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Providing adaptive, independence-preserving and theory-guided support to students in dealing with real-world problems in mathematics lessons is a major challenge for teachers in their professional practice. This paper examines this challenge in the context of simulations and mathematical modelling with digital tools: in addition to mathematical difficulties when autonomously working out individual solutions, students may also experience challenges when using digital tools. These challenges need to be closely examined and diagnosed, and might – if necessary – have to be overcome by intervention in such a way that the students can subsequently continue working independently. Thus, if a difficulty arises in the working process, two knowledge dimensions are necessary in order to provide adapted support to students. For teaching simulations and mathematical modelling with digital tools, more specifically, these knowledge dimensions are: pedagogical content knowledge about simulation and modelling processes supported by digital tools (this includes knowledge about phases and difficulties in the working process) and pedagogical content knowledge about interventions during the mentioned processes (focussing on characteristics of suitable interventions as well as their implementation and effects on the students’ working process). The two knowledge dimensions represent cognitive dispositions as the basis for the conceptualisation and operationalisation of a so-called adaptive intervention competence for teaching simulations and mathematical modelling with digital tools. In our article, we present a domain-specific process model and distinguish different types of teacher interventions. Then we describe the design and content of a university course at two German universities aiming to promote this domain-specific professional adaptive intervention competence, among others. In a study using a quasi-experimental pre-post design (N = 146), we confirm that the structure of cognitive dispositions of adaptive intervention competence for teaching simulations and mathematical modelling with digital tools can be described empirically by a two-dimensional model. In addition, the effectiveness of the course is examined and confirmed quantitatively. Finally, the results are discussed, especially against the background of the sample and the research design, and conclusions are derived for possibilities of promoting professional adaptive intervention competence in university courses.
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1. Introduction

When designing lessons, teachers have a great influence on the performance and learning success of their students (Hattie, 2009). Cognitively activating teaching plays a central role in this context (Baumert and Kunter, 2013). In order to prepare teachers for these teaching situations, explicitly created opportunities for developing professional competences, which is a declared aim of university teacher education (Kunter et al., 2013b), need to be offered in teacher training. In addition to general professional competences, subject- and domain-specific professional competences of teachers are also crucial for teaching content-and process-related competences to their students. One competence of students specific to mathematics education, which is frequently established in national educational standards, is dealing with reality-related problems in modelling and simulation processes (Kaiser, 2020; Geiger et al., 2022). Professional competences for teaching mathematical modelling – i.e., the competences teachers need to teach mathematical modelling in their own lessons – have recently been intensively investigated (e.g., Wess et al., 2021; Greefrath et al., 2022).

In classrooms, digital (mathematics) tools are increasingly used to deal with reality-related problems. Examples for common digital tools are Dynamic Geometry Software, Computer Algebra Systems, spreadsheets, and function plotters. For instance, reality-based problems can be investigated even more realistically with these tools. However, the usage of digital tools puts new demands on education systems and teachers (Drijvers et al., 2016), for example demands on the technical level and demands regarding the interpretation of digitally generated results. These new demands also affect dealing with reality-related problems. In order to initiate simulation and mathematical modelling with digital tools among students in classrooms and to accompany it in a pedagogically meaningful way, a consideration of digital aspects of professional competences for teaching simulations and mathematical modelling is necessary. One of these required competences is the adaptive intervention competence (in this paper, the adaptive intervention competence for teaching simulations and mathematics with digital tools will sometimes be abbreviated to domain-specific adaptive intervention competence). This domain-specific competence describes the professional competence of teachers to provide adaptive content-and process-oriented support to students who have difficulties in dealing with reality-and digital-based tasks, or to decide when this adaptive intervention is necessary. For adaptivity, it is necessary that the intervention is based on a diagnosis of the difficulty and enables the students to continue their working process independently.

The aim of this paper is to theoretically describe and empirically test the structure of adaptive intervention competence for teaching simulations and mathematical modelling with digital tools based on previous research (e.g., Klock and Siller, 2019). In addition, this paper investigates to what extent this competence can be promoted in university teacher training. For this purpose, a course in mathematics education on simulations and mathematical modelling with digital tools was designed and implemented at the universities of Würzburg and Münster. We present the concept of the course and report initial results on the development of cognitive dispositions of the domain-specific professional adaptive intervention competence.



2. Theoretical background


2.1. Using digital tools in simulations and mathematical modelling

The use of digital tools in modelling activities has recently become more important (Geiger, 2011; Siller et al., 2022). On the one hand, this trend might be based on the constant progress of digital tools as well as educational policy requirements. On the other hand, digital tools enable to reproduce and investigate the increasing complexity of reality-related contexts in models in a simplified way (Greefrath and Siller, 2017). New opportunities arise in the selection of reality-related contexts, other focal points in the process emerge, and often a higher degree of realism is achieved when larger amounts of data are processed. Digital tools – when used meaningfully – are characterised by “great assistance for teachers and learners alike, particularly in connection with real-world problems and the discussion of those.” (Greefrath and Siller, 2017, p. 530). Going a little further, digital support is sometimes even seen as a “fundamental component in the reorganisation of the ways of doing modelling” (Molina-Toro et al., 2019, p. 2), i.e., not only as a tool, but even as an essential part of the process.

