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Abstract

The integration of dynamic visualisations, feedback formats and digital tools is characteristic of state-of-the-art digital
mathematics textbooks. Although there already is evidence that students can benefit from these technology-based features
in their learning, the direct comparison between the use of a comparable digital and printed resource has not yet been
sufficiently investigated. We address this research gap by contrasting the use of an enriched digital textbook that includes
these features and comparable printed materials without them. To do so, we investigate the achievement of 314 students in
a pretest-posttest control group design in a five-hour series of lessons on conditional probability. Using the Rasch model
and mixed ANOVA, the results indicate that students can benefit from digital textbook features, especially compared to
the use of comparable printed materials. In line with other studies on mathematical achievement and the use of digital
resources, our study also shows differences between boys and girls. It seems that particularly girls benefit from the use
of the digital textbook, whereas, for the boys, it does not seem to make a difference what kind of resources they use. The
group and gender differences are discussed against the background of other studies considering that, especially in Bayesian
situations, the way statistical situations are visualised can be decisive for a student’s performance.

Keywords Bayesian reasoning - Curriculum resources - Digital tools - Electronic textbook - Gender disparities -
Influence of technology

1 Introduction

Current digital mathematics textbooks provide potential for
learning and teaching mathematics (Pepin et al., 2015; Rezat
et al., 2021; Yerushalmy, 2015). This potential is particu-
larly grounded in the digitally enriched features of digital
textbooks, such as the integration of dynamic mathematical
tools (Hillmayr et al., 2020), computer-based and adaptive
feedback (Van der Klejj et al., 2015), and dynamic visual-
izations (Berney & Bétrancourt, 2016; Castro-Alonso et al.,

>< Maxim Brnic
m.brnic@uni-muenster.de

Gilbert Greefrath
greefrath@uni-muenster.de

Frank Reinhold
frank.reinhold@ph-freiburg.de
University of Miinster, Miinster, Germany

University of Education Freiburg, Freiburg im Breisgau,
Germany

Published online: 23 January 2024

2019). While there is already evidence that these individual
features can have a positive impact on student performance
(Hillmayr et al., 2020), the direct comparison between such
a diversely digitally enriched resource and content-equiva-
lent and comparable printed material has hardly been stud-
ied so far (but consider, e.g., Kaplar et al., 2022; Reinhold
et al., 2020). This is particularly relevant considering that
the textbook can be of outstanding importance for everyday
school routines (Fan et al., 2013; Rezat et al., 2021).

The present study compares the use of a digital math-
ematics textbook with dynamic visualisations and feedback
options to the use of adapted, printed materials in the subject
area of conditional probability. A special approach of this
study is that each participating teacher conducted a five-
hour series of lessons in both research groups based on pre-
defined lesson plans, once with printed and once with digital
materials (see Sample and procedure). In addition, the study
is part of a larger project (KomNetMath), so the teachers
and their students were already familiar with the structure
and use of the materials at the time the study was held. The
focus is on the topic of conditional probabilities, where the
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type of visualisation can be of decisive importance for the
students’ achievement (Binder et al., 2015; Bocherer-Linder
& Eichler, 2019; McDowell & Jacobs, 2017; Spiegelhal-
ter et al., 2011). Thereby, it is still unclear in this domain
whether a dynamic visualisation is to be preferred to a static
visualisation (Biichter et al., 2022). Moreover, as achieve-
ment differences in the area of data and chance can be found
in favour of boys (Schipolowski et al., 2019; Stanat et al.,
2019), but at the same time there are indications that girls
can particularly benefit from digital curriculum resources
(e.g., Kaplar et al., 2022; Reinhold et al., 2020), the present
study investigates this interaction between this subject area
and such resource use, which has hardly been examined so
far, and focuses on possible gender differences.

2 Theoretical and empirical background
2.1 Digital mathematics textbooks

The textbook is considered a key resource for mathematics
teaching and learning (Fan et al., 2013; Rezat et al., 2021).
Teachers and students may draw on different curriculum
resources in the mathematics classroom, where curriculum
resources can be generalised as ,, all the material resources
that are developed and used by teachers and students in their
interaction with mathematics in/for teaching and learning,
inside and outside the classroom” (Pepin & Gueudet, 2018,
pp. 1-2). Among the curriculum resources, the textbook is
considered to be of outstanding importance. This is attrib-
uted to the fact that it has a mediating function between
the intended and the implemented curriculum, that is, the
actions of teachers and students as well as the processes that
take place in the classroom (Cai & Howson, 2013; Fan et
al., 2013). Thus, the textbook can be considered to have an
influence on the “what”, that is, what content is covered in
class, and on the “how”, that is, in what way the content is
covered in class (Chazan & Yerushalmy, 2014; Pepin et al.,
2015). These views on the importance of the textbook can
be applied to both printed and digital textbooks (Rezat et
al., 2021).

