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Abstract: Given the increasing digitalization of education and the variety of available
digital learning materials (dLMs) of differing quality, (pre-service) teachers must develop
the ability to select appropriate dLMs. Objective, reliable, and valid assessment instruments
are necessary to evaluate the effectiveness of that development. This study conceptualized
and designed an economical four-item instrument for assessing “selecting dLMs” based
on accepted frameworks and competence models. The scientific quality of the instrument
was evaluated in Study 1 (n = 164) with four dLMs and empirically investigated in a
subsequent Study 2 (n = 395) with pre-service mathematics teachers from two universities.
The empirical results indicate that the instrument could objectively and reliably gauge
different levels of “selecting dLMs”. Furthermore, the results are consistent with the widely
accepted notion that the competence of “selecting dLMs” depends on (content) knowledge;
however, that relation was not strong. In addition, the results for objectively assessing
“selecting dLMs” paralleled the results of self-assessed TPACK in terms of the academic
progression of participants. The proposed approach allows for variations and integration
of diverse dLMs, and it has the potential to be adapted in other subject areas and contexts.

Keywords: digital competence; pre-service teachers; student-teacher evaluation; technological
advancement; decision-making skills; digital learning material

1. Introduction

The development of technology and technology-enhanced learning materials has
transformed teaching and learning during recent decades [1,2], and technology has become
ubiquitous in education [3-5]. However, the term “technology” in education is ambigu-
ous [6,7]. We understand technology as software applications that support educators’
activities, such as organizing their work, representing learning content, and facilitating self-
regulated learning or collaboration [8,9]. Furthermore, the same activities are supported by
digital learning materials (dLMs) [10], which are this manuscript’s focus. In particular, the
facet of “selecting dLMs” and its assessment in pre-service teachers as part of their digital
competence is our focus. This facet is essential for pre-service teachers, as they will later, in
their teaching practice, need to assess dLMs that they may not have encountered during
their teacher training.

In the conceptualization of the assessment presented in this manuscript, umbrella
terms such as educational technology and digital resources typically refer to both digi-
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tal technology and dLMs [7,11]. However, for the instrument developed here, only the
selection of dLMs, referred to as “selecting dLMs”, is of relevance.

In general, teachers play an essential role in successfully integrating dLMs into their
lesson planning. They must be competent in “selecting dLMs” [1,8,12] to provide learners
with appropriate learning opportunities [13]. This aspect of digital competence is also
crucial for teachers as they are confronted with the rapid development of dLMs and the vast
number of dLMs of varying quality [14,15]. Developing this facet of digital competence dur-
ing initial teacher training is therefore essential. Reliable and valid assessment instruments
are needed to evaluate the effectiveness of that development [12]. The TPACK framework
by Mishra and Koehler [16] describes that knowledge which pre-service teachers need to
select digital resources, in general, and dLMs specifically. The framework is also widely
used in assessments of pre-service teachers [11,17,18].

Two concerns arise regarding assessing the facet of “selecting dLMs” and the ef-
fort needed for its assessment. On the one hand, existing assessment instruments for
teachers’ digital competence require participants to, for example, evaluate the value of
learning apps [14], the interpretation of video vignettes [19,20], the use of static learn-
ing material [21,22], or the evaluation of developed lesson plans incorporating digital re-
sources [23-25], but none directly addresses the selection of dLMs. On the other hand, most
instruments, especially those regarding the frequently used TPACK framework [11,18,26],
are self-report assessments. They are criticized for lacking validity and subject speci-
ficity [27-29] and may suffer from social desirability bias [30,31].

Because of the importance of “selecting dLMs” and the lack of open- and closed-text
objective assessment instruments [11,18], we propose assessing “selecting dLMs” using
four closed and open-text items that require respondents to reason for or against selecting a
given dLM for a specific learner’s age, special learner’s needs, and explicit learning content.
The items and scoring proposed in this manuscript for assessing “selecting dLMs” were
applied to diverse dLMs and hold the potential to be adapted to other teaching subjects.

This study’s aim is threefold: (1) to elucidate the genesis of items for objectively
assessing the digital competence facet of “selecting dLMs” in pre-service teachers using
existing theoretical teacher competence models; (2) to empirically validate the designed
four-item instrument (Study 1); and (3), to compare in a larger follow-up study (Study 2) the
measurement results of this new instrument with those of an established TPACK self-report
instrument by Schmid et al. [32].

2. Theoretical Background
2.1. Teacher Competence in Teacher Education

The professional competence of pre-service teachers is described in the teacher ed-
ucation model by Kaiser and Konig [33] as an outcome of teacher education that is both
dispositional and situation-specific [34-36]. Teacher education enables pre-service teachers
to master professional tasks such as lesson planning, including “selecting dLMs” [12].
Appropriately “selecting dLMs” for learning content and learner age contributes to student
learning outcomes (cf. [13,37,38]). Therefore, it is crucial to have objective, reliable, and
valid instruments to assess the effectiveness of developing the facet of “selecting dLMs”.
The assessment results of such instruments provide teacher educators with insight into the
effectiveness of their teaching while also offering pre-service teachers an adequate evalu-
ation of their performance [33]. To develop “selecting dLMs”, pre-service teachers must
understand the (pedagogical and content-specific) opportunities and risks associated with
integrating dLMs into their teaching. The prominent framework that outlines this knowl-
edge is Mishra and Koehler’s TPACK framework [16,39]. The framework is used globally
and across teaching subjects in teacher education for development and assessment [11,18].
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2.2. TPACK Framework

The TPACK framework by Mishra and Koehler [16] extends Shulman’s [40] seminal
pedagogical content knowledge framework by adding technological knowledge and the
resulting intersections. These intersections are known as technological content knowledge
(TCK), technological pedagogical knowledge (TPK), and technological pedagogical and
content knowledge (TPACK). Figure 1 illustrates the framework in the form of a Venn
diagram [39].
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Figure 1. TPACK framework adapted from Koehler et al. [39] and the facet of “selecting dLMs”.

Technological knowledge is conceptualized as developmental knowledge evolving
according to technological changes. It encompasses teachers’ knowledge, enabling them
to accomplish various tasks using technology. TCK refers to the reciprocal relationship
between content and technology. Teachers must learn how technology can alter, enhance,
or hinder the learning of (subject-specific) content and how integrating technology can
change the subject matter. Although not explicitly mentioned in the framework, TCK
is one component when “selecting dLMs” for specific learning content. TPK refers to
technology integration in teaching and learning processes and the knowledge of how
various technologies impact such processes. In the definition of the TPK component, the
authors also explicitly address the selection of digital resources in general as follows: “. . .the
ability to choose a tool based on its fitness, strategies for using the tool’s affordances, and
knowledge of pedagogical strategies. ..” (p. 1028, [16]).

TPACK, the key component that brings everything together, encompasses teachers’
knowledge of the challenges and changes in teaching when using technology. This includes
the knowledge of what makes content-related concepts easier or more challenging to learn
and ways to overcome learning difficulties by using technology [16]. Although “selecting
dLMs” is not explicitly addressed in the description of the TPACK component, one can
deduce that this activity is included, as the selection process requires knowledge of the
intersections of all components. Therefore, the facet of digital competence “selecting dLMs”
is positioned within the TPACK component (see Figure 1).
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Content knowledge is described as knowledge of the learning content, the curriculum
knowledge regarding the learning content, and the special needs of learners [40]. The
literature suggests that subject-specific content knowledge is essential when selecting
dLMs [11,33,41].