The support of learning processes through digital tools is well described by a holistic approach (Kaiser and Brand, 2015; Greefrath et al., 2018). This highlights the versatility of digital tools throughout the modelling process as a whole. Nevertheless, in this context it is also worthwhile to look at individual substeps of the use of digital tools for purposefully supporting during the simulation and modelling process (Geiger, 2011). Digital tools can, for example, contribute to the visualisation of contexts, to experimentation, to calculation, to simulation and to the validation and interpretation of results (Siller et al., 2022). Figure 1 provides a compact overview of the possible uses.
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FIGURE 1
 Use of digital tools (terms in italics) when modelling – integrated perspective (see Blum and Leiss, 2007, p. 22; Greefrath, 2011, p. 303).


The use of digital tools also enables a broadening of the thematic range into many other fields, such as natural sciences, under conditions of reduced complexity and resources. One method for the mathematical dealing with reality-based problems are digital simulations. The term simulation combines the properties of experimentation and the model-like imitation of real contexts, e.g., when analysing the number of people in a traffic jam (Gerber et al., 2022). Simulations are based on a mathematical model1 and therefore represent a – possibly complex – extra-mathematical situation in its essential characteristics. By systematically changing variables of the mathematical model, for example parameters (sliders) in an appropriate software, the effects on the real situation are simulated. This results, for example, in numerical solutions or graphical visualisations. Through a structured experiment-like procedure, simulations thus contribute to the comprehension of reality-related situations (Velten, 2009). The repeated running of digital simulations and comparison with real data can also contribute to model validation and optimisation (Shannon, 1975). The experiment-like approach is – compared to modelling processes – specific for simulation processes. At the same time, simulations also require, as mentioned, a model that simplifies reality, as well as a validation of the results.

In terms of dealing with reality-related problems (for further examples see Siller, 2015) in mathematics lessons, the high demands on students and teachers are often emphasised (Blum, 2015). When students have to use digital tools independently, the (additional) tool level is added on top of the already demanding modelling activities. This requires translation processes from mathematics and the mathematical model into the digital tool model and transfer of digitally generated results back into the language of mathematics (see Figure 2; Greefrath et al., 2018; Frenken et al., 2022). Therefore, despite all the advantages and supporting possibilities of digital tools, difficulties can arise for students in every modelling process. Thus, processing can be challenging (Galbraith and Stillman, 2006; Tropper et al., 2015; Klock and Siller, 2020a). To overcome these difficulties teacher interventions are needed. Therefore, teaching simulations and mathematical modelling with digital tools requires domain-specific adaptive intervention competence.
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FIGURE 2
 Use of digital tools when modelling – extended perspective (see Siller and Greefrath, 2010, p. 2137).




2.2. Adaptive intervention competence for teaching simulations and mathematical modelling with digital tools

In the following, adaptive intervention is conceptualised as a construct of diagnosis and intervention. This represents the basis for adaptive intervention competence. First, the concept of competence and the concept of pedagogical content knowledge as cognitive dispositions, which are a basis of teacher competences, must be addressed.


2.2.1. Competences and professional competences of teachers

Analysing reality-related situations is an activity in mathematics teaching that is designed to encourage students’ independence (Tropper et al., 2015). Digital-based simulation and modelling tasks are characterised by a high degree of individuality and diversity in terms of content and mathematical approach (see Quarder et al., 2023). As a consequence, the students themselves are highly responsible for their learning process (Tropper et al., 2015) in which the teacher only intervenes when necessary. This intervention is described below as part of a multi-step process.

The knowledge of how to intervene as a teacher during the process of digitally supported, reality-based tasks is part of the adaptive intervention competence of teachers in simulations and mathematical modelling with digital tools and is, as a theory-based competence, a domain-specific interpretation of the general professional competence of teachers. According to Weinert, competences are “intellectual abilities, content-specific knowledge, cognitive skills, domain-specific strategies, routines and subroutines, motivational tendencies, volitional control systems, personal value orientations, and social behaviours” (Weinert, 2001, p. 51). Individual competences are thus influenced by knowledge on the one hand and affective-motivational characteristics on the other hand. Blömeke et al. (2015) describe both aspects in the sense of a disposition as the basis for competence and for concrete observable behaviour (performance). Situation-specific skills such as perception, interpretation, and decision-making are seen as mediators between cognitive and affective-motivational characteristics (dispositions) as influencing prerequisites on one side and performance as a result on the other.

This perspective of competence as a continuum (Blömeke et al., 2015) will subsequently be used as a basis for making statements about the development of adaptive intervention competence of pre-service teachers in the context of our study: Collected data about pedagogical content knowledge are used to be able to evaluate the development of adaptive intervention competence. The importance of knowledge is pointed out by the results and interpretations of the COACTIV study (Kunter et al., 2013a). According to this, knowledge in various forms (pedagogical knowledge, pedagogical content knowledge, content knowledge) is a central element of competence and contributes to the development of competences in interaction with beliefs, motivational orientations and normative aims (Krauss et al., 2013).

The pedagogical content knowledge of teachers is shown to be a stronger predictor of the learning progress of their students than content knowledge (Baumert et al., 2010). At the same time, content knowledge and pedagogical content knowledge correlate at a high level (Krauss et al., 2013). Therefore, we focus on the pedagogical content knowledge of teachers as a central aspect of professional competence [and not, as suggested by Shulman, 1986, on a clearer division of professional knowledge into content knowledge, pedagogical content knowledge and pedagogical knowledge]. In order to be able to make statements about the professional competence of teachers, we also consider additional dispositions of self-efficacy expectations and beliefs, each with special consideration of the use of digital tools in the process of working on a problem as presented in Figure 3 [see also Blömeke et al., 2015 regarding the measurement of competences].