One plausible distinction between digital textbooks and
printed textbooks is the appearance of dynamic structural
elements in digital textbooks (Pohl & Schacht, 2019), for
example, animations or drag-and-drop tasks. Moreover,
multimedia elements and interactivity, as well as assessment
and feedback options, are seen as potentials of digital text-
books, along with ecological factors (Choppin et al., 2014;
Wijaya et al., 2022). We define second-generation digital
textbooks, which are not just a digitised version of printed
textbooks (Pepin et al., 2015), accordingly as follows:
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A digital mathematics textbook is a technology-
based curriculum resource for learning and teaching
mathematics. It provides enhancement features, such
as interactive and multimedia elements, feedback
options, adaptivity, and customisation features that
distinguish it from a printed textbook.

In particular, the integration of dynamic visualisations and
computer-based feedback can be seen as key differentiators
between digital and printed materials that have a relevant
impact on student learning (see, e.g., Berney & Bétrancourt,
2016; Castro-Alonso et al., 2019; Van der Kleij et al., 2015).

Dynamic visualisations can be used in mathematics
lessons to illustrate dynamic processes, for example, con-
cerning covariation, that is, how the change of one param-
eter affects other parameters, which can be relevant when
examining conditional probabilities (Biichter et al., 2022).
In printed textbooks, dynamic processes are represented
with the help of single or multiple static visualisations,
which cannot represent any change over time and can only
describe one state of an object (Rolfes et al., 2020). In con-
trast, dynamic visualisations can be integrated into a digital
textbook. These are differentiated in terms of whether they
are designed to be linear dynamic or interactive dynamic.
Linear dynamic visualisations represent a dynamic pro-
cess, but cannot be manipulated by the learner, for example,
watching a video. In contrast, interactive dynamic visualisa-
tions can be manipulated by the learner, for example, a Geo-
Gebra app with sliders (Rolfes et al., 2020). Meta-studies in
instructional psychology suggest that learners benefit more
from dynamic visualisations than from static visualisations
(Berney & Bétrancourt, 2016; Castro-Alonso et al., 2019).
This could be attributed to the implication that dynamic
visualisations provide more information than static visu-
alisations (Tversky et al., 2002) or that they facilitate the
cognitive demands of complex tasks in particular (Schnotz
& Rasch, 2008).

Feedback is perceived as one of the potentially most
influential factors on the learning process, with computer-
based feedback, in particular, being considered one of the
most effective types of feedback (Hattie, 2015; Hattie &
Timperley, 2007; Shute, 2008; Van der Kleij et al., 2015).
Feedback is “conceptualized as information provided by
an agent (e.g., teacher, peer, book, parent, self, experience)
regarding aspects of one’s performance or understanding”
(Hattie & Timperley, 2007, p. 81). However, the effective-
ness of feedback depends on the design of the feedback,
especially the information provided and the timing of the
feedback (Hattie & Timperley, 2007; Shute, 2008; Van der
Kleij et al., 2015). For textbooks, it is relevant to consider
task-specific feedback provided during or after the comple-
tion of a task (Shute, 2008). In digital textbooks, feedback
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can be provided immediately due to the computer-based
implementation. Immediate feedback is considered to be
more effective when working on more complex tasks and
for low-achieving students, while delayed feedback can be
more helpful when working on simpler tasks and for high-
achieving students (Shute, 2008). How students deal with
feedback depends in turn on the implementation of the
specific feedback (Jonsson & Panadero, 2018; Panadero &
Lipnevich, 2022). For example, a computer-based imple-
mentation of feedback can include the possibility of resub-
mission and thus differ from a printed implementation of
feedback (Panadero & Lipnevich, 2022). Consequently,
the content of the feedback message is determined by the
respective source (e.g., a digital textbook). For this reason,
the source of the feedback can be considered a crucial fac-
tor when studying a feedback process (Jonsson & Panadero,
2018; Panadero & Lipnevich, 2022; Van der Kleij & Lipn-
evich, 2021). The source influences the way feedback is
given and how it is perceived by the students. If students
perceive feedback in a visual as well as supportive way, so
that they use it, feedback can enhance the learning process
(Van der Kleij & Lipnevich, 2021).

Such features of digital mathematics textbooks, as
computer-based feedback and dynamic visualisations, are
intended to support learning (Yerushalmy, 2015). The effec-
tiveness of interactive digital curriculum resources with
such integrated tools is highlighted by Hillmayr et al. (2020)
who analysed studies with a pre-post control group design
with secondary school students. Initial study results explic-
itly comparing digital and printed materials in mathematics
education point to the effectiveness of digital textbooks and
their integrated tools (e.g., Kaplar et al., 2022; Reinhold et
al., 2020). Thus, in a study on the learning of fractions with
sixth graders, it could be shown that especially low-achiev-
ing students could benefit from the use of digital materials
with integrated scaffolds and feedback compared to the use
of an analogue printed adaptation or the use of a traditional
printed textbook regarding their achievement. Kaplar et al.
(2022) observed positive effects on students’ performance
in mathematical reasoning tasks in geometry for the same
age group using interactive materials with integrated feed-
back compared to using printed textbooks. These results are
in line with Jang et al. (2016), where the use of digital text-
books showed a positive influence on learning outcomes.

