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Introduction

Many students appear to struggle when attempting to apply mathematical concepts they have learned, especially for a multi-step modelling task. The process of mathematical modelling requires the problem solver to transform a contextual problem into a mathematical problem, to analyse it by using mathematical tools and procedures, and eventually to translate the results back into the real-world context. This well-known cyclic process [START_REF] Blum | Modellieren im Unterricht mit der "Tanken"-Aufgabe [Modeling in classroom with the "refueling" task[END_REF] between the real world and mathematics can be extended by adding digital tools as a third layer, as proposed by [START_REF] Greefrath | Modelling problems and digital tools in German centralised examinations[END_REF]. This adds further transition steps from a mathematical model into a corresponding digital model for the use of digital tools, as well as the translation of digital tool results back into mathematical results. This paper presents a practical learning workshop which allows students to construct, simulate and evaluate their own computer-aided mathematical model of sustainable mobility while iteratively going through the entire extended modelling cycle in a self-motivating manner. For this purpose, they are provided with a basic agent-based model in the digital modelling environment NetLogo that serves as a framework for various mathematical extension ideas; and therefore, to be understood as interdisciplinary teaching connecting mathematics and computer science. The underlying research question is: Does a technology-based environment for agent-based modelling holistically promote students' mathematical modelling skills?

Background

The thematic framework of the learning workshop is based on a Decision Theatre (DT) on sustainable mobility [START_REF] Wolf | The Decision Theatre Triangle for societal challengesan example case and research needs[END_REF]. A Decision Theatre is a multimedia-driven and transdisciplinary instrument of science communication that facilitates group decision-making on various societal relevant issues and challenges [START_REF] Boukherroub | Decision theaters: a creative approach for participatory planning in the forest sector[END_REF]. It usually takes place in a highly IT-supported visualisation environment, providing the opportunity to foster group discussions on scientific simulation tools and results (Figure 1). At its core, a state-of-the-art mathematical model is presented, that is then used by small groups to compose scenarios. Data visualisation of these simulation scenarios are then used to help discussing potential futures of the real-world system. However, in a DT only a rudimentary insight into the details of the complex model and the applied mathematics inside can be offered. The learning workshop proposed in this paper provides an ideal complement to give students deeper insight into the structure and development of more complex computer-aided mathematical models. Typically, the workshop is held together with a preceding DT, such that students already know the subject area and the basic structure of the model. However, with a proper introduction to the thematic frame, it can also take place separately.

A Decision Theatre on sustainable mobility using agent-based modelling

The underlying Mobility Transition Model (MoTMo) of this DT, used to create what-if scenarios of future mobility in Germany, is an agent-based model, i.e. it represents the interplay of mobility behaviour and interactions of individual agents (micro-level) to observe effects on the system (macrolevel), under the influence of specific policy measures, investment decisions or future external influences (e.g. subsidies of public transport or increased gasoline prices).

In each timestep (representing one month) agents in the system choose one of five mobility types: combustion engine, electric car, public transport, car sharing, non-motorised mobility (Figure 1). Their individual decisions depend on agent-specific properties, their surrounding geographic environment, and the behaviour of others in their social network. Agents aim to maximise utility. On this basis of mobility decisions and kilometres travelled, the model also calculates the resulting annual CO2 emissions of the transport sector until 2035.

Downscaling the Mobility Transition Model into a basic model variant for students

The learning workshop builds on MoTMo by providing a downscaled variant for students in the digital modelling environment NetLogo. This scaffold comes with only basic functionality in a simple running code, thus offering various loose ends for students to pick up and integrate their own mathematical modelling ideas. Key elements of this basic variant are agents that are located on grid cells in a common environment (representing Berlin) and choose between four mobility types (no car sharing). The state variables of these model elements are shown in Figure 2. As in MoTMo agents have utility functions, that translate their preferences into a utility value for each of the mobility types. In addition, the utility value can be adjusted by taking prices and environment variables into account. For example, the utility value for a bicycle decreases if the general bicycle-friendliness is low. Students must modify or extend the utility functions by adding new attributes or system variables to the model. Based on the utility values, each agent decides for one mobility type per time step. The resulting distribution of mobility choices together with the annual emissions is then recorded and visualised (Figure 3). Further, all non-static properties of the cell units and global environmental variables are updated if necessary. Agent properties on the other hand are static once the initial population is generated. The simulation step in the downscaled model represents one year, in contrast to the original complex model.

NetLogo as a digital tool for agent-based modelling in secondary education

Higher education institutions offer various scientific applications and study courses to work with agent-based models [START_REF] Romanowska | Agent-based modeling for archaeology: Simulating the complexity of societies[END_REF]. However, there is very little application of this learning approach in secondary education. Therefore, this novel workshop provides a practical template for a successful integration into the school curriculum. It can help students develop and improve modelling skills and to obtain a better understanding of complex systems by breaking them down into smaller, more tangible units (agents) and observing consequences from modelling decisions on the micro-scale on dynamics at the macro-scale in an interactive modelling environment.