[image: Figure 3]

FIGURE 3
 Competence model on domain-specific pedagogical content knowledge; the two knowledge dimensions for adaptive intervention competence for teaching simulations and mathematical modelling with digital tools are highlighted (following Gerber et al., 2022).


The pedagogical content knowledge is divided into four knowledge dimensions that comprise essential knowledge for teaching simulations and mathematical modelling with digital tools. These dimensions are based on the work of Borromeo Ferri and Blum (2010) as well as Greefrath et al. (2022) and were empirically confirmed in our concretisation for the usage of digital tools in simulations and mathematical modelling by means of a test instrument (Gerber et al., 2022; Gerber and Quarder, 2022).



2.2.2. Adaptive intervention competence

Adaptive interventions describe individual support for students in the process of dealing with problems. The competence of teachers to be able to intervene in a theory-based and adapted way is therefore called adaptive intervention competence. In order to adapt this support to the personal difficulty in the best possible way, the intervention must be preceded by a diagnosis of the situation (Leiss and Wiegand, 2005; Vorhölter et al., 2013; Tropper et al., 2015; Klock and Siller, 2019). Therefore, two of the four knowledge dimensions in Figure 3 are focused on: knowledge about simulations and modelling processes (i.e., knowledge necessary for diagnosis) and knowledge about interventions.

Firstly, the process of adaptive intervention is described, focusing on the two activities of diagnosis and intervention in general. Secondly, the knowledge specific for simulations and mathematical modelling with digital tool required for this process, highlighted in Figure 3, is explained in more detail.


2.2.2.1. Diagnosis

In everyday teaching, diagnoses are necessary in order to enable theory-based action decisions. Heitzmann et al. (2019) define diagnostic competences as” individual dispositions enabling people to apply their knowledge in diagnostic activities according to professional standards to collect and interpret data in order to make high-quality decisions” (p. 5). Diagnostic competence is thus an essential component of a teacher’s professional competence.

Diagnoses can also be conscious analyses of situations or difficulties as well as intuitive – i.e., automated – assessments regarding lesson planning, the provision of learning materials or when difficulties arise (Heitzmann et al., 2019; Sommerhoff et al., 2022). Herppich et al. (2018) define diagnostic competence – in accordance with Blömeke et al. (2015) and using the term “teachers’ assessment competence” – as “a measurable cognitive disposition that is acquired by dealing with assessment demands in relevant educational situations and that enables teachers to master these demands quantifiably in a range of similar situations in a relatively stable and relatively consistent way” (p. 10). On the one hand, cognitive knowledge (hence: theory-based) is emphasised as a prerequisite for a meaningful, professionally qualified diagnosis or assessment of students. On the other hand, “competence” describes the classification of diagnosis as an interaction of theoretical knowledge and practical skills of implementation.

Following Sommerhoff et al. (2022), different consecutive diagnostic steps can be identified when a difficulty occurs in the students’ working process:

• Description of the situation in which the difficulty occurred, with particular reference to the processing phase (Figure 3) and the use of the digital tool (Figure 1)

• Evaluation of the information with special attention to the knowledge of typical errors in the working process on a problem

• Description and explanation of the student’s difficulty as a basis for decisions on further action

In our competence model in Figure 3, the knowledge needed for diagnosis is described with the pedagogical content knowledge of simulation and modelling processes with digital tools. This is – more precisely – the knowledge about phases in these simulation and modelling processes and possible or typical difficulties. As an aid to diagnosis, so-called modelling cycles describe dealing with reality-related tasks using digital tools. This includes two modelling cycles to analyse working processes in which digital tools are used: a cycle that shows the possible uses of digital tools (Figure 1) and another cycle that describes translation processes with the digital tool (Figure 2). Here, particular attention is paid to the implementation of the mathematical model in the syntax of the digital tool, as well as the interpretation of the result generated by the digital tool. Both phases are crucial for working with digital tools and can pose great difficulties at the same time.



2.2.2.2. Intervention

In our conceptualisation, diagnosis is followed by assistance to learners, which takes the form of interventions. In the context of reality-related tasks, the term intervention has been implicitly or explicitly mentioned in various fields of research, such as research on scaffolding (Tropper et al., 2015; Klock and Siller, 2019). Leiss (2007) defines interventions as hints” which minimally support the individual learning and solution process of students, so that students can continue to work in a way that allows for maximum independence.” (p. 65; translated from German). Especially in mathematical modelling, independence-preserving work is identified as an essential teaching method (Stender and Kaiser, 2017).

In cooperative learning processes where students work together on tasks, Leiss and Wiegand (2005) consider possibilities for teacher interventions. The basis of the intervention competence is the associated knowledge dimension. In our model (cf. Figure 3), knowledge about interventions includes knowledge about characteristics of interventions and about the effects of these interventions. As part of teacher training, extensive experiential knowledge, where students can draw on group-dependent effects of interventions in classrooms, is not yet available among the students participating in our study presented below. Unfortunately, there are also only few scientific insights into the effect of interventions in the field of reality-based teaching and the use of digital tools. While as an in-service teacher, the assessment of interventions can be trained, among others, through extensive evaluations of the interventions that are made, it must be made by pre-service teachers via an a priori assessment using given characteristics (see below) as a basis for the choice of intervention in later teaching situations.