2.2 Gender differences in mathematical
achievement

The first studies on the use of digital textbooks were able to
identify a different influence on achievement (e.g., Brnic &
Greefrath, 2022a; Kaplar et al., 2022; Reinhold et al., 2020)
and a different usage behaviour between boys and girls (e.g.,

Hoch, 2020; Reinhold et al., 2020). The study by Kaplar et
al. (2022) indicates that female students were better than
boys at solving certain tasks after using the interactive mate-
rials. Reinhold et al. (2020) presented comparable results, as
girls developed better initial fraction concepts among high-
achieving students (in their study meaning students from the
highest school track—German Gymnasium). One possible
reason could be that girls and boys engage with the digital
textbook differently, that is, girls use the digital textbook
more conscientiously, for example by spending longer on
interactive tasks (Hoch, 2020) and boys are more likely to
be distracted—and start ‘gaming the system’—while girls
tend to show higher cognitive and behavioural engagement
(Reinhold et al., 2020).

In addition, the ICILS study shows in an international
comparison that girls have higher computer skills on aver-
age (Fraillon et al., 2020), which can be especially important
when dealing with digital curriculum resources. Preliminary
results of our project also indicated gender differences, for
example, that girls are particularly good at using digital
materials (Brnic & Greefrath, 2022a). Collectively, these
studies indicate that students’ gender is of interest when
investigating the use of digital curriculum resources in
mathematics.

Large-scale studies such as PISA often document a
significant difference in favour of boys in terms of math-
ematical achievement in international comparisons (OECD,
2019; Stoet & Geary, 2013). Reasons for gender differences
in mathematical achievement are attributed mainly to envi-
ronmental social and cultural factors, such as prejudices
that maths is a male domain (Kaiser & Zhu, 2022). This is
supported by the inconsistency in gender differences across
countries when looked at more deeply (OECD, 2019; Stoet
& Geary, 2013). For example, in Germany, where we con-
ducted the study reported here, significant differences are
found in the PISA 2018 results and boys show higher math-
ematical competencies on average than girls (OECD, 2019).

It is noteworthy, that in The Second National Assess-
ment of Mathematics and Science Proficiencies at the End
of Ninth Grade (IQB Bildungstrend) 2018 in Germany, the
largest differences between boys and girls were found in
the core theme of data and chance, which includes dealing
with Bayesian situations (Schipolowski et al., 2019; Stanat
et al., 2019); since we focus on conditional probabilities in
this study, the findings that boys showed higher skills in this
area than girls in a national comparison are of particular
relevance.

2.3 Conditional probability

Dealing with Bayesian situations corresponds to a field of
application that students not only encounter in mathematics
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lessons but is of actual relevance for professions such as
doctors or lawyers (Binder et al., 2015) or school teachers
(Leuders & Loibl, 2020). Here, it is necessary to conclude
from a binary information (e.g., test negative or positive)
to a binary hypothesis (e.g., ill or not ill) (Biichter et al.,
2022; Zhu & Gigerenzer, 2006). In Bayesian tasks the base
rate (frequency of disease), the true-positive rate P(test
positive|disease) and the false-positive rate P(test positive|no
disease) are typically given, whereby posterior prob-
abilities, such as the conditional probability P(disease|test
positive) or P(disease|test negative) for a judgement are cal-
culated. Since the posterior probabilities depend on the base
rate, which is usually low in medical contexts, the posterior
probabilities are often underestimated (Cosmides & Tooby,
1996; Gigerenzer & Hoffrage, 1995). The posterior prob-
abilities can be calculated with the help of Bayes’ theorem
or with the help of appropriate visualisations, such as the
tree diagram or 2 X2 tables (e.g., see Binder et al., 2015;
Bocherer-Linder & Eichler, 2017).

The use of visualisations is a strategy that can increase
the solution rate on Bayesian tasks; McDowell and Jacobs
(2017) found an increase in the solution rate of 23%. How-
ever, which type of visualisation is most promising is
debated in current studies (e.g., Binder et al., 2015, 2020;
Bocherer-Linder & Eichler, 2019; Spiegelhalter et al.,
2011). The extent to which the set-subset relation is made
comprehensible through the visualisation can have a per-
formance-enhancing function for the students’ achievement
(McDowell & Jacobs, 2017). In this context, it also matters
to what extent a visualisation provides sufficient informa-
tion, for example, further graphical or numerical informa-
tion, for the student (Khan et al., 2015). We assume that
when static and dynamic visualisations are compared, the
type of information differs because interactivity can gen-
erate more information. However, the results on whether
interactive visualisations actually help in conditional prob-
ability tasks are still limited and contradictory (Biichter et
al., 2022).