Although the TPACK model’s naming and terms are described as knowledge, the
research community understands that they are more than knowledge and entail attitudes
and skills, which therefore describe competences [11,33,34,42,43]. Nevertheless, we follow
the naming convention established by Koehler et al. [39] and refer to the framework and
the intersection of all three components (i.e., content, pedagogical, and technological
knowledge) as TPACK.

For developing “selecting dLMs” and designing items for its assessment, the TPACK
framework and the descriptions of the CK, TCK, TPK, and TPACK components are essential.
(1) Reasoning when “selecting dLMs” requires an understanding of the learning content
with regard to the learner’s age and the special needs of learners. (2) Justification when
selecting dLMs can involve subject-specific TCK, subject-unspecific TPK, and TPACK
reasoning. (3) Furthermore, reasoning when selecting dLMs can also be categorized as
TCK, TPK, and TPACK reasoning. (4) There is not necessarily a single decision for selecting
dLMs across different teaching situations and contexts. Thus, the reasoning behind the
selection, rather than the decision itself, is essential when assessing “selecting dLMs".

The following sections provide examples of TCK and TPK reasoning when “selecting
dLMs”. TCK-x and TPK-x numerically denote the various TCK and TPK reasons, as
summarized in Table 1.

Table 1. Summary of TCK-x, TPK-x, and TPACK reasoning.

TPACK Code # Description of the Code
Component
Reasoning that includes the selection of dLMs enabling
Different (TCK-1), real world (TCK-2), or new, real-world, and dynamic ways of presenting
dynamic representation (TCK-3) learning content that would not be possible with
TCKox ’;‘adltlo.nal Iillatzrllil/.[ p— .
Decrease in (TCK-4), or modification of easoning that c.Vls supports the ‘earning ( ccreasing
. extraneous cognitive load), changes the learning
(TCK-5) or increase of (TCK-6) e " .
o (modifying extraneous cognitive load), or hinders the
extraneous cognitive load 1 g : g g
earning (increasing extraneous cognitive load).
Motivation (TPK-1) Reasoning that dLMs increase learners motivation
or engagement.
Self-regulated learning (TPK-2) Reasoning that dLMs support self-regulated learning.
Try out, explore, discover (TPK-3) Reasoning that dLMs support exploration of learning
content or discovery learning.
TPK-x Differentiation and inclusion (TPK-4) R‘easomrTg ,.[hat SN B ST eI ET
differentiation.
- Reasoning that dLMs lead to lecture time savings or
Teacher efficiency . - .
increase the efficiency of teachers by automating
(TPK-5)
assessment or feedback.
Distraction of learners Reasoning that dLMs distract learners from the
(TPK-6) intended learning objective.
TPACK Combination of TCK-x and TPK-x Reasoning that includes TCK-x and TPK-x reasoning.

In addition, the provided examples of TCK-x, TPK-x, and TPACK reasoning are
reinforced by references to local studies, the teacher digital competence framework of
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the European Commission DigCompEdu [44], the TPACK framework itself [16], and
Grossman’s more Anglo-American teaching practices [45].

2.2.1. TCK-Reasoning

Our examples of TCK-x reasoning focus on mathematics education while offering
limited examples related to other subjects. In mathematics education, dLMs can enable
different representations [16] that are otherwise not possible using analog material (TCK-1),
or offer real-world representations of content (TCK-2), and allow for dynamic representa-
tions (TCK-3) [16,46—49]. Using dLMs, multiple representations can be dynamically linked
in new ways [50]. All these are “representation” reasons for selecting dLMs.

Another reason for integrating dLMs into mathematics education is their potential
to decrease extraneous cognitive load (TCK-4) or to modify extraneous cognitive load
(TCK-5) [9,16,51] by outsourcing repetitive tasks. This can help save lesson time and allow
students to focus more on higher levels of mathematical thinking, leading to improved
learning outcomes [6,37,41,48,51]. However, some dLMs can also increase the extraneous
cognitive load if learners are unfamiliar with them or dLMs are inadequate for the specific
learning content (TCK-6).

Other teaching subjects can entail additional TCK-x reasoning specific to them, but not
applicable to mathematics. Examples include the ability to simulate phenomena invisible
to the eye in biology or chemistry [20,52], connecting physical phenomena with their
representations in physics [53], or understanding content through audio cues in language
education [27].

2.2.2. TPK-Reasoning

TPK refers to the integration of technology in teaching and learning processes, and is
subject-specific, as is TPK reasoning. Learner engagement and motivation may be why a
teacher selects dLMs (TPK-1) [27,45,46,54-57]. In addition, learner motivation is also linked
to improved student learning outcomes [6,37,41,48,51]. Moreover, dLMs can potentially
support students’ self-regulated learning processes (TPK-2) [41,44,54,55,57-59]. In addition,
dLMs can enhance discovery learning (TPK-3) [14,41,44,45] or be customized for learners,
thus promoting differentiation and inclusion (TPK-4) [3,14,37,41,44-46], which could be
reasons for their selection.

Also, applying dLMs in assessments may positively impact teachers’ efficiency (TPK-
5) and can be a consideration in their selection [1,9,26,45,55]. On the other hand, dLMs
may distract learners from the learning objective (TPK-6), which could be a reason for not
selecting them [9,38,45,57].

Considering the multifaceted reasoning involved in “selecting dLMs” and the signifi-
cance of this facet of digital competence for pre-service teachers, single- and multiple-choice
items appear methodologically inadequate for assessing it. The evaluation of teaching
approximations [11,45], which necessitate “selecting dLMs” but do not allow for assessing
the underlying reasoning, is similarly insufficient. In addition, their instrumentation is also
time-consuming. Evaluating (fictitious) lesson plans requires “selecting dLMs” and can
uncover the rationale, but it is also time-intensive for evaluators [11].

We argue that open-text items for assessing “selecting dLMs” can capture the reason-
ing, are more time-efficient for evaluators, and are better suited than the frequently used
TPACK self-assessments [11,18].

A literature review, focusing on the selection of digital resources, and particularly
“selecting dLMs”, further supports this approach and identified a methodological and
empirical research gap regarding objective, reliable, and valid open-text items for its
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assessment [11]. Consequently, we focused on the following research objectives and
questions:

Research objective one: Design of open-text items for assessing “selecting dLMs".

RQ 1.1: Are the designed items and scoring for assessing “selecting dLMs” objective,
reliable, and valid?

In addition, we are interested in how the measurement results of the present in-
strument for “selecting dLMs” compare to the results of the frequently used TPACK
self-assessments [32]. We also want to see if the open-text items are sensitive to educational
characteristics [60,61] and what the relationship is between the instruments’ items (see
Table 2). Based on this objective, we pose the following;:

Research objective two: Empirical investigation of pre-service mathematics teachers
using the new instrument to assess “selecting dLMs”.

