achieving students? Learning
and Instruction, 65, 101264. https://doi.org/10.1016/j.learninstruc.2019.101264

Selter, C., & Walter, D. (2020). Supporting the mathematical learning processes by means of maths confer-
ences and maths language tools. In M. van den Heuvel-Panhuizen (Hrsg.), International Reflections on
the Netherlands Didactics of Mathematics (pp. 229-254). Springer International Publishing. https://doi.
org/10.1007/978-3-030-20223-1_13

Shahjad, & Mustafa, K. (2022). A systematic literature review on learning apps evaluation. Journal of Infor-
mation Technology Education: Research, 21, 663—700. https://doi.org/10.28945/5042

Sinclair, N. (2021). TouchTimes. Tangible Multiplication (1.02, Feb 1,2021). [iOS Mobile App]. https://apps.
apple.com/us/app/touchtimes/id1469862750

Sinclair, N., & Patterson, M. (2018). The dynamic geometrisation of computer programming. Mathematical
Thinking and Learning, 20(1), 54—74. https://doi.org/10.1080/10986065.2018.1403541

Steenbergen-Hu, S., & Cooper, H. (2013). A meta-analysis of the effectiveness of intelligent tutoring systems
on K—12 students’ mathematical learning. Journal of Educational Psychology, 105(4), 970-987. https://
doi.org/10.1037/a0032447

Trouche, L., Drijvers, P., Gueudet, G., & Sacristan, A. 1. (2012). Technology-Driven Developments and
Policy Implications for Mathematics Education. In M. A. Clements, A. J. Bishop, C. Keitel, J. Kilpat-
rick, & F. K. S. Leung (Hrsg.), Third International Handbook of Mathematics Education (pp. 753-789).
Springer New York. https://doi.org/10.1007/978-1-4614-4684-2 24

Turgut, M., Smith, J. L., & Andrews-Larson, C. (2022). Symbolizing lines and planes as linear combinations
in a dynamic geometry environment. The Journal of Mathematical Behavior, 66, 100948. https://doi.
org/10.1016/j.jmathb.2022.100948

Walter, D. (2018). How Children Using Counting Strategies Represent Quantities on the Virtual and Physi-
cal ‘Twenty Frame’. In L. Ball, P. Drijvers, S. Ladel, H.-S. Siller, M. Tabach, & C. Vale (Eds.), Uses of
Technology in Primary and Secondary Mathematics Education (pp. 119-143). Springer International
Publishing. https://doi.org/10.1007/978-3-319-76575-4 7

Walter, D., & Schwitzer, U. (2023). Mathematikapps fiir die Grundschule analysieren [Analysing maths apps
for primary school]. Zeitschrift fiir Mathematikdidaktik in Forschung und Praxis [Journal for Math-
ematics Education in Research and Practice]. https://doi.org/10.48648/YHP7-0G75

Winter, H. (1984). Begriff Und Bedeutung Des Ubens Im Mathematikunterricht. Mathematik Lehren, 2,
4-16. Concept and meaning of practising in mathematics.

Wittmann, E. C. (2021). Operative Proofs in School Mathematics and Elementary Mathematics. In E. C.
Wittmann, Connecting Mathematics and Mathematics Education (pp. 223-238). Springer International
Publishing. https://doi.org/10.1007/978-3-030-61570-3 11

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1787/5f07c754-en
https://doi.org/10.1111/bjet.13339
https://doi.org/10.1108/ITSE-08-2020-0127
https://doi.org/10.1108/ITSE-08-2020-0127
https://doi.org/10.1016/j.learninstruc.2019.101264
https://doi.org/10.1007/978-3-030-20223-1_13
https://doi.org/10.1007/978-3-030-20223-1_13
https://doi.org/10.28945/5042
https://apps.apple.com/us/app/touchtimes/id1469862750
https://apps.apple.com/us/app/touchtimes/id1469862750
https://doi.org/10.1080/10986065.2018.1403541
https://doi.org/10.1037/a0032447
https://doi.org/10.1037/a0032447
https://doi.org/10.1007/978-1-4614-4684-2_24
https://doi.org/10.1016/j.jmathb.2022.100948
https://doi.org/10.1016/j.jmathb.2022.100948
https://doi.org/10.1007/978-3-319-76575-4_7
https://doi.org/10.48648/YHP7-0G75
https://doi.org/10.1007/978-3-030-61570-3_11

	﻿Mathematics Apps Under the Magnifying Glass – An Analysis of the Inventory of Math Apps for Primary Schools Using German-Language Apps as A Case Study
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Theoretical Background
	﻿2.1﻿ ﻿Curricular Goals in Mathematics Education - Facilitated by Digital Media?
	﻿2.2﻿ ﻿Types of Practice
	﻿2.3﻿ ﻿Subject Didactic Potentials
	﻿2.4﻿ ﻿Current State of Research – Previous Inventory Analyses

	﻿3﻿ ﻿Design of the Study
	﻿3.1﻿ ﻿Research gap and Research Questions
	﻿3.2﻿ ﻿Procedure for Sampling and Process for Analyzing the Apps
	﻿3.3﻿ ﻿Data Analysis
	﻿3.4﻿ ﻿Insights into the Categorization Process

	﻿4﻿ ﻿Results
	﻿4.1﻿ ﻿Curricular Goals
	﻿4.2﻿ ﻿Types of Practice
	﻿4.3﻿ ﻿Subject Didactic Potentials

	﻿5﻿ ﻿Discussion
	﻿﻿6﻿ ﻿Appendix
	﻿References