3 The present study

The integration of additional interactive elements, such
as dynamic visualisations and feedback opportunities, in
a digital textbook aims to provide additional support for
the teaching and learning of mathematics (Rezat et al.,
2021; Yerushalmy, 2015). To investigate this influence, we
designed a study that contrasts the use of printed and digital
materials and investigates the impact on students’ achieve-
ment. So far, the relationship between achievement and
textbook use has been investigated in only a few studies, as
direct comparison presents methodological challenges, such
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as the equitable comparison of printed and digital materials
in terms of content and visual comparison (Castro-Alonso
et al., 2016; Fan et al., 2013; Rezat et al., 2021). To be able
to distinguish effects between a digital textbook, which is
enriched with dynamic visualisations and feedback options,
and a printed material, we have developed a paper-based
textbook with the same content that is visually comparable.
The study focuses on the topic of conditional probabilities,
as especially in Bayesian situations, the visualisation of the
statistical situations through the representation of the set-
subset relation can be decisive for a student’s performance
(Binder et al., 2015; Bocherer-Linder & Eichler, 2019).
Consequently, we ask the following research question:

1. What are the effects of dynamic visualisations, feed-
back formats and digital tools used in a digital textbook
on students’ mathematics achievement in a series of les-
sons on conditional probability?

These effects are examined in a comparison to the use of
analogue, printed materials. We assume that the use of the
digital textbook has a greater positive effect on student per-
formance than the use of the printed textbook, because of
the integration of computer-based feedback and dynamic
visualisations (Berney & Bétrancourt, 2016; Castro-Alonso
et al., 2019; Hattie, 2015; Van der Kleij et al., 2015). In
addition, particularly the use of visualisations in conditional
probabilities is a strategy that promotes learning (McDowell
& Jacobs, 2017), and we assume that the interactive ele-
ments provide additional helpful information (Khan et al.,
2015).

As previous studies on the use of digital curriculum
resources give first indications that boys and girls use digital
textbooks differently and that this can result in achievement
differences between boys and girls (Hoch, 2020; Kaplar
et al., 2022; Reinhold et al., 2020; Reinhold et al., 2020),
and large-scale studies in Germany in particular have found
gender-specific achievement differences (OECD, 2012;
Schipolowski et al., 2019; Stanat et al., 2019), the research
question is extended to question whether there is a differ-
ence between boys’ and girls’ achievement when working
with digital or printed resources.

2. What are the effects of dynamic visualisations, feed-
back formats and digital tools used in a digital textbook
on students’ mathematics achievement, especially con-
sidering gender, in a series of lessons on conditional
probability?

The extension of the research question thus addresses the
research gap of how the combination of digital curriculum
resources and dealing with content from the field of data
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and chance affects the performance of boys and girls. Based
on the previous evidence on the usage behaviour of digital
textbooks, such as working more conscientiously with the
digital supplementary elements (Hoch, 2020; Reinhold et
al., 2020), we assume that girls can benefit more from the
digital textbook in our setting. Such effects may occur espe-
cially when dealing with conditional probabilities, as we
suspect that the affordances of the digital textbook may be
of particular relevance in the case of conditional probabili-
ties. Since the participating students have already used the
digital textbook before the study, the advantages in favour
of boys found in large-scale achievement studies should not
be present at the beginning of our study.

4 Method
4.1 Sample and procedure

The study presented here from the school years 2020/21 and
2021/22 is part of the project KomNetMath, which inves-
tigates the use of the digital textbook Net-Mathebuch in
mathematics lessons (see Brnic, in preparation). For this
purpose, 22 teachers and their students from Germany were
provided with this digital textbook for a complete school
year so that they could use it regularly in class. The teachers
voluntarily participated in the project KomNetMath. In the
study presented here, the focus is on the impact of working
with a digital textbook on student achievement.

The sample consists of a total of 314 students from Ger-
many who participated in all parts of this study (154 female,
M4, =15.62, 8D,,, = 0.77). Of these students, 180 were in
grade 10 of the Gymnasium and 134 students were in grade
11 of the Gesamtschule (comprehensive school). In each
case, this is the first year of the upper secondary school, so
these grades can be classified as equivalent. Two of these
students did not indicate their gender and four of these stu-
dents identify themselves as non-binary, so no group com-
parisons are possible with these students.

To answer the research question, an already existing
chapter of the digital textbook Net-Mathebuch on con-
ditional probabilities was redeveloped together with the
authors of the digital textbook, who are experienced math-
ematics teachers, and a five-hour (2 45 min) lesson series
was developed based on this chapter. The series of lessons
builds on previous knowledge of the 2 X2 table and the tree
diagram. These two visualisations were mainly used at all
project schools. The series of lessons introduces the concept
of conditional probability and aims to build an understand-
ing of how conditional probabilities can be calculated using
2x2 tables and tree diagrams. In addition, the lessons are
characterised by the students working out how to deal with

conditional probabilities using authentic examples of appli-
cations such as the HIV test, DNA analysis or a diabetes
test; there is a special focus on how to vary the types of
representations and feedback.

Before and after the series of lessons, an achievement
test on conditional probabilities was conducted (see Instru-
ment and statistical analyses). Based on the results of the
pretest and taking into account an equal gender distribution,
the students from each mathematics class were divided into
two comparably achieving groups. One half of the class
then formed the digital group and worked with the Net-
Mathebuch in the lesson series. The other half of the class
worked with a printed adaptation of the Net-Mathebuch
in the lesson series. This group will be referred to as the
printed group in the following. The digital group consisted
of 154 students (74 female, M,,, = 15.59, SD,,, = 0.77)
while the printed group included 160 students (80 female,
Mg, =15.62, 8D,,, = 0.74).