RQ 2.1: Can the designed instrument for “selecting dLMs” assess different levels
regarding the number of semesters of study, and are the results distinguishable from
TPACK self-report results?

RQ 2.2: What is the relationship between the designed items?

RQ 2.3: What specific reasoning is considered when “selecting dLMs"?

Table 2. Items designed for assessing “selecting dLMs”.

TPACK .
Item No. Component Item Wording Type of Item
1 For which learner age do you think the presented  single-choice selection
digital learning material is suitable? of a grade level !
In your opinion, is the presente.d dlglta.l learning single-choice selection
2 Content knowledge  material suitable for learners with special : 2
. of (no) special need
educational needs? If so, select one or none.
3 Describe the learning content for which you think open-text item
the presented digital learning material is intended. p
For the specified grade level, special educational
TCK-x, TPK-x, needs, and your description of the learning
4 and/or TPACK content of the presented dLM, justify why or why  open-text item
reasoning not you would select the presented digital learning

material.

1 To capture the learner’s age, we provided a list of grade levels in increments of two grade levels aligned
with the local curriculum. The following options were given: 1-2, 3-4, 5-6, 7-8, 9-10, 11-13. 2 To capture the
special needs of learners, we provided a list of special needs designations aligned to the local terminology in
Austria and Germany. The following options were given: not suitable for learners with special needs, social and
emotional needs, mental development needs, hearing and communication needs, motoric needs, learning needs,
speech needs.

3. Materials and Methods

This section outlines the design of items for assessing “selecting dLMs” and their
scoring (research objective one). Additionally, the design of the two studies, along with
their respective participant samples, is presented. Furthermore, a brief description of the
four dLMs (dLM1-dLM4) used in the studies is presented.

3.1. Research Objective One: Design of Open-Text Items for Assessing “Selecting dLMs”

The items were constructed using a multi-methods approach. At the process level,
we conducted a systematic literature review of existing TPACK methods for assessing the
competence facet of selecting digital resources [11].

In addition, we engaged in individual and group discussions with mathematics
teacher educators and in-service teachers to elucidate what digital resources they use
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in their teaching and their reasons for selecting them. Furthermore, we used small pilot
studies testing different open-text items and contexts [62,63], supplemented by a qualitative
interview study with pre- and in-service teachers, reasoning for or against using digital
resources for a specific learning content and learner group [9]. This iterative process
provided insights into the reasoning used when “selecting dLMs” and resulted in the items
shown in Table 2.

At the conceptual level, the designed items shown in Table 2 are based on the com-
petence model in teacher education by Blomeke et al. [34]. They distinguish between the
reasoning for “selecting dLMs” as a cognitive disposition, the essential content knowledge
needed for decision-making [41], and the situational factors influencing reasoning in such
decisions [34]. The specifications for and the need to assess the essential knowledge are
derived from the “content knowledge” definition within the TPACK framework [16,40], as
outlined in items 1-3 in Table 2. The union of perception and interpretation of situational
and contextual factors in decision-making is identified as TCK, TPK, and TPACK reasoning,
found in item 4 in Table 2. The resulting four items present a very economical instrument,
assessing “selecting dLMs” with only two open and two closed items.

3.2. Research Objective One: Scoring of the Designed Open-Text Items for Assessing
“Selecting dLMs"

The understanding of the learning content, the suitability for a learner’s age, and
the special needs of learners (see Figure 2, items 1-3) were evaluated together, as varying
reasoning is possible depending on the former. A four-point scale ranging from zero to
three was used for the scoring. We derived the scoring scale partly inductively from the
responses, and deductively from the German and Austrian curricula. The latter outlines the
requirements for learners with special needs and the appropriateness of learning content
for a specific learner’s age.

-
("Item 1 (closed): For
which learner age

Item 2 (closed): Is the
presented dLM suitable

do you think thg for learners with special

presenfed d%M 18 educational needs? If so,
\_ suitable? select one or none. J
-

Item 4 (open): For the specified grade level, special

Item 3 (open): Describe the learning content for
which you think the presented digital material is
intended.

scoring: | 0 | 1 | 2 | 3 |

content knowledge

educational need, and your description of the
learning content of the presented dLM, justify why
or why not you would select the digital material.
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Figure 2. A graphical representation of the structure and the scoring of the instrument.

Score of zero: When there is no description or an incorrect definition of the learning

content is provided.
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Score of one: For describing the learning content correctly, but which is not appropriate
for the learner’s age or special educational needs specified in items 1 and 2.

Score of two: A generic description of the learning content that is appropriate for the
learner’s age and the special educational needs specified in items 1 and 2.

Score of three: A detailed description of the learning content that is appropriate for
the learner’s age and the special educational needs specified in items 1 and 2.

The reasoning for “selecting dLMs” (see Figure 2, item 4) was scored from zero to four
on a five-point scale. It was categorized as TCK-x, TPK-x, or TPACK reasoning (see Table 1).
The scoring scale was derived inductively from the pilot [62,63] and interview studies [9].

Score of zero: If no reasoning was given.

Score of one: If a generic reason was given.

Score of two: If one TCK-x or one TPK-x reason was given.

Score of three: If two TCK-x or two TPK-x reasons were given.

Score of four: If a TCK-x and a TPK-x reason, therefore TPACK, was given.

It is worth noting that, except for TPK-5 (i.e., justifying the selection of dLMs to
increase the teacher’s efficacy), the learner’s age and special needs were considered in the
reasoning scoring (see Figure 2, item 4). Reasoning, such as increasing or decreasing the
extraneous cognitive load using a dLM, depends on the specified learner’s age and special
needs. The dashed line in Figure 2 between items 1-3 and 4 indicates this relationship.

3.3. Description of the dLMs Used in the Studies for Evaluating the Designed Instrument

To provide context for evaluating the items for assessing “selecting dLMs”, we have
chosen multiple dLMs (dLM1-dLM4) within GeoGebra due to its wide distribution. It
boasts 100 million users in 190 countries and offers open-source access to more than
one million open, accessible dLMs [64]. For dIM1 [65], we detail the intended learning
content and provide possible reasoning in Appendix A.1. Additionally, we outline why we
specifically decided on this dLM to address the research objectives. The same process was
followed when deciding on the other dLMs (dLM2-dLM4).

dLM1 [65] and dLM2 [66] address the content of the subject Geometry, specifically
radius (dLM1) and symmetry (dLM2). Both dLMs are designed to support the understand-
ing of a mathematical concept [10], whereas dLM3 [67] and dLM4 [68] are intended for
practicing [1,9,10]. More specifically, dLM3 [67] is designed for practicing the representation
of frequencies in bar charts, and dLM4 [68] for practicing the calculation of the arithmetic
mean. In both dLMs, similar tasks are presented multiple times, and automatic feedback is
provided [1]. Tables A1 and A2 in the Appendix A provide examples of responses and the
scoring for all four dLMs.