With the help of NetLogo, it is comparatively easy to create complex and customisable agent-based models after a short familiarisation phase without the need for prior programming knowledge (Andrae & Pobuda, 2021, p. 40).

Workshop structure and mathematical modelling tasks

The workshop is designed for a duration of three to five hours and can be divided into three phases: the introductory phase, the guided familiarisation phase, and the open working phase. The exact duration and content design of each phase can vary depending on the learning group and whether a DT has preceded. Since the learning workshop requires various mathematical concepts such as randomness and probability, power and exponential functions, and the competence to systematically research data, it is offered beginning in grade ten.

In the introductory phase, the topic of sustainable mobility in individual transport is addressed. Subsequently, the basic agent-based model (ABM) framework in NetLogo is presented. The basic structure of the visual interface of the ABM is shown in Figure 3. The main graphics window shows a map of Berlin in which each agent is illustrated by a coloured symbol representing the individual choice of mobility at a given point in time. Further visualisation options are diagrams for the distribution of the transport volume (modal split) and the resulting CO2 emissions in the right column and displays of system variables and other model states. The simulation can be started via the interface and model parameters can be changed after each time step. At the end of the introductory phase, students are given an initial exercise in which they are asked to assign agents a random (equally distributed) age in the code and then consider (and implement) how this affects the mobility profile and ultimately the utility functions. The goal of the guided familiarisation phase is to get a deeper engagement with the model framework. For this purpose, appropriate task cards have been prepared, which contain both the modelling task and useful hints for its implementation. In some of them, the focus lies on researching suitable data, processing them mathematically and eventually integrating them it into the provided model. Others require extensions of the model's functionality with attributes and agent interactions. One task, for example, is to research valid CO2 emissions per kilometre for the mobility types and to embed them into the model. Another task proposes to modify the utility function of the agents so that it is more likely to decide for a bicycle if at least two neighbours also ride bicycles. This task emphasises the role of networks in society and how they can be considered and eventually integrated in agent-based models. Further, political measures, like strengthening public transport, are among the tasks, so that the corresponding model variables and parameters must be adjusted or integrated. Not all suggestions need to be modelled by each sub-group. Rather, they give an idea of which kind of possibilities for expansion the model offers and thus prepare for the third phase.

In the open working phase, the students can decide for themselves which aspect of the model they would like to deal with in more detail. The development, elaboration and integration of their own ideas should be encouraged here in particular. Thus, new policy decisions, agent-attributes, system variables and even mobility types can be added. The teacher is always available for questions and suggestions in their function as learning advisor. Especially this third phase is a successful application of the constructivist learning theory as it encourages students to learn by actively constructing their own knowledge. Students are given the opportunity to develop and integrate their own ideas and get direct feedback by analysing the simulation results.

Methodology

This section first provides an applied description of the extended computer-aided modelling cycle with regard to individual sub-steps while extending the model. On this basis, we present participant observation as our research method to collect and analyse the data and further explain how the method was used to answer the research question.

A holistic and iterative use of the extended modelling cycle

The learning workshop is designed in such a way that it strengthens students' holistic modelling competences. With the help of the simulation tool, students are encouraged to iteratively go through each sub-step of the extended modelling cycle (Figure 4). As they can immediately test (simulate) elements added to the model, they are enabled to critically examine consequences by observing and interpreting the simulation results and, if necessary, readjust the model [START_REF] Greefrath | Modelling problems and digital tools in German centralised examinations[END_REF].

For each task, first, the concrete aim must be identified, and its subcomponents must be comprehended, corresponding with step 1 of the modelling cycle. The examination of problemspecific information can lead to researching relevant data, this information must be structured and abstracted with regards to model integration (step 2). Further, the structured data must first be translated into adequate variables with suitable value ranges and be integrated at the appropriate places in the program code in a syntactically correct way (step 3 and 4). Often the utility functions in the NetLogo model might need to be adjusted in these steps. This is followed by the simulation within the NetLogo simulation environment (step 5), in which the adapted model subsequently produces a simulation result. All relevant information of the simulation results observable in the graphical user interface must now be translated back, in a mathematical way (step 6). This step may be skipped with ABM. If necessary, the corresponding model variables must be read out. Finally, students must translate the results back to the real-world context (step 7) and critically evaluate whether the results are valid in the real-world context (step 8) or whether further adjustments to the model are necessary. If the latter is the case, the cycle is repeated. Otherwise, the results can be accepted and the modelling task is fulfilled (step 9). 