The digital and printed groups were taught in separate
rooms by their teacher for the series of lessons. The same
teacher taught the same lessons to both groups, once with
the digital textbook and once with printed materials, based
on predefined lesson plans (see Fig. 1). All students have
thus worked on the same tasks in the lesson series.

In lessons I and IV, which were held without the teacher,
the students continued to work independently. During this
time, they were accompanied by a research assistant. The
students were given exercises that were related to the les-
son with the teacher and whose solutions they could check
on their own with the digital or printed textbook. But even
in the lessons with the teacher, the students should work as
independently as possible to minimise the teacher’s influ-
ence. The design sequence was varied so that lesson t,
took place first in the digital group in 12 courses, as shown
in Fig. 1, and in the printed group in 11 courses so that
sequence effects in this respect can be excluded.

4.2 Material

The digital mathematics textbook Net-Mathebuch (NET-
Schulbuch.DE gUG, 2021) is an exclusively digitally devel-
oped textbook. It covers the complete content for the upper
secondary level in Germany to achieve the highest school-
leaving certificate, the Abitur. The digital textbook is char-
acterised by the fact that it has integrated not only static
but also dynamic structural elements (see Pohl & Schacht,
2019). Thus, it offers many of the potentials of digital text-
books, such as feedback options and interactivity (Choppin
et al., 2014). As GeoGebra is integrated as a digital tool in
the textbook, the interactive tasks and visualisations were
partly implemented with this software. Examples of how
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- teacher teacher
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Fig. 1 Design of the study

Table 1 Potentials of digital mathematics textbooks and their imple-
mentation in the Net-Mathebuch (see Brnic & Greefrath, 2022b)

Potentials of digital Examples from the Net-Mathebuch
textbooks

Use of Multimedia

Learning videos; animations; simula-
tions; pop-up windows and tool tips;
gap texts; slide shows;...

Interactivity Interactive tasks, for example, through
GeoGebra apps; tasks with selection
options through checkboxes or radio
buttons; drag and drop tasks;...

Ongoing Assessment Integration of different types of feed-

and Reporting of Student back; print and save option;...

Progress

selected potentials have been implemented in the Net-
Mathebuch are shown in Table 1.

The newly developed chapter on conditional probabili-
ties from the Net-Mathebuch that is relevant for this study
was transformed into an analogue printed version that the
printed group worked with when conducting the study. As
the comparison of static and dynamic representations pres-
ents methodological challenges and can generate a bias
towards one of the representations (Castro-Alonso et al.,
2016), care was taken in the development of the printed
adaptation to ensure that it matched the digital model.
The idea was that the printed material should cover identi-
cal content but without digital features. In the adaptation,
it was ensured that, in addition to copying the same tasks,
the colour scheme, the same illustrations and comparable
proportions were adopted, and that the structure of the digi-
tal Net-Mathebuch was reflected in the printed version (see
Castro-Alonso et al., 2016; Reinhold et al., 2020).

Key differentiators between the digital and printed ver-
sions concern the use of the medium, the possibilities for
interaction and the way feedback is provided (see Fig. 2).
The digital textbook is opened via the browser and can thus
be used on the laptop or tablet, for example. The adapta-
tion is a printed version on paper, which was compiled in a
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binder. In addition, dynamic visualisations were transferred
to static visualisations. For example, for a GeoGebra app in
which different values can be set using sliders, several static
images of the app were shown on paper, which show differ-
ently set states (see Fig. 3).

In the digital textbook, students can have their solutions
checked immediately for correctness or incorrectness by
entering them in corresponding solution fields (see Fig. 4).
In addition, students can call up hints for the solution pro-
cess immediately. In contrast, in the printed material, corre-
sponding hints and solution pages are integrated, which can
be opened separately by the students in the binder.

4.3 Implementation check

Teacher training can be a crucial part of the successful
implementation of digital curriculum resources (Hillmayr et
al., 2020). Such teacher training was offered to the teachers
to support the use of the Net-Mathebuch in the classroom,
where they learned about the design and use of the digital
textbook. These training sessions took place at the begin-
ning, middle and end of the school year and were conducted
by the authors of the textbook. The students and their math-
ematics teachers had already been using the digital textbook
for at least one month at the time of the intervention.

Due to the analogue visual design and comparable struc-
ture, we assume that the printed adaptation also looked
familiar to the students and teachers, especially as they
should have broad experience in working with printed mate-
rials through their previous school careers. In summary, this
should mean that they do not have to learn how to use the
printed or digital materials during the intervention.