3.4. Participants and Design of Study 1 and Study 2

We conducted two studies to address the research objectives and questions. For
research objective one (Design of open-text items for assessing “selecting dLMs”), we
applied the designed items to four different dLMs (ALM1-dLM4). In contrast, for research
objective two (Empirical investigation of pre-service mathematics teachers using the new
instrument to assess “selecting dLMs”), we used only dLM1 but a larger participant sample.
Table 3 provides an overview of the two studies, including their sample sizes and references
to the applied dLMs. Convenience sampling was used in both studies. The items and dLMs
were distributed in an online test to teacher educators of pre-service mathematics teachers
from universities in Linz, Austria, and Cologne, Germany. We selected these universities
because they share a common language and have similar curricula. Within the online tests,
participants were informed about the purpose of the study, and their participation was
voluntary.
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Table 3. Initial and adjusted sample sizes for both studies.
Stud ROs Size of Sample Size Per University dLMs Mean Processing Time
y Sample (Austria/Germany) 1 Used in Study of Task in Minutes
1 RQ1.1 164 61/103 dLM1-4 9.84
2 RQ2.x 395 55/324 dLM1 4292

! In Study 1, we included all responses to evaluate the coding and scoring approach’s robustness and to establish
a lower time limit for carefully processing the items (2.50 min). In Study 2, we excluded all responses that did not
meet the established minimum processing time. 2 The lower mean processing speed for an individual dLM in
Study 1 (dLM1-dLM4), compared to Study 2 (dLM1 only), may be attributed to the task’s repetitiveness and the
participant’s increasing familiarity with the items.

3.4.1. Design of Study 1 for Research Objective One: Design of Open-Text Items for
Assessing “Selecting dLMs”

Study 1 focused on establishing the scientific quality of the items we designed to
assess “selecting dLMs” (RQ 1.1). The designed items (1-4) were presented to participants
four times, each time in the context of a different dLM (dLM1-dLLM4). Cronbach’s « was
calculated using the four scores for “selecting dLM1” to “selecting dLM4” to establish
the reliability of the designed items. Interrater Reliability was calculated to assess the
objectivity of the scoring of the items. Furthermore, the validity of the designed four-item
instrument for evaluating the facet of “selecting dLMs” was discussed.

3.4.2. Design of Study 2 for Research Objective Two: Empirical Investigation of Pre-Service
Mathematics Teachers Using the New Instrument to Assess “Selecting dLMs”

In Study 2, we recruited a new participant sample. We applied the new instrument
validated in Study 1, along with a TPACK instrument developed by Schmid et al. [32].
This self-assessment instrument was selected because it includes statements that address
“selecting dLMs”, for example, “I can select technologies to use in my classroom that
enhance what I teach, how I teach, and what students learn” (p. 4, [32]).

For reasons of test-time economy, we included only one dLM in this larger study. The
dLM (dLM1) for exploring the properties of a circle was selected due to its alignment with
the curriculum and its suitability for the participant pool of both universities (pre-service
mathematics teachers for primary, special, lower, and upper secondary education).

Parametric tests (ANOVA) and post-hoc tests with Bonferroni correction were em-
ployed where appropriate. Otherwise, non-parametric tests (Kruskal-Wallis) and post-hoc
tests with Dunn—Bonferroni correction were used to address research question 2.1.

Spearman’s rank correlation and descriptive analysis were applied to address re-
search questions 2.2 and 2.3. R version 4.4.2 (31 October 2024) and the package psych,
version 2.4.12, were used for all statistical analyses. A significance level of 5% was applied
in all statistical tests, and the appropriate effect size statistics were determined [69].

4. Results

4.1. Results for Research Objective One: Design of Open-Text Items for Assessing
“Selecting dLMs”

To evaluate the designed instruments’ scientific quality, we used the criteria for psycho-
metric instruments: objectivity, reliability, and validity [70]. Data were based on a sample
of n = 164 mathematics pre-service teachers in Study 1 who worked on dLM1-dLM4.

To evaluate the objectivity of the coding and scoring of the items, two coders in-
dependently categorized the participants’ responses. The open-text responses to item 3
were evaluated and scored on a scale from zero to three based on the selections made in
items 1 and 2 (see Figure 2). The open-text item 4—representing TCK, TPK, and TPACK
reasoning—was coded according to the coding model in Table 1 and scored on a scale from
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zero to four (see Figure 2). Differences in the coding and scoring were resolved by mutual
agreement, and an agreed coding and scoring was used. During this process, the examples
of the coding, scoring (Tables A1 and A2), and coding model (see Figure 2 and Table 1)
were used as guidelines.

To assess the reliability of the items, we computed Cronbach’s «, as items 1-4 were
used four times, each time in the context of a different dLM (dLM1-dLM4). This denoted a
repetition of the measurement “selecting dLMs”. Using the scores established for items 1-3
across the four dLMs (dLM1-dLM4) yielded a value of o = 0.83, and for item 4, a value of
o = 0.91. These coefficients indicate good to excellent reliability of the instruments’ items.

Content validity is provided since the designed instrument is based on scientifically
tested and widely accepted frameworks and models, namely the TPACK framework by
Mishra and Koehler [16] and the competence model by Blomeke et al. [34]. In addition,
localized studies and Grossman'’s core teaching practices [45] support the coding model (see
Figure 2 and Table 1), reflecting a more practice-oriented and Anglo-American perspective.
In contrast, DigCompEdu [44] was also employed to establish the coding model (see
Figure 2 and Table 1) and describes a research-based, theoretical, and European framework
for digital competence, further strengthening the approach’s validity.

Moreover, content validity was enhanced by engaging peers, teacher educators, and
in-service teachers in developing the items. Additionally, content validity is supported by
the conducted pilot [62,63] and interview studies, which examined the reasoning behind
the selection of digital resources in preparation for the items’ genesis and scoring.

4.2. Results for Research Objective Two: Empirical Investigation of Pre-Service Mathematics
Teachers Using the New Instrument to Assess “Selecting dLMs”

To further examine the items (1-4) and the insights they provide regarding their
generalizability, we applied them in an online test with a larger sample of pre-service
mathematics teachers in Study 2 (n = 379).

Following the coding and scoring that we established and validated using the dataset
from Study 1, we employed two trained coders who independently categorized the partici-
pants’ responses. The inter-coder agreement was calculated separately for coding items
1-3 (see Figure 2), resulting in Cohen’s x = 0.86, and item 4 (see Figure 2), x = 0.99, placing
them in a near-perfect range [71].

4.2.1. RQ 2.1: Can the Designed Instrument for “Selecting dLMs” Assess Different Levels
Regarding the Number of Semesters of Study, and Are the Results Distinguishable from
TPACK Self-Report Results?

To address this research question, we grouped participants from Study 2 (n = 379) in
increments of two semesters because the number of semesters in the development stages
varies between the two universities. Table 4 shows the descriptive results of the pre-service
teachers’ scores for “selecting dLMs” (external assessment) by number of semesters of
study and the self-reported TPACK using the TPACK instrument by Schmid et al. [32]. For
the external assessment, pre-service teachers achieved the highest results for “selecting
dLMs” in semester 7 and above (M = 2.65, SD = 1.51).

To determine the items’ ability to differentiate competence levels of “selecting dLMs”,
we examined the dependence of the scores on the number of semesters using one-factor
ANOVA (see Table 4). The ANOVA revealed statistically significant differences between
semesters (F (3375) = 8.51, p < 0.0000, 17p2 = 0.063, n = 379). Based on these results, we
conclude that the designed items enable us to differentiate between different competence
levels of “selecting dLMs”.
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Table 4. Descriptive statistics and ANOVA results for the external assessment of “selecting dLMs” by
the number of semesters of study, and Kruskal-Wallis test results for self-reported TPACK.