2.2.2.3. Adaptive intervention as a two-step process of diagnosis and intervention

Therefore, we use the term adaptive intervention as a common construct of diagnosis and intervention, which is characterised as student-oriented, independence-preserving assistance as short-term, selective intervention by the teacher. Four characteristics of adaptive interventions that are important for appropriate intervention and enable an a priori assessment of concrete support, are identified by Klock and Siller (2019). According to them, adaptive interventions (1) are based on a diagnosis, (2) are adapted to the student’s learning process and relate to the analysed difficulty, (3) are kept as minimal as possible, and (4) maintain the independence of the student’s processing.

Overall, Figure 4 illustrates the process of adaptive intervention and pedagogical content knowledge, which is specific to diagnosis and intervention for the (a priori) assessment of an adaptive intervention. This process and competence model is based on the process model for general teacher interventions (Leiss, 2007) and the process model for adaptive interventions in mathematical modelling (Klock and Siller, 2019, 2020b) with special consideration of the use of digital tools in simulations and mathematical modelling.

[image: Figure 4]

FIGURE 4
 Process and competence model for adaptive intervention in simulation and modelling with digital tools.




2.2.2.4. Knowledge about general-strategic support as adaptive interventions

It is necessary to specify adaptive interventions for the use of digital tools in simulations and mathematical modelling. Following Zech (2002) and Leiss and Wiegand (2005), there are different types of teacher interventions: motivational help, feedback-help, strategic help, content-oriented help and content-related help. These differ in particular in the extent to which they provide content and/or strategic support. To help students to process tasks as independently as possible, we focus on (general-)strategic support: It represents the most abstract level of support which relates to concrete work and is not interchangeable for all activities and difficulties, as is the case with motivational support and feedback support. Strategic support is used when motivational support and feedback support do not sufficiently support students to continue working (Stender and Kaiser, 2017). In addition, we do not consider content-oriented strategic support or content-related support, as these interfere too much with independence-preserving teaching and can limit the individuality of the work. Moreover, content-oriented strategic support and content-related support are often more content-specific than, for example, the general-strategic help. Content-oriented strategic interventions and content-related interventions can often contradict the aim that students work out the solution autonomously (Leiss and Wiegand, 2005) because the help may be no longer minimal. Nevertheless, for some students who have difficulty with the openness of (general-)strategic interventions, they represent an important support in practise.

Considering general-strategic support, these interventions can include operating strategies, problem-solving strategies and reflection strategies (Roth, 2019), also in the area of teaching simulations and mathematical modelling with digital tools:

• Interventions on operating strategies help students to use the digital tool and support them to independently seek help on how it works (Carretero et al., 2017).

• Interventions on problem-solving strategies concern, for example, the (systematic) generation of examples, switching between different representations or creating dynamic visualisations (Henn, 2007; Pierce and Stacey, 2010; Thurm and Barzel, 2022).

• Interventions on reflection strategies encourage students to question the digitally generated result and the significance of the result. These are particularly necessary when the digital result or output is accepted unthinkingly, without validation or verification (Cavanagh and Mitchelmore, 2000).

In the theoretical background we have described – also by using modelling cycles (Figures 1, 2) – theories on the use of digital tools in simulations and mathematical modelling. In addition, we conceptualised knowledge about adaptive interventions as a construct (see also Figure 3), highlighting the importance of both diagnosis and intervention knowledge. This knowledge was an essential basis for adaptive intervention as a competence (Figure 4) to help students to overcome a difficulty in an independence-preserving way.






3. Research questions

The lack of studies on modelling competences of students using digital tools was discussed recently (e.g., Cevikbas et al., 2022). This lack of studies includes studies on the pedagogical content knowledge of (pre-service) teachers on simulations and mathematical modelling with digital tools. Pedagogical content knowledge of teachers in general has a significant influence on teaching and student learning (Baumert et al., 2010). Existing research results on pedagogical content knowledge in mathematical modelling (Greefrath et al., 2022) should therefore be expanded to include the use of digital tools and simulations.

In this paper, we investigate pedagogical content knowledge as cognitive dispositions for teacher competences (according to Blömeke et al., 2015) on how to deal with students’ difficulties constructively and in an independence-preserving manner when teaching simulations and mathematical modelling with digital tools. For this purpose, we focus on adaptive interventions and the corresponding competence which we described on the basis of existing research results on diagnosis and interventions. In addition, we now want to empirically prove the effectiveness of a related course in an early phase of teacher training and thus derive opportunities for the development of this adaptive intervention competence.

The first question therefore is which model describes cognitive dispositions of adaptive intervention competence for teaching simulations and mathematical modelling with digital tools empirically. After clarifying the empirical operationalisation of the construct, the question to what extent pre-service teachers can develop cognitive dispositions of these domain-specific, digitally related professional competences through a university course can then be addressed. Based on pedagogical content knowledge as a cognitive disposition of comprehensive adaptive intervention competences, we concretise the research interest in three research questions:



Research question 1: Can the structure of cognitive dispositions of adaptive intervention competence for teaching simulations and mathematical modelling with digital tools be described empirically rather by a one-dimensional model or rather by a two-dimensional model?

 

Since theoretical process models for teaching mathematical modelling often distinguish diagnosis from intervention (Leiss and Wiegand, 2005; Leiss, 2007) and the two domains have already been empirically separated as competence dimensions (Klock and Siller, 2019), we formulate hypothesis (H1), stating that the construct of cognitive dispositions of adaptive intervention competence can be described by a two-dimensional Rasch model in our domain-specific interpretation.