Observation

We applied the research method of participant observation, resulting in the observation of the behaviours, interactions, and practices of the students by members of the research group [START_REF] Weischer | Die Beobachtung als Methode in der Soziologie[END_REF]. The participating students were aged between 15 and 17 years. In each workshop, students were divided into teams of two that worked together throughout the workshop. Each group was attended by one observer of our research group who did not interact with the students and took notes of relevant behaviour on an observation protocol during the three workings phases. Of particular interest here was the development of the students' ideas and the process of integrating their ideas into the provided model. These observation protocols provided the data basis for a qualitative content analysis [START_REF] Mayring | Qualitative Inhaltsanalye [Qualitative content analysis[END_REF]. The qualitive data is structured with the help of categories. Here, categories are derived from the modelling cycle, e.g. abstraction (step 2) -comprehensive/partially/minor; applying mathematical results to the real world (step 7) -comprehensive/partially/minor.

Additionally, the digital NetLogo-models extended by the students were collected at the end of each workshop and subsequently analysed. Here, we identified in what way the modelling ideas were integrated in the model from a technical perspective. Together with the participant observation these collected models provided further important information for our evaluation.

Results

The learning workshop was conducted at Freie Universität Berlin with five different learning groups (in total 62 students). Each group consisted of 10 to 20 participants. Since students worked in pairs, they could divide modelling tasks and subtasks according to their interests and previous experience. For example, one may be involved in researching suitable data, while the other extends the functionality of the model. Hence, the workshop can also be described as self-differentiating.

The analysis and evaluation of the observation protocols as well as the collected models of the students show that the duration and intensity of the different phases varied significantly between the different learning groups. While most of the students completed the introductory and the familiarisation phase within the first half of the learning workshop, others needed more time to grasp the structure and functionality of the model. This eventually affected the duration of the open working phase. While quicker students integrated novel and individual ideas in a self-motivated manner and extended the basic model, the latter spent a large part of the allotted time with the tasks from the guided familiarisation phase. The barriers for those were limited prior experience with mathematical modelling and the uncertainty in programming. Specifically, step 3 (mathematization) and step 4 (programming) in the modelling cycle presented challenges for these students. Thus, not all students were able to process each sub-step of the modelling cycle. However, for the majority that went through all steps of the modelling cycle, we observed that the translation from the real world to the mathematical model and the interpretation of the model results for the real situation was a crucial and extensive process.

Ideas for model extension from some student groups and observations group had set itself the goal of taking green electricity into account. For this purpose, they added the attribute "ecological preference" to the agents. Together with the newly added system variable "electricity mix", this influenced the mobility behaviour of agents via the utility function for electric cars. A second group added free geodata from OpenStreetMap for bus stops, speed cameras and gas stations and randomly assigned geographic commute routes to the agents. With these new model properties, the utility functions for the respective mobility type could be extended. A third group focused on a refined representation of the income structure in Berlin, since a model framework by default assumes a uniform distribution of the agents' income. Although the students did not yet have knowledge of normally distributed random processes, they independently acquired the necessary knowledge themselves to be able to use the predefined NetLogo (random-normal) procedure appropriately. A fourth group considered gender-dependent mobility behaviour and integrated the corresponding variable as a property of agents. After some research, they found that men travel less but further distances, while women travel more and shorter distances.

We could also well observe how students not only developed a deeper model comprehension but also a more critical view on mathematical models in the course of the workshop. They were able to reflect that also more complex scientific mathematical models might include errors or misassumptions by the modellers and that a complex real-world problem can never be holistically modelled.

Conclusion and outlook

The proposed learning workshop gives students a hands-on insight into current scientific research and its technology-based models and allows them to understand how such models are built and how they can be used. Besides integrating the constructivist learning theory, the workshop can also be considered as a constructionist learning approach which shares the same fundamental idea about knowledge construction, but beyond that assumes that students learn particularly well when they create an artifact themselves [START_REF] Papert | Situating constructionism[END_REF]. The creation of digital artifactshere, agent-based modelsprovides a fertile environment to develop and test ideas.

Regarding the research question, the examples in the results section show that students were able to process each sub-step of the extended modelling cycle independently. Particularly, the technologybased environment helped students to comprehend the model by simulating multiple scenarios and compare them with each other to draw inferences. Students have shown to reflect critically on their own model extensions iteratively after each simulation result. This requires not only the ability to holistically realise each step of the extended modelling cycle but also a solid model understanding. The respective translations from the real world to the mathematical world (mathematization) and back to the real world (interpretation) were explicitly strengthened. We observed that the technological environment through the computer-based model promotes the competencies it needs for these two steps, primarily through its direct feedback and visual representation of the results. However, a small percentage of the students needed much of the allotted time to get familiar with the new digital modelling environment. One approach to solving this would be to use the alternative modelling environment StarLogo (Klopfer et al., 2001) which is based on a visual instead of a text-based programming language, such that syntactic barriers can be avoided.

Our results represent a first impression of the workshops' impact on promoting mathematical modelling skills and provide a promising outlook. However, our research is still ongoing, and the learning workshop must be conducted with more groups and other thematic frameworks to verify the results and the applicability of the learning workshop for teaching mathematic modelling in schools.
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