Type of Assessment

external !

self-report 2

Sem. 1,2 Sem. 3,4 Sem. 5, 6 Sem. > 7
(n =57) (n =149) n="71) (n=102)
M SD M SD M SD M SD
F (3375) Np?
a b b b P
1.37 1.43 2.12 1.60 2.27 1.55 2.65 1.51 351 0.06
3.12¢ 0.86 3.27¢ 0.73 3.44 0.72 3.554 0.76 Chi? (3) 11.99

1 Ttems 1-4 for assessing “selecting dLMs” proposed in this manuscript, scale 0-7. 2 Schmid et al. [32] with Likert
scale (1 = strongly disagree to 5 = strongly agree). *® Means without a common superscript differ; post hoc tests
with Bonferroni (p < 0.011). 4 Means without a common superscript differ; post hoc tests with Dunn-Bonferroni
(p <0.007).

To analyze whether the results using the new instrument for “selecting dLMs” for
the participants in Study 2 are distinguishable from the results of the TPACK self-report
instrument by Schmid et al. [34], we also examined the latter concerning the number of
semesters of study using the Kruskal-Wallis test (Table 4). The results revealed that the self-
assessed TPACK is also influenced by the number of semesters (Chi? = 11.99, p = 0.007). The
descriptive results again revealed that participants in semesters 7 and above exhibited the
highest self-reported TPACK (M = 3.55, SD = 0.76). In addition, we calculated Cronbach’s
o for the TPACK self-report scale, which was 0.97. This indicated excellent reliability and
surpassed the 0.87 reported in the original publication by Schmid et al. [32].

We calculated effect sizes for each assessment to compare the results of self-reported
TPACK [32] and the external assessment of “selecting dLMs” via the new instrument
presented here. The effect size for the “selecting dLMs” performance assessed using the
new instrument was f = 0.26. The self-reported TPACK showed an effect size of f = 0.23.

Due to the smaller subgroups of pre-service teachers by study stages (primary, special
education, lower, and upper secondary education), we did not investigate the stages of
study of participants as done in other studies [60,61]. For the same reasons, we did not
use the universities from the two countries, Austria and Germany, as a factor, nor did we
perform two-factor ANOVAs.

4.2.2. RQ 2.2: What Is the Relationship Between the Designed Items?

We use Spearman rank correlation to determine whether the scores for content knowl-
edge (items 1-3) and TCK-x, TPK-x, and TPACK reasoning (item 4) support the notion in
the literature that higher content knowledge parallels better reasoning [11,33,41].

The results reveal a positive but small correlation between pre-service teachers’ content
knowledge (items 1-3) and their TCK-x, TPK-x, and TPACK reasoning (item 4) (s = 0.17,
p =0.001).

4.2.3. RQ 2.3: What Specific Reasoning Is Considered When “Selecting dLMs"?

To address this research question, we examined the frequency of different reasoning
(Table 1). Figure 3 illustrates the frequency of the reasoning (item 4) for dLM1 [65] in
Study 2. The abbreviations TCK-x and TPK-x denote specific reasoning (Table 1). The
surface areas represent the frequency of each type of reasoning. “No” (33.0%) and “generic
reasoning” (17.7%) together accounted for slightly more than half of the total reasoning
(50.7%). TCK reasoning (24.3%), including individual TCK-[1-6] reasoning, was used more
frequently than TPK reasoning (18.7%), which included individual TPK-[1-6] reasoning.
Responses with either two TCK or two TPK, along with TPACK reasoning that integrates
both TCK and TPK reasoning, were the least frequent in the sample (6.3%).
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no-reasons, 33.0%

TPK-4,

1.6%
TPK-1, 6.1%

TPK-6,
0.8%
TPK-2, 6.9% TPK-3, 3.2% TPK-5

2-TPK-reasons,
3.7%

generic-reasons, 17.7%

TCK-6,
TCK-5, 4.0% 3.4%

TCK-2

TCK-4, 13.7% TCK-1, 2.9% toka

2-TCK-reasons, 0.5%

Figure 3. Frequency of no, generic, single/multiple TCK-x, TPK-x, and TPACK reasoning used to
justify the selection of dLM1 [65] in Study 2.

Comparing the reasoning used for dLM1 [72] in Study 1 (n = 164) and Study 2 (n = 379)
descriptively reveals that the same top six reason codes are utilized, though in a different
order. In both studies, “no” and “generic reasoning” proportions exceeded fifty percent
(Study 1: 61.0% and Study 2: 50.7%). This is followed by TCK-1 (different representations),
TCK-4 (decreasing extraneous cognitive load), TPK-2 (self-regulated learning), TPK-4
(differentiation, inclusion), and TPK-1 (motivation) reasoning, which together represent
28.7% in Study 1 and 37.7% in Study 2. Other reasoning accounts for the remainder.
Participants in Studies 1 and 2 differed in structure regarding the number of semesters and
the study stage.

Furthermore, we examined the reasoning of participants by academic progression.
The bar chart in Figure 4 illustrates the summarization of TCK-x and TPK-x reasoning by
semester groups of participants in Study 2 (see Table 4).

The bar chart in Figure 4 shows a lower proportion of “no reasoning” and “generic
reasoning”, accompanied by higher TCK-x and TPK-x single and multiple reasoning de-
pending on the academic progression of participants. The trend in the TPACK reasoning
proportion remains consistently low. The proportion of single TPK-x reasoning among
participants in semesters 1-2 is greater than that of TCK-x reasoning. However, the differ-
ence reverses with academic progression in the sample, and the proportion of TCK-x in
semesters 7 and higher is greater than that of TPK-x reasoning.
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Figure 4. Proportions of no, generic, single TCK-x, TPK-x, and multiple TCK-x/TPK-x and TPACK
reasoning used to justify the selection of dLM1 [65] in Study 2.

5. Discussion

As part of digital competence, we identified “selecting dLMs” as a crucial aspect
that has not yet been addressed empirically in larger studies and methodologically using
open-text items [11]. Therefore, we designed and evaluated items suitable for objectively
assessing “selecting dLMs” and will discuss the four-item instrument and empirical results
obtained from using it in the following sections (research aims one and two).

5.1. Discussion Research Objective One: Design of Open-Text Items for Assessing
“Selecting dLMs”

Regarding research question 1.1, the proposed approach is characterized by a suit-
able process since the items’ operationalization and coding procedures are documented
intersubjectively and comprehensibly. In addition, standardized online tests were used to
capture the data consistently.

The results of the inter-rater agreement indicated the objectivity of the coding and
scoring. The reliability of the four-item instrument, as measured by Cronbach’s «, was
good (Study 1). A critical question is whether using Cronbach’s « to assess the reliability
of the instrument is justified, given that the same items were used, albeit in different
contexts (dALM1-dLM4). Other approaches, such as developing different items, retesting
at different times, or using the existing items in more different contexts, as demonstrated
in one of the pilot and interview studies we conducted [9,63], are alternatives. However,
the latter approaches carry other risks, as the reasoning for “selecting dLMs” may differ
from the reasoning for selecting digital technology or the knowledge that test participants
acquire over time. The variation of the dLMs used in this study presents sufficiently
different contexts using the same four items to assess “selecting dLMs”; however, the high
Cronbach’s « values may be explained by using the same items [72]. Participants in Studies
1 and 2 applied similar reasoning for dLM1 (research question 2.3), which further evidences
reliability, despite the differing structure of the participant pool in both studies.