However, there were no guidelines on how the teachers
should use the Net-Mathebuch with their students previ-
ously in class. Such specifications were only made for the
intervention presented here. Through the additional supervi-
sion by a research assistant during the series of lessons, it
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Fig. 2 Comparison of the digital
textbook Net-Mathebuch and the
adapted printed version

Bayes-Wahrschefnlichkeit - Aufasben
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was at least possible to monitor the use of the materials in
the independent work lessons. In addition, the students were
given a checklist in which they could tick off the tasks com-
pleted in the lesson series. These checklists could be pro-
vided to the research team by the students voluntarily. On
average, 87% (Median 95%) of all tasks were completed.

4.4 Instrument and statistical analyses

In a pretest-posttest design, the achievement of the stu-
dents is measured before and after the series of lessons on

=
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conditional probabilities. The pretest and posttest were pre-
viously piloted and then further developed for this study.
Both tests consist of 13 items each, whereby the pretest and
the posttest are linked with the help of five anchor items.
Therefore, in the first step, we analyse the data using item
response theory, specifically with the Rasch model, so that
the results of the pretest and posttest can be represented on
one scale (see Bond & Fox, 2015; Rasch, 1960). In the sec-
ond step, the data are analysed using classical test theory
(see Doring, 2023).
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Fig. 3 Example of a Geogebra Abbreviations

app (translated) i HIV+
not ill HIV-
test positive T+
test negative T-
0.1

L

P(K+) = base rate = 0.1

P(T+IK+) = true positive rate = 0.9
o

P(T- | K-) = true negative rate = 0.9

Probability of being
HIV-infected if the
test is positive
=P(HIV+IT+)
=05

Probability of not being

HIV-infected if the
test is negative
o\ =P(HIV-1T-)

[ 0.01 }

"T+ ‘ T ] =0.988
(009 ] 0.81
A- Total

Fig.4 Examples of buttons for
checking results and showing A+
hints (translated)
B+
B-
Total

check delete solve

Are you stuck when solving the 2x2 table?

The pretest and the postest were each compiled in two
different versions as a paper-pencil test, in which only the
order of the items differs. The content of the test is designed
to test the content of the lesson series. In the pretest, there
are more items on the students’ previous knowledge of con-
structing tree diagrams and 2 X 2 tables, and in the posttest
there are mainly items in which dealing with conditional
probabilities is required.! The items are in single-choice or
short answer format and were coded dichotomously with
one exception. One more complex item was polytomously
coded with an intermediate level (0, 1, 2). For this item,
students were asked to transfer percentages from a 2x2

' An overview of the tasks of the tests and further sample tasks can be
found in supplementary material A1 and A2.
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table to a tree diagram and calculate the missing conditional
probabilities (see Fig. 5). The correct transfer was scored
with code 1, and the additional correct calculation of the
conditional probabilities with code 2.

Using the partial credit Rasch model (Rasch, 1960), the
data are scaled using the software ACER ConQuest 5. In
the first step, the item parameters were estimated to check
the fit of the individual items and to test unidimensionality,
meaning whether all items test the same latent construct.
For this purpose, the weighted mean square (WMNSQ) was
analysed, which describes whether the individual item fits
the model well, that is, whether the observed value for a
solution fits the expected response probability. In addition,
the item-total correlation was considered as an index for
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Fig.5 Anchor item from the pre-

and posttest (translated) TV series

Viewers are asked after the last episode of a popular TV series whether they are
satisfied with the outcome of the series. The results of this survey are presented in

the following 2 x 2 table.

positive view negative view total
25 years or
10% 9% 19%
younger
older than 25

59 % 22% 81%

years
total 69 % 31% 100 %

Fill in the following tree diagram using the data from the 2 x 2 table.

discriminatory power. The wMNSQ should have values
between 0.8 and 1.2 and the discriminatory power should
be above 0.2 (OECD, 2012). As one item did not meet these
criteria, it is excluded from the model. All other items are
assumed to measure the same latent construct (performance
on conditional probabilities) (Bond & Fox, 2015).

In the next step, the partial credit Rasch model was used
to estimate an ability parameter representing achievement

in the tests for each person. The EAP/PV reliability, which
compares the estimated variance with the actual variance,
is 0.54, which is sufficient for group comparisons (Lienert
& Raatz, 1998, p. 14). The estimated abilities are used for
further analyses and group comparisons using classical test
theory. To determine the group differences concerning the
two measurement time points pretest and posttest, a mixed
ANOVA was performed, taking into account the factors
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Table 2 Results of the pretest and posttest for the intervention groups
and boys and girls

Variable pretest posttest
My,  SDy, My, SDy, N

Total -0.66 1.00 -0.32 1.02 314
Intervention Groups

Digital Group -0.65 1.08 -0.20 1.00 154

Printed Group -0.67 093 -0.44 1.02 160
Gender

Girls -0.72 097 -0.38 1.05 154

Boys —0.60 1.03 -0.27 0.99 160

Note. This table shows the estimated abilities in the logit unit.>? A
higher score is linked to higher achievement in the tests.

2 The logit unit represents a transformation of the test scores, whereby
the estimated abilities can take on values between (-o0, ).

of gender and group. The software JASP was used for this
purpose.