Research question 2: To what extent can an improvement in cognitive dispositions of the adaptive intervention competence for teaching simulations and mathematical modelling with digital tools of pre-service teachers who have participated in a specifically designed mathematics education course for the development of this competence be determined?


Research question 3: To what extent can differences in the change in cognitive dispositions of the adaptive intervention competence for teaching simulations and mathematical modelling with digital tools be identified between pre-service teachers who

i. have participated in a specifically designed mathematics education course for the development of this competence, and

ii. have not participated in a specifically designed mathematics education course for the development of this competence?
 

Previous studies have already shown that aspects of adaptive intervention competence for teaching mathematical modelling can be significantly built up through a semester-long course at university (Greefrath et al., 2022). Based on these findings, we assume that by modifying the course, we also positively develop the digitally related professional adaptive intervention competence for reality-based mathematics teaching. Therefore, we formulate hypothesis (H2), stating that the cognitive dispositions of the adaptive intervention competence improve significantly over the treatment period through participation in the specifically designed mathematics education course. Moreover, we formulate hypothesis (H3), stating that the posttest results of the adaptive intervention competence for teaching simulations and mathematical modelling with digital tools are positively influenced by the group membership in favour of the specifically designed mathematics education course under control of the pretest results.



4. Methods


4.1. Research design

In a quasi-experimental treatment study, data from 146 pre-service mathematics teachers at the University of Würzburg and the University of Münster were collected in the winter semester of 2021/22 and the summer semester of 2022 and cumulatively analysed. The pre-service teachers took an identical test at two measurement points. The pretest (measurement point 1) was conducted at the beginning of the semester and the posttest (measurement point 2) at the end of each semester (duration of the semester: approx. Three months). Between the measurement times, the pre-service teachers in the experimental group took part in a mathematics education course (12 sessions of 90 min each) that focused, among other things, on the development of adaptive intervention skills for teaching simulations and mathematical modelling with digital tools. This course was specifically designed to develop this domain-specific competence and serves as a treatment in the context of this study. The control group consisted of pre-service mathematics teachers who took different courses in mathematics education (lecture, tutorial or seminar) during the same period. Thus, they did not receive any explicit training for the domain-specific adaptive intervention competence.



4.2. Test instrument

In order to measure the pedagogical content knowledge about processes and interventions for simulations and mathematical modelling with digital tools as cognitive dispositions of a corresponding domain-specific adaptive intervention competence, two scales from a self-developed test instrument (Gerber and Quarder, 2022) are used. The processes scale and the interventions scale each consist of 18 single-choice items that are evaluated dichotomously (0 = wrong option selected; 1 = correct option selected). Three items on each of the two scales refer to a teaching situation that is presented in one of a total of six text vignettes in the test instrument. The text vignettes consist of a simulation or modelling task as well as transcripts of associated conversations of students and screenshots depicting their working process on a problem with the digital tool (see Figure 5).

[image: Figure 5]

FIGURE 5
 Text vignette for the scale processes and the scale interventions (Gerber and Quarder, 2022, p. 29, translated).


To answer the items, the participants first have to read the corresponding text vignette and analyse it from a mathematics educational point of view. The items of the processes scale contain four answer options each, one of which is correct in relation to the processing situation depicted in the associated text vignette, while the other three are distractors. This is an item that belongs to the processes scale and relates to the text vignette shown in Figure 5 and the modelling cycle shown in Figure 1:

Which function of the digital tools do the students mainly use in this situation? Please place one mark.

• investigate

• calculate

• visualise

• control

The item is intended to measure whether the participants identify which function of digital tools the students mainly use when working on the task in the described situation. Since in the text vignette in Figure 5, the students use the digital tool while working mathematically to calculate the cell values, the second answer option is correct.

The items of the interventions scale each contain a quotation of an oral teaching intervention that refers to a student difficulty in the task processing presented in the text vignette. The participants have to decide whether the statement is a suitable or unsuitable intervention in terms of independence-preserving support by placing a mark at “suitable” or “not suitable.” In order to reduce the guessing probability of the test participants, especially those with little teaching experience, the scale was supplemented by a default category (Wess et al., 2021). Just like selecting the wrong answer option, the “do not know” option is also scored as 0. These are three items of the interventions scale that belong to the text vignette from Figure 5:


Please mark which of the following interventions are suitable for an independence-preserving support of modelling or simulation skills in this situation. Please place one mark for each intervention.




• “Can your result regarding the unit of measurement be correct?”

• “Change the form of representation.”

• “2270.7 pixels do not exist.”
 

Of the three statements, only the first statement is an appropriate intervention in relation to the situation depicted in the text vignette. The third statement also points out that 2270.7 is an impossible value for pixel as the unit for measurement, but it is strongly content-oriented and not minimal. The first statement, in contrast, is a general-strategic support that is preserving independence. It is more minimal than the third statement, but can still have a positive effect on the working process on the problem. The intervention intends to stimulate a reflection process in which the learners question the output of the digital tool critically.