The validity of the four-item instrument is theoretically supported by the frameworks
used in its conceptualization, namely the TPACK framework [16] and the competence
model by Blomeke et al. [34]. In addition, the European DigCompEdu [44] and Grossman'’s
Anglo-American teacher practices [45] are utilized to establish the TCK, TPK, and TPACK
reasoning model (see Figure 2 and Table 1). Moreover, involving peers, teacher educators,
and in-service teachers in the genesis of the items and the smaller quantitative pilot [62,63]
and the qualitative interview study [9] further substantiated the approach and its validity.
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Whether the four-item instrument assesses competence, particularly the competence
facet of “selecting dLMs”, we concur with the findings of Tabach and Trgalovéa [43] that
the instrument assesses something along the continuum of dispositional knowledge and
competence, as articulated in the model by Blomeke et al. [34]. Items (1-3) assess dispo-
sitional knowledge, and item 4 evaluates the interpretation and perception of the dLM
regarding its suitability for learning content, learner age, and the special needs of learners,
and thus competence.

But does the four-item instrument capture TPACK? The literature and conceptualiza-
tion support the notion that the instrument captures TCK, TPK, and thus TPACK reasoning.
For obvious reasons, reasoning using just one TCK-x and TPK-x reason, hence TPACK
reasoning, does not encompass TPACK in its entirety. Even if we were to expand the
scoring, as established in Figure 2, so that all TCK-x and TPK-x reasons (Table 1) were
required to obtain the maximum score, one could still argue it is only in the context of a
single dLM and thus remains limited. However, similar limitations apply to other assess-
ments, such as evaluating (fictitious) lesson plans, which also have a restricted scope. The
study by Janssen et al. [73] cites three to ten selection opportunities for a lesson plan and
four to eighteen justifications. The latter equates to an average of two justifications per
selection, the same number of reasoning considered in our scoring as the maximum (see
Figure 2). Given the economics of pre-service teacher assessments, a decision must be made
regarding the assessment type and the time required. We suggest that our approach using
four items offers a more time-efficient method and may not be as comprehensive as other,
more time-intensive approaches, like the evaluation of lesson plans.

To summarize, concerning research question 1.1 and the overall research aim one,
it can be concluded that (1) the four-item instrument satisfies the necessary criteria for
objectivity, reliability, and validity in evaluating “selecting dLM”. It can also be concluded
(2) that the instrument provides an economical way to assess a “competence facet”, namely
“selecting dLM,” and TPACK reasoning. Hence, we position “selecting dLMs” within the
TPACK component (see Figure 1).

5.2. Discussion Research Objective Two: Empirical Investigation of Pre-Service Mathematics
Teachers Using the New Instrument to Assess “Selecting dLMs”

Regarding research question 2.1, the results show that the instrument can distinguish
between levels of teacher preparation based on academic progression. Pre-service teachers
with fewer semesters of study score lowest and have less ability to describe the learning con-
tent a dLM intends to deliver, place the learning content in the curriculum, and justify their
selection of dLM—they have a lesser level of “selecting dLM”. These results are consistent
with the literature [9,60]. However, the results of the ANOVA showed a small effect size
(f = 0.26) regarding academic progression. This may be due to other factors being at play,
such as the university curriculum and coursework [14,74], participants’ previous experi-
ences [9,75], motivation, and attitude toward technology [42,76]. In addition, other studies
assessing digital competence using the TPACK framework, such as evaluating lesson plans,
also do not consistently find or report different levels of TPACK [19,77,78]. In addition,
comparing the effect size of assessing “selecting dLMs” objectively and the effect size of
self-reported TPACK [32], concerning academic progression, showed differences. However,
the differences were minor (f = 0.26 versus f = 0.23), indicating that the objectively evalu-
ated “selecting dLMs” performance parallels the self-reported TPACK [32] performance
regarding academic progression. This aligns with the goals of educational institutions to
equip pre-service teachers with competence and confidence in their abilities [12,33].

Further regarding research question 2.1, the objective results for pre-service teachers
at both universities indicate room for improvement in “selecting dLMs”. Even the median
scores of the subpopulations with the highest performance are less than half of the maxi-
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mum. The low results for pre-service teachers at the beginning of their teacher education
could be attributed to their entry dispositions [33]. Nevertheless, the overall low results for
pre-service teachers in higher semesters could stem from the learning opportunities and
outcomes of teacher education regarding “selecting dLMs.” In addition, some of the low
results could also be explained by participants’ beliefs about teaching with technology [76],
or their voluntary participation in the online tests [21,79].

Regarding research question 2.2, the results show that the statistical dependence of
content knowledge (items 1-3) and sound reasoning (item 4), as revealed by the Spearman
correlation, is consistent with the widely accepted notion that competence depends on
(content) knowledge [11,36,41]. However, given the small effect size (rs = 0.17), this rela-
tionship may not be as strong as the literature assumes concerning “selecting dLMs” and
the four-item instrument.

For research question 2.3, the type of reasoning when “selecting dLM” for dLM1
revealed that only a few participants (6.3% in Study 2, see Figure 3) argued at the TPACK
level or used multiple TCK or TPK reasoning. Again, this could be caused by factors such
as the university curriculum and coursework [14,74] or voluntary participation [21,79]. The
latter is supported by the high percentage of the category of “no reasoning” (33% in Study 2,
see Figure 3). However, it is noteworthy that there is a downward trend in the proportions of
“no reasoning” and “generic reasoning”, paralleled by a rise in TCK-x and TPK-x reasoning,
with the academic progression of participants (see Figure 4). Participants in semesters 7 and
higher use a higher proportion of TCK-x than TPK-x reasoning, compared to pre-service
teachers in semesters 1-2. This may be an outcome of their university education, which
prepared them to be more cognizant of the implications of dLMs for their teaching subject,
mathematics. The fact that TPACK reasoning, requiring the evaluation of dLMs from a
learning content (TCK) and pedagogical (TPK) perspective, remained relatively flat (see
Figures 3 and 4) aligns with the findings by Gonzalez and Gonzélez-Ruiz [80]. They stated
that TPACK does not develop spontaneously. Especially for pre-service teachers, it requires
reinforcement and training to evaluate dLMs from both the learning content (TCK) and
the pedagogical (TPK) perspective, thus the TPACK perspective, as well as considering
situational and infrastructure factors.

However, one must be careful with these interpretations of the results, due to
the composition of the sample and the reasoning possible with the specific dLM1 (see
Appendix A.1). Also, the wording of the items could have been the cause for the low
proportion of TPACK reasoning, as no particular type of reasoning, i.e., pedagogical (TPK)
or learning content (TCK), or a minimum number of reasons, was specified.