5 Results

We questioned to what extent using a digital textbook with
integrated dynamic visualisations and feedback formats
compared to using a printed mathematics textbook, influ-
ences the students’ achievement. For this purpose, we had
students take a test before and after a series of lessons on
conditional probability.

5.1 Mathematical achievement in the digital and
printed group

We expected that the students in the digital group would
make greater achievement gains due to the additional digi-
tally enriched features of the digital textbook. As Table 2 and
a mixed ANOVA reveal, the students in the digital group,
in fact, were able to show higher achievement compared to
the printed group in the posttest. Thus, the mixed ANOVA

shows a significant small effect for the corresponding inter-
action between group and measurement time points, F(1,
310)=5.59, p=.02, partial n°=0.02. In addition, there is a
significant main effect of time, F(1, 310)=52.20, p <.001,
partial n”=0.02, and a non-significant main effect of the
group, F(1, 310)=1.48, p=.26, partial n°<0.01. The
hypothesis that working on conditional probabilities with
the digital textbook and its integrated features leads to higher
achievement than working with a printed textbook with the
same content can thus be confirmed and is discussed below.

Post hoc tests using the Holm-Boferroni correction show
that from the first to the second time point the printed group
(#(159) = -3.47, p<.01, d=0.23) and the digital group
improved significantly (#(153) = -6.71, p<.001, d=0.45)
meaning that in both groups the students acquired additional
competencies in dealing with conditional probabilities with
a small effect.

5.2 Mathematical achievement of boys and girls

Furthermore, we asked to what extent it makes a difference
for boys and girls whether they use the printed or digital text-
book. At the time of the pretest before conducting the series
of lessons, there are no significant differences between boys
and girls, #(313) = -1.13, p=.52, d=0.13. However, the
choice of the respective materials has an influential effect
on the achievement gain between the genders. The mixed
ANOVA shows that there is a significant interaction with
a small effect between the factors time, gender and group,
F(1, 310)=4.09, p=.04, partial  =0.01. The interaction
between the measurement points and gender is not signifi-
cant, F(1, 310)=0.05, p=.83, partial ° <0.001.

Post hoc tests using the Holm-Bonferroni correction to
the trajectories shown in Fig. 6, show that boys improved
significantly in the digital group, #79) = -3.71, p<.01,
d=0.34, and in the printed group, #79) = -3.37, p=.02,
d=0.31, with a small effect. In contrast, the girls improved

Fig.§ Pretest andiposttesit results Girls Boys
of girls and boys in both interven-
tion groups 0.0 4
Note.gErrEr bars %n Fig. 6 show 0.1 4 o PrintedGroup —8? : . Group
95% confidence intervals 02 - e Digital 0'2 ©) Prlr?ted
V.27 ® Digital
'03 ] _03 —
-0.4 4 -0.4
-0.5 -0.5 4
-0.6 -0.6 -
-0.7 07 -
-0.8 -0.8
-0.9 - 09 -

{ |
pretest posttest

repeated measures
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only in the digital group, #(73) = -5.74, p<.001, d=0.55,
with a medium effect. In the printed group, the girls did not
improve significantly, #(79) = -0.09, p=1.00, d=0.14.

6 Discussion

State-of-the-art digital mathematics textbooks are charac-
terised by the integration of digitally enriched features, such
as interactive elements and feedback options (Choppin et
al., 2014; Wijaya et al., 2022). Our study aimed to investi-
gate to what extent the use of such features has an impact
on student achievement compared to the use of one-to-one
adapted, printed materials—with an additional focus on
gender differences. This was investigated in the context of
a series of lessons on conditional probabilities, since in this
content area, in particular, the type of visualisation, which
can be enriched in digital form by additional information,
can have a decisive influence on the students’ understanding
(see Binder et al., 2015; Bocherer-Linder & Eichler, 2019;
Khan et al., 2015; McDowell & Jacobs, 2017).

6.1 Digital textbook or printed materials

The results indicate that the students in both groups were
able to increase their achievement in dealing with condi-
tional probabilities. Thus, the lesson series and the design
can be classified as functional for working on conditional
probabilities. The overall low estimated abilities, which
were already present in the pretest, indicate the students’ dif-
ficulties in dealing with stochastic situations and conditional
probabilities (Cosmides & Tooby, 1996; Gigerenzer & Hof-
frage, 1995; McDowell & Jacobs, 2017). This assumption is
also supported by the rather small effects found in this study.

Nevertheless, the results of this study show empirical
evidence that students could additionally benefit from the
additional elements of a digital textbook, such as dynamic
visualisations and computer-based feedback. The fact that
there are several features in one digital learning environ-
ment is also the distinctive feature of a digital textbook. This
suggests that the effectiveness of these individual features
(such as dynamic visualisations or computer-based feed-
back), which have each been investigated in meta-studies
(Berney & Bétrancourt, 2016; Castro-Alonso et al., 2019;
Van der Kleij et al., 2015), can also function in interaction.
The findings of this study thus join the initial evidence on
the effectiveness of digital textbooks in other content areas
(Jang et al., 2016; Kaplar et al., 2022; Reinhold et al., 2020)
or the more general assumption that digital curriculum
resources that share those potentially helpful digital features
are effective for learning (Hillmayr et al., 2020).