4.3. Notes on data analysis

The items of the test instrument used in this study are analysed dichotomously and then merged into scale values with the help of a simple Rasch model (Embretson and Reise, 2000). To answer research question 1 and to thus investigate the dimensionality of the construct, the pretest and posttest data are transferred into a long format data matrix. In this concurrent estimation approach, the posttest data are attached to the pretest data as virtual test subjects and the data are considered as if there had only been one measurement point. One advantage of this is that it increases the sample size for dimensionality and model testing in an acceptable way (Hanson and Béguin, 2002).

To answer research questions 2 and 3, a scaling of person parameters is required. For this purpose, the estimated item parameters from the long format data design are saved and the data is transferred back to the wide format. In order to obtain measured values per test person for the pretest and posttest, a multidimensional pre-post model (Adams et al., 1997) is calculated, which takes into account the correlation between the two measurement times, but uses the saved item parameters from the long-format data design. With the person parameters estimated in this way, the final longitudinal investigations are carried out. For this purpose, t-tests and multiple regression analyses are used in classical test theory.



4.4. Treatment: mathematics education course on simulations and mathematical modelling with digital tools

The treatment of this study takes place through a university course that involves practical school elements. The course focuses on simulations and mathematical modelling with digital tools and aims, among other things, to promote pre-service teachers regarding their domain-specific adaptive intervention competence. The course is based on the treatment described by Greefrath et al. (2022) and is divided into a preparation phase, a practical phase, and a reflection phase.

In the preparation phase (six sessions), the basics of simulations and mathematical modelling as well as the use of digital tools are taught. Reference is made to existing theories such as instrumental genesis (Artigue, 2002) or cognitive load theory (Sweller et al., 2011). In addition, various modelling cycles (see theory section Figures 1, 3) are addressed. In the discussion of video and text vignettes, for example, the digital-related modelling cycles shown in Figures 1, 2 are used as diagnostic tools. Pre-service teachers use them to analyse students’ processes when working on a reality-related task with digital tools. In this context, adaptive interventions as diagnosis-based and minimal assistance are also discussed using concrete case examples. In addition, the pre-service teachers develop their own digital-based simulation and modelling task on the basis of an elaborated catalogue of criteria. To illustrate this, the following task serves as an example: In the task, the outside of a half-pipe is to be painted. A student solution could be to model the area in GeoGebra with two rectangles and the integral of a polynomial function. The person depicted in the GeoGebra material can be used as a reference size to obtain a suitable scale for the conversion into square metres (see Figure 6).
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FIGURE 6
 Digital based modelling task “half-pipe” within a possible solution process.


In the practical phase (two sessions), the pre-service teachers try out the tasks they have developed themselves tasks with secondary students or with pre-service teachers who take on the role of student learners. While the learners work on the tasks independently in small groups, the pre-service teachers observe the working processes with a defined focus. If necessary, the pre-service teachers support the learners through the adaptive interventions that were theoretically discussed in advance.

In the reflection phase (four sessions), the pre-service teachers reflect on collected experiences from the practical phase. For this purpose, the observations recorded in writing are analysed with recourse to the theory taught and from specific points of view. The effect of the support provided is also critically examined and discussed against the background of adaptive teaching behaviour. With the help of the collected and systematically evaluated experiences, the pre-service teachers evaluate their self-developed task. On this basis, the task is then revised and, if necessary or helpful, made more precise.

Figure 7 shows the tripartite concept of the course including the selected contents.

[image: Figure 7]

FIGURE 7
 Course conception.




4.5. Sample

Due to the quasi-experimental design of the study and the lack of randomisation, the sample is an occasional sample. It consists of 146 pre-service teachers who study mathematics as part of their teacher training at the University of Würzburg or the University of Münster in the winter semester of 2021/22 and the summer semester of 2022. Eighty pre-service teachers were assigned to the experimental group due to their participation in the educations course on simulations and mathematical modelling with digital tools described above. The control group consisted of 66 pre-service teachers who did not receive any specific promotion on adaptive intervention competence for teaching simulations and mathematical modelling with digital tools. A detailed sample description can be found in Table 1.



TABLE 1 Sample description.
[image: Table1]

In terms of gender, age, number of semesters studied and Abitur grade (school leaving examination grade), the experimental group and the control group have basically comparable values.




5. Results


5.1. Structure of cognitive dispositions of adaptive intervention competence for teaching simulations and mathematical modelling with digital tools

Now it is to be examined whether pedagogical content knowledge as cognitive dispositions of professional adaptive intervention competence in our domain-specific interpretation can be better described empirically by one or by two measured values. Therefore, two within-item Rasch models (Adams et al., 1997; Embretson and Reise, 2000) are compared. While, in the first model, all 36 items load on only one dimension, the second model consists of two dimensions with 18 items each. The second model separates the processes dimension from the interventions dimension instead of combining all items in the adaptive interventions dimension, as it was the case in the first model.

Table 2 summarises the results of the model comparison. All statistical values indicate that the two-dimensional model is better suited to empirically describe the structure of the cognitive dispositions of adaptive intervention competence for teaching simulations and mathematical modelling with digital tools.



TABLE 2 Model comparison.
[image: Table2]

The smaller deviance value of the two-dimensional model indicates that the two-dimensional model has a better global fit than the one-dimensional model with respect to the data collected. As the chi-squared difference test becomes significant, this difference in deviance values is statistically significant. The information criteria (AIC, BIC and CAIC), which penalise multidimensional models due to their greater complexity, are also lower for the two-dimensional model. This is another argument in favour of the less restrictive two-dimensional model.