Additionally, it is worth noting that none of the participants cited the unavailability of
digital technology required for using dLMs in classrooms as part of their reasoning, as has
been done in other studies. This could be because the wording of the items implied it, or
due to the participants’ understanding of the level of available infrastructure in education
in the local context.

To summarize, regarding research questions 2.1-2.3 and the overall research aim, we
can conclude the following for the new four-item instrument for assessing “selecting dLM”.
(1) The instrument enables the differentiation of different levels of “selecting dLMs”. (2) The
relationship between content knowledge (items 1-3) and sound reasoning (item 4) is not as
strong as suggested by the literature. (3) The analytics of the reasoning (items 4) enables
the identification of areas in which educational institutions are effective and ineffective in
their teaching regarding the facet of “selecting dLMs”.
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5.3. Implications for Teacher Education and the Development of “Selecting dLMs”

Regarding the empirical results, we emphasized several findings in the previous sec-
tion that educational institutions could take into consideration when developing “selecting
dLMs” in teacher education. Additionally, we now provide further recommendations
concerning training needs and the adaptability of the instrument to other subjects, as well
as methodological recommendations for developing “selecting dLMs”.

Concerning the training needs for developing “selecting dLMs”, one requirement is to
present dLMs as options in lesson planning in teacher education. If pre-service teachers
are unaware of dLMs and their associated opportunities and risks, they might use inferior
dLMs or not use dLMs in their future teaching [9]. Similarly, pre-service teachers should
examine dLMs as part of their training to determine, for example, whether and why a
dLM increases or decreases extraneous cognitive load and what additional scaffolding and
support (subpopulations of) learners may need when using dLMs [3]. Furthermore, the
application of dLMs in different teaching phases [9,10] should be examined, along with
a comparison of digital and non-digital learning materials [80]. Here, comparing lecture
times, scaffolding, and learner motivation in teaching approximations [45] are just some
examples of possible learning opportunities. The automatic grading and feedback of dLMs
require a different type of diagnostic competence in pre-service teachers. They need to
diagnose and develop learning activities based on the automatic grading information from
dLMs, while taking into account the automated feedback from dLMs [1]. In addition, an
understanding of the TPACK framework in the context of their respective curricula will
enable pre-service teachers to identify content areas where dLMs can support them in
their future teaching. Pre-service teachers also need to learn how to decide whether they
will enact dLMs as teachers themselves or provide learners with the opportunity to use
them. Given the small dependency of content knowledge on reasoning, the development of
“selecting dLMs” may be more suited for a lecture focusing on technological pedagogical
knowledge, complemented with the necessary technological content knowledge. Such a
recommendation certainly depends on the specifics of an educational institution [33] and the
identified deltas regarding the development of “selecting dLMs” and other technological
advances. Ideally, dLMs and the development of “selecting dLMs” would be interwoven
in multiple lectures [12,33].

Equally important in teacher education is adapting instruments to local requirements
and other teaching subjects. The presented four-item instrument and scoring system allow
for this, as the scoring of content knowledge (items 1-3) is evaluated within the context of
the local curriculum and teaching subject. Furthermore, the scoring of reasoning (item 4)
regarding “selecting dLMs” is structured alongside TCK, TPK, and TPACK. For TPK, it can
be directly transferred to other teaching subjects. The TCK coding applies to mathematics
learning content and may require adaptations [20,27,52,53,80]. Also crucial for the longevity
of an assessment instrument in teacher education is the ability to adjust an instrument
and create variations so it can be reused without requiring retesting. A straightforward
modification is to utilize different dLMs. When doing so, one should use dLMs that are
complex enough to provide various reasoning [9,10] (see Appendix A.1). Another option
is, instead of inquiring about learner age and special education needs, to provide these
and other contextual factors along with a dLM, as well as the items and the requirement to
argue for or against selecting a dLM with those confinements. In addition, specifying the
need to reason from a pedagogical and/or learning content perspective and requiring a
minimum number of reasons are other possible adaptations.

Methodically, when assessing “selecting dLMs”, it should be noted that “selecting
dLMs” is only one facet of the digital competence pre-service teachers require. Other
facets, such as decision-making in (digital) classroom settings [81,82], the creation of digital
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learning materials [41], the variation of problem tasks [83], problem-solving [84] with
technology, and information literacy [85], are also essential and require focus in teacher
education. Therefore, given these other vital facets of digital competence, our economic
approach using just four items is well-suited to be integrated with the assessments of these
different facets in summative evaluations of digital competence of pre-service teachers.

5.4. Limitations

Despite the theoretical support and empirical validation, our approach has several
limitations. First, the empirical data are confined to mathematics pre-service teachers from
two universities in Germany and Austria. The composition of participants in both studies
varied and included smaller subsets, which limited the statistical analysis. This limitation
particularly affected the analysis of the influence of cultural or local factors. Second,
self-selected sampling was employed, which may have introduced volunteer bias [21].
Although we assessed reasoning rather than the decision to use dLMs, we believe biases
stemming from social desirability [30,31] played a minor role, and inattentive responses [79]
were filtered out. Nonetheless, we cannot entirely dismiss these effects or volunteer bias.
Third, due to the available sample population of pre-service mathematics teachers, the
dLMs primarily addressed simple mathematical concepts that are applicable to pre-service
teachers in primary and special education.

6. Conclusions

In summary, notwithstanding these limitations, our economic approach of assessing
the facet of digital competence “selecting dLMs”, using only four items—two open and two
closed items—provides a more focused and efficient approach compared to the evaluation
of lesson plans [23-25] and is more objective than TPACK self-reports. In addition, the
instrument enables the objective assessment of TPACK reasoning, as the reasoning is
evaluated rather than the decision to use or not use a dLM.

Furthermore, the results obtained from the instrument enable other diagnostics, lead-
ing to other learning opportunities in teacher education than would be the case with self-
reported TPACK. In addition, our approach can be adapted to different teaching subjects,
educational stages, and local contexts. We have already validated the items with pre-service
teachers at two universities in different countries. This validation proves their suitabil-
ity for comparing the effectiveness of differing teacher training systems [12], especially
university-based teacher training programs for differing levels of mathematics teaching.

This research on assessing “selecting dLMs” should be extended beyond the current
investigation of dLMs for mathematical content for primary schools and GeoGebra dLMs,
i.e., Desmos, Wolfram Alpha, Sagemath, or Geometer’s Sketchpad, to name only a few.
For the generalizability of the model (see Figure 2 and Table 1), dLMs for other teaching
subjects should be examined. Additionally, research on practices [86,87] involving the use
of dLMs in the classroom and various pedagogical contexts is another critical research
focus to enhance pre-service teacher training.
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Appendix A
Appendix A.1. Description of dLM1 Used in Studies 1 and 2

For choosing dLMs for the two studies, we evaluated two aspects: (1) If the dLMs
are suitable for primary and secondary school students and if they are also accessible to
those with special educational needs, and thus are appropriate for the participants of both
Studies. (2) If iconic and enactive non-digital alternative materials exist to explore the
learning content, and thus allow for diverse reasoning regarding the selection.