A decisive factor here could also be the previous experi-
ences of the students, who were already familiar with the use
of digital feedback and dynamic visualisations at the time
of the survey and thus already were aware of the possibili-
ties and limitations of these features. These are also the two
main distinguishing features between the compared materi-
als. The digital textbook presents feedback immediately on
a computer basis and has integrated dynamic visualisations,
which are mostly characterised by interactivity, whereas in
the printed materials feedback could only be looked up with
a time delay and the students dealt with static visualisations.
However, immediate feedback is considered to be more
effective for learning, especially with more complex tasks
(Shute, 2008). In addition, the higher degree of information
of an interactive visualisation, which may have a crucial role
especially when considering visualisations on conditional
probabilities (Biichter et al., 2022; Khan et al., 2015), may
have influenced students‘ performance by facilitating the
cognitive processing of the task (Schnotz & Rasch, 2008).
This is particularly relevant because the topic of conditional
probabilities is considered challenging for students.

6.2 Differences between boys and girls

The results also show that the difference between the two
groups is due to the achievement of the girls in particular.
For the girls, using the digital features of a digital textbook
was essential for improving their achievement, whereas, for
the boys, it does not seem to make a difference what kind of
resources they use. It is also worth noting that the girls in the
digital group improved from the lowest to the highest aver-
age estimated abilities. The fact that girls can work particu-
larly well with a digital textbook is also in line with the first
indications in this direction in comparable studies (Hoch,
2020; Kaplar et al., 2022; Reinhold et al., 2020; Reinhold
et al., 2020).

In summary, the choice of material made a crucial differ-
ence for the girls. Reasons for them being proficient with
the digital textbook could be, for example, a greater engage-
ment with the digital textbook and its features. The assump-
tion is that boys are more likely to be distracted by digital
resources, while girls use them meaningfully for their work
(see Hoch, 2020; Reinhold et al., 2020).

Future research could focus on the elements in which
digital and printed materials differ. For example, concern-
ing boys and girls, it could be investigated how dynamic
visualisations are used and how often feedback is used, for
example, by analysing process data. However, why girls
could only achieve such low performance with the printed
materials remains an open question. This is particularly
noteworthy because the textbook, and here the printed
textbook so far, is the central key resource in mathematics
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classrooms (Fan et al., 2013; Pepin & Gueudet, 2018; Rezat
et al., 2021). Since achievement differences in favour of
boys can be found in the German context, especially in the
subject area of data and chance (Schipolowski et al., 2019;
Stanat et al., 2019), the use of the digital textbook could be
a way to minimise these differences.

6.3 Limitations

Due to the specificity of the digital textbook that different
dynamic elements or features occur together and are used
in the study, the differences in effects cannot be attributed
to individual structural elements. While a textbook is devel-
oped with a specific intention by the designers and editors,
how it is actually used depends on the individual students
and their prior experiences and beliefs (Pepin & Gueudet,
2018; Rezat et al., 2021). Although the pre-post design can
show differences between working with digital and printed
materials, no statements can be made about how the learn-
ing processes differ. It can only be assumed that the students
learnt differently due to the digital textbook and its inte-
grated features. This can be followed up by further research
that investigates the actual use, for example through a quali-
tative approach to the learning process or process data. Such
an approach could also be used to investigate how exactly
girls and boys differ in their use of the digital textbook and
whether working independently in the lessons works well
under the supervision of a research assistant. Furthermore,
effects of the teacher cannot be completely excluded, even
though each teacher taught in both the digital and the printed
group. Moreover, the results are limited to conditional prob-
abilities only and for the age group studied. The extent to
which the results can be transferred to other subject areas
and age groups must be investigated in future studies.

7 Conclusion

Overall, the results indicate that students can benefit from
the potentials of digital textbooks in the area of conditional
probabilities, especially compared to working with ana-
logue, printed materials. This also contributes to enriching
the still limited picture of whether dynamic visualisations
are to be preferred over static visualisations in conditional
probabilities. The results should be considered in particular
from the perspective that a printed and a digital group were
each taught by their usual teacher and in both groups the les-
sons were carried out according to predefined course plans,
meaning that the teacher’s influence should be as minimal
as possible.

Thereby, it seems to make a difference, especially for girls,
whether they use digital materials enriched with dynamic
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visualisations and computer-based feedback or printed
materials. It should also be noted that the additional support
for girls does not disadvantage boys. Due to the often out-
standing importance of the textbook as a guiding resource
for teachers (Fan et al., 2013; Rezat et al., 2021), these are
crucial indications to conduct further studies that explain
why these gender differences occur in comparison of printed
and digitally enriched learning settings, and whether these
are a persistent phenomenon. This is particularly relevant
for the further development of printed and digital textbooks
and materials. Through the potential integration of further
features, such as the integration of augmented reality and
virtual reality, or the consideration of digital accessibility,
the digital textbook can distinguish itself from the printed
model through even more aspects in the future.
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