Not only in direct comparison with another model, but also on its own, the two-dimensional model has a sufficient fit: the Weighted Mean Squares (WMNSQ) of the items are in the interval [0.84, 1.13]. According to Bond and Fox (2007), multiple choice items with WMNSQ values in the range of 0.8–1.2 are suitable for so-called High-Stakes Assessments. The EAP reliabilities of the two dimensions processes and interventions with 0.58 and 0.76 are sufficient for group comparisons (Lienert and Raatz, 1998), as intended in our study. Although the two dimensions are empirically separated from each other, they form the common construct of adaptive intervention competence due to the high correlation between them (r = 0.56) according to Cohen (1988). Overall, the hypothesis (H1) formulated for research question 1 could thus be confirmed.



5.2. Development of cognitive dispositions of adaptive intervention competence for teaching simulations and mathematical modelling with digital tools

In order to be able to assess the extent of any changes in the cognitive dispositions of domain-specific adaptive intervention competence, we compare the arithmetic mean values of the person parameters of the two knowledge dimensions processes and interventions in relation to the time of measurement and the group membership. First, the dimension processes is considered: In the pretest, the mean value in the experimental group is MPre,EG = −0.34 (SD = 0.68) and in the control group it is MPre,CG = −0.19 (SD = 0.61). In the posttest, the mean value in the experimental group is MPost,EG = 0.45 (SD = 0.78) and in the control group it is MPost,CG = 0.03 (SD = 0.71). A similar finding emerges for the dimension interventions: In the pretest, the mean value in the experimental group is MPre,EG = −0.25 (SD = 0.96) and in the control group a mean value of MPre,CG = −0.27 (SD = 1.21) is calculated. In the posttest, the mean value in the experimental group is MPost,EG = 0.77 (SD = 1.13) and in the control group it is MPost,CG = −0.13 (SD = 1.21). Figure 8 shows the changes in knowledge in the two dimensions in a line chart, separated by measurement time points and the group membership. It can be seen that the pedagogical content knowledge in both dimensions and in both groups increases over time. In both dimensions, however, the increase is more pronounced in the experimental group than in the control group.

[image: Figure 8]

FIGURE 8
 Descriptive statistics.


In the following, inferential statistical calculations (t-tests and regression analyses) are carried out to examine to what extent the change in knowledge presented above is significant and to what extent this improvement in knowledge is significantly influenced by group membership. Table 3 shows paired t-tests for the processes dimension and for the interventions dimension, each for the experimental and control group.



TABLE 3 t-Tests.
[image: Table3]

Using the t-test, it can be determined that in the experimental group, knowledge improves significantly over time in relation to the dimension processes and the dimension interventions, and with a large effect size according to Cohen (1988). The hypothesis (H2) formulated for research question 2 can thus be confirmed. As already seen, knowledge also develops positively in the control group. However, this change is only significant in the dimension processes and only with a small effect size.

In order to work out the influence of group membership on knowledge development more precisely, regression analyses are carried out for the two dimensions with the linear model equation posttest = b0 + b1 • pretest + b2 • group. The experimental group was coded with one and the control group with zero. To test for multicollinearity, the bivariate correlations between the variables included in the model are considered first. These are summarised for the dimension processes and for the dimension interventions in Table 4.



TABLE 4 Correlations of the included variable.
[image: Table4]

For both dimensions, only low correlations (according to Cohen, 1988) occur between the independent variables pretest and group and that they are not significant. Multicollinearity, which could have been caused by self-selection effects, for example, can therefore be dismissed.

The resulting coefficients and parameters of the regression analysis are shown in Table 5 for the dimension processes and the dimension interventions. For both dimensions, group membership is a significant, positive predictor with medium effect sizes in each case for the results in the posttest, with the pretest results held constant. Participation in the experimental group thus has a significant influence on knowledge development, both for the dimension processes and for the dimension interventions. This also confirms the hypothesis (H3) formulated for research question 3.



TABLE 5 Regression analysis to predict the posttest results.
[image: Table5]




6. Discussion

Independently dealing with reality-related problems with the help of mathematical tools within the framework of modelling and simulation activities is one of the important goals of mathematics education internationally. For this purpose, promoting modelling competences of students is necessary. Studies have shown that the use of digital tools – such as dynamic geometry software – can support the development of mathematical modelling skills (e.g., Greefrath et al., 2018), although there is little substantive research on the properties of technology that support these skills (Cevikbas et al., 2022).

Regardless of the degree to which digital tools support the simulation and modelling process, their use in dealing with reality-based and relevant problems is a great challenge for students and, consequently, for teachers. This paper investigated the adaptive intervention competence of teachers in simulations and mathematical modelling with digital tools. Interventions were presented as support provided by teachers that is taken in the students’ process of working on tasks because of difficulties that arise and that seriously hinder or make it impossible to continue working in a student-oriented, adaptive way. In other words, interventions involve support that enables independent and individual further work. To intervene adaptively, a preceding diagnosis is required. We pointed out that, in our domain-specific interpretation of simulations and mathematical modelling, this diagnosis particularly captures the students’ current processing phase as well as the way in which the digital tool is used. On this basis, the professional decision on how to support is possible.