Following this approach, we chose dLM1 [10,65], as illustrated in Figure Al. In this
dLM, learners should discover the concept of a circle as a shape composed of all the points
in a plane that are a certain distance (radius) from a certain point (the center). The dLM
consists of an introductory text, a task, and various crosses representing a tree (dark-colored
cross), a child named Maxi (dark-colored cross), and several other children (light-colored
crosses). Learners should move the light-colored crosses to be the same distance from the
tree as Maxi and discover that they form a circle (see Figure Ala). A circle appears once the
learners push the “solution” button (see Figure A1b), reinforcing the concept of the circle
and its defining property.

Maxi and the tree

Maxi is a certain distance from the tree. Each cross represents Maxi is a certain distance from the tree. Each cross represents
a child. Move the cross so that all the children are at the same a child. Move the cross so that all the children are at the same
distance from the tree as Maxi. distance from the tree as Maxi.
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Figure Al. (a) Shows the starting point of the dLM, and (b) shows the dLM after pressing “solution”.
For this publication, the dLM was translated from German and adapted for printing by the authors.

Possible arguments for or against selecting this dLM, using the TCK-x and TPK-x
numbering of Table 1, are that learners can self-regulate (TPK-2), discover (TPK-3) the
learning content, and check whether their solution is correct. The shortcomings of the dLM
are that learners can place all crosses (children) on the same point and that not all crosses
(children) need to be moved before pressing the solution button. The latter corresponds to
increasing extraneous cognitive load (TCK-6). The knowledge of these shortcomings is a
reason for not selecting the dLM. However, in contrast, one can argue that the dLM reduces
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the extraneous cognitive load, as the abstract concept of a circle and its defining property is
made available in a virtual, enactive way (TCK-1). In addition, manually constructing and
drawing a circle is outsourced to the dLM, reducing the extraneous cognitive load (TCK-4).
Learners manipulate the crosses using their fingers or a mouse. Thus, using the dLM gives
learners dynamic control of the presented objects, equivalent to TCK reasoning (TCK-3).
The outlined reasoning, the learning content, and its place according to the curriculum are
specific to this dLM1.

Appendix A.2. Sample Responses for dLM1-dLM4 for Items 1-3

Table Al. Scoring examples for dLM1-dLM4 for items 1-3 (learner age and special needs, and
description of the learning content of a dLM). Translated from German into English by the authors.

Score lflr I;I\/'I;t(C(l)rfc;{e;;ilti) dLM2 (Symmetry and = dLM3 (Generate Bar ~ dLM4 (Arithmetic Mean)
P 5; 651 Axis of Symmetry) [66] Charts) [67] [68]
No, or wrong “geometry, shapes, " . e, “visualization, sizes " e
description (score 0) figures” spatial thinking and quantities” probability

description
inappropriate for
learner age, or needs
(score 1)

generic description
appropriate for
learner age, or needs
(score 2)

detailed description
appropriate for
learner age, or needs

7-8th grade and no
special educational
needs; “circles and the
properties of circles
(radius...)”

“the content is useful
for introducing circles
and their radius”

“To introduce the circle.

Pupils should be made
aware that every point
on the circle is exactly

1-2nd grade and
learning disabilities
“bar charts”

7-8th grade and no FSP
“symmetry”

“axis mirroring” “bar charts”

“the material presents
that the dimensions of
the mirrored object
remain the same size

“It is about absolute
frequencies and the
creation of bar

7-8th grade and hearing
impairment “arithmetic
mean”

“arithmetic mean”

“The dLM evaluates
students” understanding of
how to calculate the
arithmetic mean, ...
helping students to grasp

(score 3) the same distance from when mirrored at a charts.” . . O
” . ., the underlying principles
the center. straight line. e
of the calculation.
Appendix A.3. Sample Responses for dALM1-dLM4 for Item 4
Table A2. Scoring examples for dLM1-dLM4 for item 4 (TCK, TPK, and TPACK reasoning). Translated
from German into English by the authors.
Score dLM1 (Circle, and dLM2 (Symmetry and dLM3 (Generate Bar dLM4 (Arithmetic
Property of Radius) [65] Axis of Symmetry) [66] Charts) [67] Mean) [68]

no, or wrong
reasoning (score 0)

generic reasoning
(score 1)

1 x TCK, or 1 x TPK
reasoning
(score 2)

“I don’t see much point
in the dLM”

“a good concept that
combines math with
technology”

“TI wouldn’t use the
learning environment in
a setting where students
need support. It requires
a lot of cognitive skills to
comprehend the task and
be able to visualize it...”

(TCK-6)

“There are better visual
examples”

“good representation of
the principle of
symmetry”

“It is fun and
motivating for the
children to watch how
the butterfly can move
its
wings.”
(TPK-1)

“Would rather do it
analogue”

“simple and nice”

“It is a good activity to
check whether students
understand the
representation of the
bar chart without
having to draw a chart
themselves (saves
time).”(TCK-4)

“I don’t know”

“a good task for
calculating”

“.. learners can all
work self-regulated,
there are solution
hints. ..”
(TPK-2)
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Table A2. Cont.
Score dLM1 (Circle, and dLM2 (Symmetry and dLM3 (Generate Bar dLM4 (Arithmetic
Property of Radius) [65] Axis of Symmetry) [66] Charts) [67] Mean) [68]

2 x TCK, or 2 x TPK

“Learners self-regulate
how it is possible to solve
the task and thus learn an

“Students learn about
symmetries through
play, students can learn
about the properties of

“...motivational,
context accessible to all

“...as everyone can
work on the tasks at
their own pace and it

can be a motivating

reasoning . symmetries through ” factor for the children
important property of the . . . learners. .. .
(score 3) . Y experimentation, which to work digitally and
circle (radius) in a playful i (TPK-1, TPK-4)
way” (TPK-1, TPK3) would be more difficult see results
y ’ without digital media” immediately. ..”
(TPK-1, TPK-3) (TPK-1, TPK-2)
T would use this “It assesses students’
learning environment “I wouldn’t use the u?;iflslz?flr;%:f
because it is enactive and learning arithmetic %n .
visual learning that environment. .. For " . .. ’
. . ...without requiring  Students are forced to
actively engages students  example, the task is too . .
. . learners to do a lot of rethink their learned
in the learning process.  abstract for learners or .
drawing. Learners can knowledge of
Through the concrete offers too few ) . .
. . . . easily experiment and calculation and can
task of positioning x in a differentiated . .
. check their solutions thus better reflect on
TCK and TPK, thus circle around the tree, the approaches to . . . .
- . . independently. Doing the arithmetic mean
TPACK reasoning children experience understand the core of . .
. . this on paper would calculation.
(score 4) geometric concepts such axial symmetry. If . . .
. B waste lesson time and However, I view this
as radius, center, and there’s no way to adapt e . . .
. . . verification of results is  learning environment
circle shape. This not the task to different . :
. time-consuming for more as a test to
only promotes an learning levels, some b .
. . teachers. .. determine the extent
understanding of students might be .
. (TCK-4, TPK-3) to which students
abstract mathematical overwhelmed or . .
e . have internalized the
concepts, [. . .] the ability under-challenged. subiect matter the
to recognize connections” (TCK-6, TPK-4) ) L y
(TCK-2, TPK-1) have learned.
’ (TCK-4, TPK-2)
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