6.1. Design of the treatment study

To investigate adaptive intervention competence, a treatment study in a pre-post design was conducted with a total of N = 146 pre-service teachers at the University of Würzburg and the University of Münster. The data were collected quantitatively with a self-developed test instrument (Gerber et al., 2022; Gerber and Quarder, 2022) and subsequently evaluated. Following Blömeke et al. (2015), adaptive intervention competence was reduced to two dimensions of knowledge which, as cognitive dispositions, allow statements about the competence itself. Therefore, the scales knowledge about simulation and modelling processes and knowledge about interventions of the test instrument were evaluated and interpreted in terms of the corresponding competence, taking motivational-affective characteristics and the course design into account. Against this background, changes in pedagogical content knowledge allow statements about changes in the corresponding competence (e.g., Baumert et al., 2010). Following Blömeke et al. (2015) again and in accordance with the theoretical conceptualisation of competences (cf. chapter 2.1), a positive development of knowledge can be interpreted as a positive development of competence if one also measures corresponding developments in – for example – self-efficacy. As we measured positive changes in self-efficacy of pre-service mathematics teachers, especially for planning and conducting teaching processes in which simulation and modelling problems can be processed with digital tools [see Gerber et al. (submitted) for the results about self-efficacy], we therefore use our data about development of knowledge of pre-service teachers to draw conclusions about their competences.



6.2. Answers to the research questions

Research question 1 examined the dimensionality of the construct. It was to be examined whether adaptive intervention competence is a one-dimensional or a two-dimensional construct consisting of the knowledge dimension processes and the knowledge dimension interventions. In relation to the above-mentioned test instrument, the dimension processes refers to knowledge about simulations and modelling processes using digital tools. In the test instrument, the dimension interventions refers to the knowledge area of the same name. The results confirm that the construct can be adequately described by a two-dimensional model. This model showed a higher fit than the one-dimensional model through better values in the model comparison (see Chapter 5.1). This replicates results of previous studies, see for example Klock and Siller (2019), who investigated adaptive intervention competence in the area of teaching mathematical modelling (without simulations and digital tools).

The results analysed to answer research questions 2 and 3 confirm the effectiveness of the course at the University of Würzburg and the University of Münster as a treatment. Based on the evaluation with the help of t-tests, a significant positive development with a large effect strength could be determined in the experimental group in the two knowledge dimensions examined during the period of the treatment. The analyses also showed a positive development in the control group. However, this was only significant in relation to the dimension processes with a small effect size. In the dimension intervention the development was not significant. One possible explanation for the significant increases could be the composition of the control group: The pre-service teachers did not receive any domain-specific education course in the area of simulations and mathematical modelling with digital tools. Nevertheless, they generally attended other mathematics education courses between the two measurement points. Among them were also some pre-service teachers who attended seminars on modelling without digital tools, in which modelling cycles were used to describe processing phases. The items of the scale knowledge of simulations and modelling processes addressed in our study, which were used to measure the gains in competence regarding diagnosis, are increasingly oriented towards modelling cycles. If the pre-service teachers in the control group developed more positive beliefs about the use of digital tools in mathematics teaching as a whole and about their use in independence-preserving teaching in particular between the two measurement points, this could have also had an influence on diagnostic competence. It cannot be ruled out that knowledge about these general cycles had a positive effect on a more general diagnostic competence, which was also found using our test instrument.

Using linear regression analyses, however, it could be shown for both dimensions that group membership positively influences the knowledge development of pre-service mathematics teachers in favour of the experimental group, in each case with a medium effect size. Therefore, participating in the specifically designed course has a positive influence on the development of adaptive intervention competence. The treatment can thus be considered effective.



6.3. Limitations and outlook

The composition of the sample already allows for meaningful conclusions in our study. However, this data basis is to be increased in the next semesters in order to confirm the statements or to make them more precise. In addition, the development of knowledge is also to be compared with regard to their correlation with other aspects of competence of our construct. For this purpose, it will be necessary in the future to investigate and include whether other dimensions of pedagogical content knowledge can also be improved through participation in the treatment, as well as beliefs for example.

When assessing the development of competence, it must be taken into account that the study had its focus on the (a priori) analysis of situations on the basis of pedagogical content knowledge, not on the implementation of diagnosis and intervention. The contribution of the practical phase to the positive changes in competence thus remains unclear. Greefrath et al. (2022), contrastingly, state its importance for the teaching of mathematical modelling. Since we could not verify the concrete effect of interventions, we refer to our intervention competence as a priori adaptive intervention competence, following Klock and Siller (2019) and Klock (2020). Furthermore, it would be interesting for future work to consider noticing competences in addition to professional knowledge when researching domain-specific professional competences (Alwast and Vorhölter, 2022).




7. Conclusion

Overall, we presented a process model for adaptive intervention with a focus on the use of digital tools in simulations and mathematical modelling. Following Roth (2019), we have distinguished general-strategic interventions into three categories: interventions on operating strategies, problem-solving strategies and reflection strategies. Regarding the promotion of the domain-specific professional adaptive interventions competence, we consider – based on the results of our study – our mathematics education course to be effective in terms of developing this competence. This confirms the concept of our university course: a theoretical phase (i.e., the teaching of theoretical and empirical findings on teaching simulations and mathematical modelling with digital tools), combined with practical school exercises for theory-based diagnosis and intervention in a practical phase, as well as an extensive reflection phase. According to our analyses, these phases are essential elements of the treatment that can account for the strong increase in professional adaptive intervention competence.
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Footnotes

1   In this paper we use the term mathematical model as a mathematical representation of a simplified construction of the reality that characteristically describes essential criteria of the real situation, for example, by means of terms, functions and graphs.
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